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Abstract:
Currently more and more researches have been performing concerning the numerical simulation of the behav-
ior of fresh concrete during pumping or formwork filling. Adequate implementation of the rheology properties
of fresh concrete is a determinant key to obtain realistic simulations. However, in many cases, the rheological
parameters of the fresh concrete as determined by rheometers are not sufficiently accurate. The common prin-
ciple of all the rheometers is not to measure directly the rheological parameters of concrete but to measure
some basic physical parameters (torque, velocity, pressure, …) that that in some cases allow the calculation of
the rheological parameter in terms of fundamental physical quantities. Errors can be caused by undesired flow
phenomena which are not taken into the prediction formulas and by the inaccurate prediction formulas them-
selves. This is directly related to the poor calibration of the rheometer that cannot cover all ranges of materials.
This paper investigates the calibration of the Tattersall MK-II rheometer by performing the numerical simula-
tion for a tremendous range of concrete flowing in the rheometer, using computational fluid dynamics (CFD).
This allows to quickly and accurately obtain the rheological properties of fresh concrete, which can then be used
consistently for further flow simulations. This method can be applied for all types of rheometer.

Zusammenfassung:
Gegenwärtig werden immer mehr Arbeiten über die numerische Simulation des Verhaltens frischen Betons
während des Pump- oder Füllvorganges bei der Schalung durchgeführt. Eine adäquate Implementation der rheo-
logischen Eigenschaften des frischen Betons ist essentiell, um realistische Simulationen durchzuführen. Jedoch
sind die rheologischen Größen des frischen Betons, die mittels rheometrischer Messungen erhalten wurden, in
vielen Fällen nicht ausreichend genau. Das gemeinsame Prinzip aller Rheometer besteht darin, nicht direkt die
rheologischen Parameter des Betons zu messen. Statt dessen werden einige grundlegende physikalische Grö-
ßen (Drehmoment, Geschwindigkeit, Druck, ...) ermittelt, die in einigen Fällen erlauben, die rheologischen Para-
meter mit Hilfe fundamentaler physikalischer Größen zu berechnen. Fehler können dabei durch nicht gewünsch-
te Strömungsphänomene verursacht werden, die in den Formeln nicht berücksichtigt werden. Dies wird direkt
in den Zusammenhang mit der mangelhaften Kalibrierung von Rheometern gebracht, die nicht den gesamten
Materialbereich erfassen kann. In dieser Arbeit wird die Kalibrierung eines Tattersall MK-II-Rheometers unter-
sucht. Dabei werden numerische Computational Fluid Dynamics (CFD)-Simulationen über einen sehr großen
Bereich einer Betonströmung in dem Rheometer durchgeführt. Dies erlaubt, schnell und genau die rheologi-
schen Eigenschaften vom frischen Beton zu gewinnen, die für weitere Strömungssimulationen verwendet wer-
den können. Diese Methode kann auf alle Rheometer angewandt werden.

Résumé:
De nos jours, des simulations numériques du comportement du ciment frais durant le pompage et le remplissage
de pré-formes sont de plus en plus entreprises. L’implémentation correcte des propriétés rhéologiques du ciment
frais est la clé déterminante afin d’obtenir des simulations réalistes. Cependant, dans beaucoup de cas, les para-
mètres rhéologiques obtenus à l’aide de rhéomètres ne sont pas suffisamment précis. Le principe commun de tous
les rhéomètres n’est pas de mesurer directement les paramètres rhéologiques du ciment, mais de mesurer des
paramètres physiques basiques (torsion, vitesse, paramètres rhéologiques sous forme de quantités physiques fon-
damentales. Les sources d’erreurs peuvent provenir de phénomènes d’écoulement non désirés qui ne sont pas
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1 INTRODUCTION
For the objective of measuring the rheological
properties of concrete, many rheometers have
been developed around the world [1 – 5]. In order
to deal with different disturbing phenomena
such as bottom effect, secondary flow, plug flow,
gravity segregation [6], wall slip, …, many
mechanical solutions have been worked out. The
general principle of these rheometers converges
to determining the relationship between a para-
meter related to shear stress (mostly torque) and
a parameter related to shear rate (mostly rota-
tional speed) which is the T-Ω curve where T is
the torque and Ω is the rotational speed. After
this basic step, the method used to “translate”
this relationship to shear stress-shear rate rela-
tionship (τ - g· curve) (where τ is the shear stress
and g· is the shear rate) starts to diverge a lot from
one rheometer to another depending on their
mechanical solution [1, 2, 7 – 11]. The Tattersall
MK-II rheometer has a good mechanical solution
to deal with the gravity segregation which can in
many cases be one of the most serious influence
factors of the rheometry [12 – 14]. However, this
mechanical solution based on the complex
geometry of the vane implies that it is impossi-
ble to have an analytical solution for the T-Ω

curve to τ - g· curve translation [10]. Therefore, a
computational fluid dynamics calibration meth -
od combined with mathematical regression
modeling has been developed to determine the
translation in question. The method takes into
account the errors resulting from bottom effect,
secondary flow and plug flow.

