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ABSTRACT:

Self-Compacting Concrete is a new type of concrete which is more liquid compared to traditional concrete and
which does not need any form of external compaction. As a result this type of concrete is suitable for a new plac-
ing technique: pumping SCC from the bottom in the formwork and letting it rise in the formwork due to the applied
pressure. In order to understand the phenomena occurring during pumping operations, the rheological properties
of SCC must be investigated and controlled. Tests have been performed with two different rheometers, which are
described in this paper. For the Tattersall Mk-Il rheometer, a calibration procedure has been worked out to elimi-
nate secondary flows in the rheometer. Test results indicate that SCC is a thixotropic liquid, having a yield stress,
showing shear thickening and having varying properties in time due to the occurring chemical reactions. In this
paper, the time dependent effects will not be described. When trying to apply a rheological model to the obtained
results, only the modified Bingham model seems appropriate. Applying the Bingham model results in the gener-
ation of negative yield stresses while the Herschel-Bulkley model has a parameter with a variable dimension and
has a major mathematical restriction. The rheological properties of fresh SCC can be described with the modified
Bingham model. A suitable parameter to describe shear thickening is defined as the ratio of the second order term
in the shear rate of the modified Bingham model to the linear term (= c/u).

ZUSAMMENFASSUNG:

Selbstverdichtender Beton (SCC) ist eine neue Form von Beton, die fluissiger ist als traditioneller Beton und keine
Art von externer Verdichtung benétigt. Daher ist dieser Typ von Beton fiir eine neue Betoniertechnik geeignet:
Pumpen des SCC vom Boden der Schalung und Aufsteigen des Betons in der Schalung aufgrund des auferlegten
Druckes. Um die Phanomene zu verstehen, die wahrend des Pumpens auftreten, miissen die rheologischen Eigen-
schaften von SCC verstanden und kontrolliert werden. Tests wurden mit Hilfe zweier unterschiedlicher Rheome-
ter durchgefiihrt, die in diesem Artikel beschrieben werden. Fiir das Tattersall Mk-II-Rheometer wurde ein Kali-
brationsverfahrenausgearbeitet,umdie sekundaren StromungenimRheometerzueliminieren. Die Testergebnisse
zeigen, dass SCC eine thixotrope Fliissigkeit mit einer Fliessgrenze ist, Scherverdickung aufweist und zeitlich vari-
ierende Eigenschaften aufgrund der auftretenden chemischen Reaktionen besitzt. In diesem Artikel werden die
zeitabhangigen Phanomene nicht beschrieben. Beim Versuch, die erhaltenen Resultate durch ein rheologisches
Modell zu beschreiben, erschien nur das modifizierte Bingham-Modell adaquat. Die Anwendung des Bingham-
Modells fiihrte zu negativen Fliessspannungen, wahrend das Herschel-Bulkley-Modell einen Parameter mit vari-
abler Dimension und eine grossere mathematische Einschrankung besitzt