2 RHEOLOGICAL BEHAVIOR OF
CONCRETE
It has been reported in the literature that the rhe-
ological properties of fresh concrete can be
described using at least two parameters: Yield

stress τ0 and plastic viscosity [12, 15 – 18]. Those
parameters are usually obtained from the linear
relationship between shear stress τ and shear
rate g· which is modeled by the Bingham fluid
law. [10] Bingham model:

(1)

However, recent research has shown nonlinear
rheological behavior of fresh concrete, particu-
larly shear thickening of self-compacting con-
crete [19] and shear thinning of cement paste
[20]. Therefore, more general models that are
able to describe both linear and nonlinear behav-
ior were investigated like modified Bingham, bi-
exponential or Herschel-Bulkley [16]. Although
the Herschel-Bulkley model has some disadvan-
tages including underestimation of the yield
stress for shear thinning and overestimation in
case of shear thickening, it remains the most fre-
quently applied model in non-linear concrete
rheology. Because of the availability of experi-
mental data in literature [4], the Herschel-Bulk-
ley relation will be applied in this paper. The Her-
schel-Bulkley model is expressed as:

(2)

Where τ denotes the shear stress, τ0 the yield
stress, g· the shear rate, k the consistency index
and n the power index. For Bingham material,
n = 1 and k = μ is the plastic viscosity. For shear
thickening material, n > 1 and for shear thinning
material n < 1.

3 CONCRETE RHEOMETRY
Cement-paste, mortar and concrete contain sol-
id particles in different size of aggregates. As a
result, the free space to make the material flow
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tenus en compte par les formules de prédiction, ou de l’imprécision des formules elles mêmes. Ceci est directement
associé à la calibration médiocre du rhéomètre qui ne peut pas couvrir tous les types de matériaux. Cet article étu-
die la calibration du rhéomètre Tattersall MK-II en effectuant la simulation numérique d’une très grande variété
de ciments en écoulement dans le rhéomètre, en utilisant un programme de dynamique des fluides. Ceci permet
d’obtenir rapidement et de manière précise les propriétés rhéologiques du ciment frais, qui peuvent ensuite être
utilisées de manière consistante pour des simulations supplémentaires d’écoulement. Cette méthode peut être
appliquée à tous types de rhéomètres.

Key words: rheometer, CFD, calibration, shear flow, Bingham, Herschel-Bulkley, Fluent



must be sufficiently large. This also holds for the
gap between shearing objects in a rheometer. On
the other hand, the way the fluid flows in a
rheometer must be studied in order to minimize
segregation, plug flow, bottom effect, slip layer
and secondary flow. As the requirement to have
a sufficiently large gap is increasing the risk on
having disturbing effects, it is difficult to design
a rheometer that can be polyvalent for cement
paste, mortar and different types of concrete. In
this paper, for different study phases and differ-
ent objectives, three rheometers have been con-
sidered: the Contec viscometer 5 (Figure 1a), the
Tattersall MK-II (Figure 1b) and the Anton Paar
MCR-52 (Figure 1c). These rheometers are based
on the principle of concentric cylinders.

The geometry of the ConTec – BML visco -
meters (which will be named as ConTec visco -
meters from this point on) is based on the prin-
ciple of concentric cylinders. The concrete is
placed in a reservoir, of which its outer boundary
forms the outer cylinder. The inner cylinder con-
sists of two parts. The upper part is the part which
measures the torque; the lower part does not
participate in the measurements, in order to
eliminate the influence of the complex 3-D flow
pattern at the bottom of the rheometer. Both
cylinders are equipped with vertical ribs in order
to prevent wall slip. Several inner and outer cylin-
ders with different heights and diameters are
available. The rheometer used in this research
project, being the ConTec Viscometer 5, has an
outer cylinder with a radius of 14.5 cm, an inner
cylinder with Ri = 10 cm. The height of the inner
cylinder submerged in the concrete measures
12.5 cm. The total volume of concrete needed in
this rheometer is around 12 – 15 liter. In concrete
rheometry field, the Contec viscometer family
has actually become one of the most reliable
rheometers because of its capabilities to mini-
mize the bottom effect and the secondary flow
and because of its simple geometry. Therefore,
the analytical calculations of shear stress and
shear rate from torque and rotational speed
based on the geometry of the rheometer became

highly trustworthy. However, the effect of grav-
ity-induced segregation cannot be taken into
account by the analytical calculations and the
effect of plug can be included, however time con-
suming.

The problems that the Contec viscometers
are facing can be minimized by changing the way
the material flows. In the Tattersall MK-II rheo -
meter, the outer cylinder is formed by the con-
crete reservoir and it is equipped with ribs in
order to prevent wall slip. The outer cylinder of
the rheometer applied in this study measures 12.5
cm. In order to avoid gravity-induced segrega-
tion, the inner cylinder is equipped with an inter-
rupted helical screw which mixes the concrete
but it also gives the possibility to fall back
between the blades. The distance between the
outer edges (of the blades) of the inner cylinder
measures 16 cm in horizontal direction and 14 cm
in vertical direction. Nevertheless, because of the
complex position of the blades, the disadvan-
tages of this rheometer are well pronounced.
Firstly, there is no algebraic calculation possible
to calculate shear stress and shear rate from
torque and rotational speed. As a consequence,
a physical calibration was investigated by Feys et
al. [10] allowing to calculate shear stress from
torque and shear rate from rotational speed
respectively. However, due to secondary flow of
concrete through the blades, some data pre-
treatment has to be applied before calculating
shear stress and shear rate. This data pretreat-
ment process is only based on observations and
measurements on oil and honey, without solid
and fundamental physical meaning.

The mortar rheometer Anton Paar MCR-52 is
equipped with an inner cylinder composed of
four rectangular blades positioned in a cross-like
form. The inner cylinder is 3 cm in diameter and
4.1 cm in height. The outer cylinder is equipped
with ribs and is 7.4 cm in diameter. This rheome-
ter has the advantage of very accurate measure-
ment of torque and rotational speed and is used
for a high range of fluids including mortar and
cement paste. The disadvantages of this rheome-
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Figure 1:
(a) Contec viscometer,
(b) Tattersall rheometer,
and (c) Anton Paar MCR-52
rheometer.

(a) (b) (c)



ter are the wide gap that facilitates plug flow
effect and bottom effect adding an extra torque
to the torque calculated by the analytical solu-
tion. Four analytical approaches allow calculat-
ing the shear stress and shear rate from the
torque and the rotational speed, as detailed here-
after. The first approach is based on the coaxial
cylinders principles [20]. The requirement is that
the velocity distribution must be linear, which
can be fulfilled in case of a narrow gap. This
requirement is not fully achieved in this case,
resulting in a small error. The shear stress and
shear rate are predicted using the following
expressions:

(3)

(4)

The second approach is also based on the same
principles as the first approach, however with
very low narrow gap (Ri/R0 > 0.99) [21]:

(5)

(6)

The third approach is based on the Reiner-Riwlin
equations which can be applied while assuming
Bingham fluid behavior [22]:

(7)

(8)

with τ the shear stress (Pa), g· the shear rate, τ�0
the yield stress (Pa), μ� the plastic viscosity (Pas),
T the torque (Nm), C the rotational speed (rad/s),
G the yield torque (Nm), H the slope of the T – Ω
curve (Nms), Ri the vane radius (m), R0 the outer
cylinder radius (m), and h the vane height (m).

The fourth approach is based on the already men-
tioned Reiner-Riwlin equations combined with
plug flow effect correction by an analytical iter-
ative method.

4 NUMERICAL SIMULATION

4.1 SIMULATION TOOL
The commercial ANSYS Fluent 12 computational
fluid dynamics software is used for the simula-
tions. By default, Fluent solves the equation of
flows in a stationary reference frame. However,
for the complex geometry moving part where the
flow of fluid around the moving part is of inter-
est, it is more advantageous to employ the slid-
ing mesh technique. The technique consists of
breaking the domain into multiple cell zones
with defined interface between the cell zones
then assigning the movement to the zone con-
taining the moving part. In case of unsteady
interaction between the stationary and moving
parts, the Sliding Mesh approach is powerful to
capture the transient behavior of the flow.

4.2 GOVERNING EQUATIONS FOR THE RHEO-
LOGICAL BEHAVIOR:
For the non-Newtonian fluid, the shear stress can
be written in terms of a non-Newtonian viscosi-
ty η:

(9)

With τ
= is the extra stress tensor [23], D

=
the strain

rate tensor [24]. However, in the non-Newtonian
models available in FLUENT, τ is considered to be
a function of the shear rate g· only, which is relat-
ed to the second invariant of D

=
and is defined as

(10)

Therefore:

(11)

In this paper, we study concrete which is a non-
Newtonian and possibly shear thickening fluid.
The rheology of such materials is described by the
Herschel Bulkley model. Theoretically, the value
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of the yield stress τ0 plays the role of a discon-
tinuous limit where for τ < τ0, the material
remains rigid, g· = 0 and for τ > τ0, the material
flows as a power-law fluid, g· > 0. Due to this dis-
continuity at g· = 0, it is impossible to implement
the model into the Fluent solver without mathe-
matical approximation. Therefore, a modifica-
tion on the original Herschel-Bulkley law was
implemented inside the fluent solver. The modi-
fied Herschel-Bulkley model considers an extra
rheological parameter, the critical shear rate g· c
(which does not have any physical meaning) in
the model of the viscosity η(g· ) [25]. For g· < g· c

(12)

In combination with (Equation 11), this relation is
resulting in:

(13)

For g· > g· c

(14)

In combination with (Equation 11):

(15)

As a result, the consistency index k in the origi-
nal Herschel-Bulkley model is equivalent to the
ratio k/g· c

(n - 1) in the modified Herschel-Bulkley
model. For example, for a Herschel-Bulkley mate-
rial of τ0 = 80 Pa, k = 180, n = 1.2, the value of con-
sistency k given into Fluent must be 180/g· c

(n - 1)

Pa depending on the personalized value of the
critical shear rate.

According to this model, an ideal yield stress
does not exist but there is a high consistency K
second order shear thinning in the interval [0;
critical shear rate value]. A lower critical shear
rate leads to a better approximation of the orig-
inal Herschel-Bulkley relation (Figure 2), but on

the other hand increases the calculation time to
reach convergence. For all simulations in this
paper, the critical shear rate is 0.001 1/s for all
materials considered (yield stress varying from 0
to 800 Pa). This value is small enough to obtain
reliable results, very close to the original Her-
schel-Bulkley behavior. 

4.3 SIMULATION PLAN
Within the simulations, two rheometers have
been considered, namely The Contec viscometers
5 and the Tattersall MK-II. The simulation of the
Contec viscometer 5 was studied because of the
availability of experimental data which allow us
to evaluate the difference between experiments
and numerical simulation, in order to validate the
numerical method. Once validated, the numeri-
cal method will be applied to the Tattersall MK-
II rheometer.

As mentioned in the introduction, it is not
possible to obtain an analytical solution for the
conversion of the measured data (torque and rota-
tional speed) to fundamental physical quantities
(yield stress τ0 and plastic viscosity μ in case of the
Bingham material or yield stress τ0, consistency k,
and flow index n in case of the Herschel Bulkley
material). However, the problem can be circum-
vented by an alternative method which consists
of doing numerical tests – a method developed by
Wallevik J.E. on his research for the COPLATE
rheometer [26]. The so-called numerical tests con-
sist of doing series of simulations in which the rhe-
ological parameters of the fluid (τ0, k, and n) are
varied. For each variation, the corresponding
torque-rotational speed relationship (T - Ω) is com-
puted. Then this relationship is modeled by the fol-
lowing expression:

(16)

With T the torque value (Nm), Ω the rotational
speed (rad/s) and G (Nm), H (Nms), and N the con-
stants of the model. After performing the series
of simulations, G, H and N can be expressed in
function of τ0, k, and n by mathematical regres-
sion. The regression method used for this step is
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Figure 2:
Variation of shear stress
with shear rate according to
the modified Herschel-Bulk-
ley Model.



the so-called least square fitting [27]. Afterwards,
by giving G, H and N their measured values, a sys-
tem of three equations and three unknowns is
obtained. Resolving the system allows to obtain
the values of τ0, μ, and n.

For the simulation of the Tattersall MK-II, a
wide variety of yield stress τ0, consistency k, and
power index n was studied. The yield stress vari-
ation was 0, 20, 50, 75, 100, 125, 150, 200, 400 and
800 Pa (10 cases). The consistency variation was
5, 10, 20, 40, 60, 80, 100, 150 and 200 Pas (9 cas-
es). The flow index n variation was 1, 1.1, 1.2, 1.3 and
1.4 (5 cases). The values of yield stress, consisten-
cy, and power index are proposed based on the
experimental measurements for conventional
concrete and self-compacting concrete realized
in the earlier researches [28, 29]. The values of
flow index are greater than or equal to 1 corre-
sponding to Bingham or shear-thickening con-
cretes. Since no shear thinning concrete has been
reported in the literature, the flow index value

less than 1 are not considered. For each single case
of yield stress, consistency, and flow index, six
simulations were performed at different rota-
tional speeds which are 0.95, 2.54, 4.07, 5.61, 7.10,
and 8.71 rad/s. These values are chosen based on
the experimental rotational speed profile of the
apparatus [10]. Thus, the total number of simu-
lations is 10·9·5·6 = 2700. In order to do not man-
ually repeat the simulations 2700 times, a work-
flow which is implemented into Fluent was made
by editing the Fluent journal file.

4.4 CONTEC VISCOMETER 5 SIMULATION

4.4.1 Meshing
The inner cylinder of the Contec viscometer 5 has
10 rectangular blades positioned in parallel in the
vertical direction, as shown in Figure 3a. The out-
er cylinder is equipped with 18 ribs in total.
Because of the symmetrical geometry, it is possi-
ble to consider only one half of the whole domain
containing 5 blades and 9 ribs. The computation-
al domain is consequently only one half of the
whole domain and is periodic in circumferential
direction, meaning that all the flux going out of
one cut plane is the flux going into its symmetry
cut plane. The computational do main is filled
with only hexahedral meshes rendering a highly
structured mesh. All cells are high quality cells
according to the Gambit mesh checking function.
The sliding mesh is the cell zone limited by a cylin-
drical volume having the diameter and the height
equal to these of the inner cylinder respectively.
The cell size is refined gradually when getting
closer to the interface between the moving mesh
and the stationary mesh and to the free surface,
as shown in Figure 3b.

4.4.2 Simulation results
In order to test the accuracy of the Fluent solver
and also to check for the use of the sliding mesh
technique, we simulate two real tests which have
been done for two concrete mixtures. The com-
position of these concrete is shown in the Table 1.
Then we compare the computed torque-rota-
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Composition   Mixture 3 Mixture 5
 (in kg/m3)

Ponteaux 10/16   620   1161
Ponteaux 5/12.5   356   0
Estuaire 0/4    440   661
Cement    723   391
Superplasticizer   11.403   1.59
Water     222   194
Target yield stress  low   moderate
Target plastic viscosity  high   moderate

Test    Test 1  Test 2   Test 1
    Mixture 3 Mixture 3 Mixture 5

H simulated (Nms)   14.975   14.975   19.004
H experimental (Nm)  18.954   16.329   24.659
H error (%)    20.1   8   22.9
G simulated (Nms)   6.5943  6.5943  14.296
G experimental (Nm)  5.6083  5.7608  12.224
G error (%)   17.6   14.5   17

.

  Mixture 3 Mixture 5

t0 (Pa)   408   911
K (Pas)  82.4   108.4
n   1   1
gc (1/s)  0.001   0.001.

Figure 3 (left):
(a) Geometry of the Contec
viscometer and (b) meshing
of the Contec viscometer.

Figure 4:
Comparison of the numeri-
cal simulation (line - model
equation on the left side)
and experimentation (dot -
model equation on the right
side) for mixture 3 and 5.

Table 1:
Composition of mixture 3
and 5.

Table 2:
Rheological properties of
mixture 3 and 5.

Table 3:
Error of the simulation val-
ue comparing to the experi-
mentation value of G and H
for the mixture 3 and 5.



tional speed relationship to the measured one.
The measured data were taken from the two
tests performed with the Contec viscometer in a
project of rheometers comparison which took
place in Nantes, France [4]. The simulation takes
into account the gravitational effect, the flow is
set to laminar regime with no wall-slip condition,
and the calculation runs in the transient (time
dependent) mode. The two tests considered in
the simulation are taken from the mixture num-
ber 3 and mixture number 5 which have the rhe-
ological properties described in the Table 2. For
each mixture, seven simulations were performed
at different rotational speed. For each rotational
speed, a value of Torque (Nm) is registered. The
comparison of the numerical Torque-rotational
speed relationship to the measured one is pre-
sented in the Figure 4 for mixture 3 and mixture
5. The relative error of the simulated value com-
paring to the experimental value is calculated by
the following expression: error e (%) = |usim -
uexp|/uexp∙100 % and shown in Table 3. Where usim
is the simulated value, uexp is the experimental
value. In these cases, the maximal error for H is
22.9 % and the maximal G error is 17.6 %. Of
course the error in measuring G contributes to
the error of H because of the linear regression.
However, the deviation between the two real
tests for the mixture 3 so called repetition error
is already 13.8 % for the H value and 2 % for the G
value. Moreover, the repetition error in a rheo-
logical test for concrete is quite high. Errors in the
order from 10 to 20 % are common (see Figure 5,

data are collected from [4]). So generally, the sim-
ulation results agree quite well with the experi-
mental measurements.

4.5 TATTERSALL MK-II SIMULATION

4.5.1 Meshing
Due to the complex positioning of the blades (Fig-
ure 6a), the complete domain must be meshed.
The domain is divided into a sliding inner cylin-
drical domain and a stationary outer cylindrical
domain. The sliding mesh is filled with tetrahe-
dral cells and the outer domain is filled with hexa-
hedral cells. To prevent low quality cells around
the extreme angle of the blades, the diameter of
the inner cylindrical domain is superior to the
diameter of the vane. The cells are refined near
the interface (Figure 6b). In order to study the
influence of the cell size, three different meshes
ranging from coarse, over medium to fine have
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Figure 5 (left above):
Repetition error of rheologi-
cal tests for G and H with
Contec viscometer 5.

Figure 6 (right above):
(a) Geometry of the Tatter-
sall MKII rheometer and (b)
meshing of the Tattersall
MKII rheometer.

Figure 7 (middle):
Meshing of the coarse mesh,
medium mesh and fine
mesh for the Tattersall MK-
II rheometer.

Figure 8 (right below):
Monitoring of computed
torque value during the cal-
culation for the coarse mesh
and the medium mesh.



been built with Gambit (Figure 7). The coarse
mesh has 41612 cells, the medium mesh has
169428 cells, and the fine mesh has 1360620 cells.
The objective of the mesh study is to choose the
optimal mesh offering the best ratio between
accuracy and computational time. The same sim-
ulation parameters have been set for the three
meshes as follows: Material: Herschel-Bulkley
material with τ0 = 444 Pa, k =10.047, n = 1, g· c =
0.001, density = 2400 kg/m3, abd rotational speed
= 0.96 rad/s. Transient flow and gravity effect
have been taken into account. The value of the
torque was monitored in function of the flow
time. The fine mesh takes an extreme long time
to converge and so was not studied anymore. Fig-
ure 8 shows the converged value of torque and
the time long for the calculation to reach this val-
ue. The converged value of the torque is more
accurate for the medium mesh than for the coarse
mesh. The error is (2.41 - 2.28)/2.41 = 5 %, howev-
er the computational time in case of the medium
mesh is four to five times higher than for the
coarse mesh. As the number of simulations to be
done is very large (2700 simulations), the reduced

computational time of the coarse mesh is more
important than the 5 % error which is certainly
acceptable in this case. The final mesh taken into
account is the coarse mesh.

4.5.2 Simulation results
For the simple geometry vane rheometers, it is
typically sufficient to use the Reiner-Riwlin prin-
ciple which provides two constants to be multi-
plied with G and H to obtain τ0 and μ respective-
ly. This means that τ0 and μ both are a function
of only one variable. After completing the 2700
simulations (corresponding to 450 materials),
the simulation results of the Tattersall MK-II
unfortunately show that one constant is not suf-
ficient to describe τ0 and μ. In the appendix, the
graphs resulting from the simulations show that
G, H, and N are all depending on τ0, μ, and n .
Hence, τ

0
, μ, or n all are a function of three vari-

ables G, H, and N. As a consequence, an analyti-
cal expression is required to describe such depen-
dency. For this reason a regression plan is
de veloped.

5 MODELING

5.1 REGRESSION PLAN
The objective of the regression plan is to find out
mathematical models allowing to express H, G,
and N in function of τ0 , k, and n. In order to ex -
press H in function of τ0 , K, and n, we process in
three phases. In the first phase, only the variation
of τ0 is considered in order to obtain a mathe-
matical expression for H in function of τ0. This
first expression includes some constants and τ0.
In the second phase, the variation of k is includ-
ed by expressing the constants in the first expres-
sion in function of k. At the end of this step, we
obtain a second expression including constants,
τ0 and k. In the third phase we include the varia-
tion n into the second expression by extending
its constants to become functions of n. At the end
of this step, the final expression for H in function
of τ0, k, and n is obtained. Following a similar way
for G and N, we finally obtain three expressions
that form a system as follows:

H = fH(constants, τ0 , k, n)
G = fG(constants, τ0 , k, n)
N = fN(constants, τ0 , k, n)
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Figure 9 (above):
Relationship between H, τ0,
and μ for the fluid going
from 0 to 800 Pa in yield
stress, 0 to 200 Pas in plastic
viscosity and the power law
index n = 1.

Figure 10 (middle):
Relationship between G, μ,

and τ0 for the fluid going
from 0 to 800 Pa in yield
stress, 0 to 200 Pas in plastic
viscosity and the power law
index n = 1.

Figure 11 (below):
Relationship between N, 0,
and μ for the fluid going
from 0 to 800 Pa in yield
stress, 0 to 200 Pas in plastic
viscosity and the power law
index n = 1.



By giving H, G, N a value, a system of three equa-
tions and three unknowns (τ0 , k, n) is obtained.

5.2 MODELING RESULTS:
For the case n = 1 (Bingham fluid), the graphs
showing the mathematical modeling and the
raw data are given in Figures 14 to 16. For the oth-
ers situation corresponding to n = 1.1, n = 1.2, n =
1.3, n = 1.4, similar figures have been obtained. The
symbols show the raw data and the line curves
are the mathematical modeling.

5.3 EXPERIMENTAL MODELING VALIDATION
For the objective of validating the modeling
results, an experimental test series has been
defined. 10 fluids including 1 oil and 9 mortars
have been prepared. The rheological measure-
ment for each fluid was done by two rheometers:
the Tattersall MK-II and the Anton Paar MCR-52.
The comparison of the rheological parameters as
obtained by the two rheometers is shown in Fig-
ure 12. For the Anton Paar MCR-52 rheometer,
four methods have been used to obtain the flow
curve from the T - Ω curve (mentioned in the Sec-
tion 3). However, only the Reiner-Riwlin with plug
flow correction method is used in this compari-
son because it is considered to be the most accu-
rate one. For the Tattersall MK-II, two methods
have been used which are the “CFD – calibration”
using the above modeling (Section 4.2) and the
“Feys method” [10] mentioned in the Section 3.
In general, the Tattersall MK II - CFD calibration
method shows a good concordance with the oth-
er methods. Particularly it shows a very good
agreement with the Anton Paar MCR 52 using the
Reiner-Riwlin method including the plug flow
correction, which is assumed to give the most
accurate results.

6 DISCUSSION

6.1 CFD CALIBRATION METHOD
For measuring the rheology of mortar, the Anton
Paar MCR 52 rheometer has an accurate mea-
surement unit and simple geometry concentric
cylinders that allow to apply the Reiner-Riwlin
equation (Equations 7 and 8) without any prob-
lem. Moreover, a plug flow correction has been
implemented into the calculation of shear stress
and shear rate so the device definitely delivers

reliable results. Since we take those results as ref-
erence, in the Figure 12 we can observe that the
results obtained with the CFD calibration method
agreed with the results from the Anton Paar and
therefore are more accurate than the other
method. The old method of calibration of Feys et
al. [10] consists of testing honey and oil (of which
the rheological properties are known) and find
out a multiplication factor to solve the inverse
problem: “The torque (in Nm) must be multiplied
with 124.37 in order to obtain the shear stress (Pa).
The rotational velocity (in rot/min) is multiplied
with 0.1931 in order to obtain the shear rate (1/s)”.
According to these results, shear strass and shear
rate are given by τ = 124.37 T and g· =0.1931 Ω,
repectively. That implies that k = dT/dg· = d(124.37
T)/d(0.1931 Ω) = 664.0704dT/dΩ = 664.0704 H
and τ0 = 124.37 G. This means that this method is
based on the hypothesis that the consistency
index k is a function of only one variable H and
the yield stress is a function of only G. This is not
correct (see Figures 9 to 11), the simulations show
that both consistency index k, yield stress τ0, and
flow index n are function of three variables: H, G,
and N. That is the reason why there is a large dis-
crepancies observed in the figures.
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Figure 12 (above):
Comparison of experimen-
tal results of the (a) yield
stress and (b) plastic viscosi-
ty obtained by different
method on the Anton Paar
MCR-52 rheometer and the
Tattersall MK-II rheometer.

Figure 13:
The evolution of the total
moment, the pressure
moment and the viscous
moment in function of the
rotational speed for a false
torque thinning case.



6.2 FALSE SHEAR THICKENING AND SHEAR
THINNING PHENOMENA
The results from the simulation show that for
some materials, even if the material shows lin-
ear rheological behavior (n = 1) the T-N curve is
not linear but shows torque thinning behavior.
Also, an underestimated power index is observed
for the shear thickening materials. The results
from the simulation show that for some materi-
als, even if the material shows linear rheological
behavior (n = 1) the T-N curve is not linear but
shows torque thinning behavior.  Also, an under-
estimated power index is observed for the shear
thickening materials. The computational torque
value is computed from the summation of the
moment resulting from the four blades around
the rheometer axis. The total moment value is
calculated by summing the product of the pres-
sure force and the viscous force applied on the
faces of the blades with the distances to the axis.
Figure 13 shows an example for the evolution of
the total moment, the pressure moment and the
viscous moment in function of the rotational
speed for a false torque thinning case. The mate-
rial’s rheological parameters are: yield stress =
800 Pa, consistence index = 40 Pas, power index
= 1, and critical shear stress = 0.001. It is clearly
observed that the nonlinear behavior of the total
moment evolution is caused by both the viscous
moment and the pressure moment.

Due to the form and the helical positioning
of the blades, a vacuum zone is generated behind
the blade (Figure 14) resulting in a negative pres-
sure zone. The negative pressure zone will affect
the moment magnitude and consequently in -
duce an error on the torque. The magnitude of
the error depends on the rotational speed and the
fluid behavior. If the error increases nonlinearly
with the rotational speed, then the moment (so
the torque) increases nonlinearly with the rota-
tional speed. On the other hand, the movement
of the fluid through the blade is strongly affect-
ed by the rotational speed. Different trajectories
of fluid particles are recorded while changing the
rotational speed. This phenomenon can cause
the variation of the force to become nonlinear. In
consequence, false shear thinning and false
shear thickening can be observed for a Bingham
material or an underestimated power index is
observed for a shear thickening material. The vis-
cosity is the stickiness or the resistance of the
flow. The lower the viscosity is, the easier the
flow is. As a consequence, the phenomena in
question are better pronounced in the zone of
low viscosity than in the zone of high viscosity.

On the other hand, the particles have a ten-
dency to move from the high pressure zone to the
lower pressure zone. This flow causes a deviation
of streamlines, resulting in a 3D flow. This indi-
cates that the torque will be smaller than the
expected value. This error also increases gradu-
ally while increasing the rotational speed. There
may be a possibility that the error comes from
the choice of the critical shear rate or the modi-
fied Herschel-Bulkley model (which is an approx-
imation of the original Herschel-Bulkley model).
In order to study this possibility, we simulate the
flow of air in the rheometer. Air is a particular
case of the Herschel-Bulkley fluid which does not
require to specify the critical shear rate and has
n = 1. Because the air is a Newtonian Fluid with
very low viscosity and low yield stress so a clear
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Figure 14 (above):
The pressure distribution in
the (a) horizontal cut plane
and in the (b) vertical cut
plane.

Figure 15:
The variation of the torque
in function of the rotational
speed for the air in the
FLUENT material library.



torque thickening is observed with n = 2.1 (Fig-
ure 15). Of course, this phenomenon cannot be
observed in the reality because the torque value
is too small to be captured and is neglected
regarding the internal friction of the rheometer.
It confirms that the modified Herschel-Bulkley is
not the cause of the false shear thickening, the
false shear thinning and the underestimating n
index phenomena. False shear thickening, false
shear thinning and n index underestimation as
mentioned above are taken into account when
applying the mathematical regression modeling.

7 CONCLUSION
In order to measure accurately the rheological
properties of cement based materials with the
Tattersall rheometer – a coaxial rheometer –, a
numerical method has been developed. This
method consists of simulating the operation of
the rheometer with a wide range of known rhe-
ological fluid properties to obtain the relation-
ship between the flow curve and the torque-
speed curve. In order to use this relationship to
accurately calculate the flow curve from the
torque-speed curve of any unknown rheological
properties fluid, this relationship has been mod-
eled by doing mathematical fitting. The models
obtained allow the employment of the method
to be done quickly and accuracy. In order to inves-
tigate the accuracy of the method, an experi-
mental comparison has been carried out be -
tween the Tattersall MK-II rheometer and the
Anton Paar MCR52 rheometer which is a mortar
rheometer having available formula to calculate
the shear stress and shear rate. The comparison
shows completely consistent results for the two
rheometers. This method can be applied to oth-
er types of rheometer with complex geometry
because it allows to take into account almost all
of the potential errors including the end effect,
the plug flow effect, the 3D flow of fluid through
the blades and the vacuum zone behind the
blades. Regarding its ability to get rid of the grav-
ity-induced segregation, the Tattersall MK-II
rheometer can be a quite polyvalent rheometer
that can work for both concrete and mortar.
How ever, the modeling does not perfectly fit for
some cases of materials. As a consequence, an
error is resulting. This error can be minimized by
improving the mathematical fitting formula in
future research.
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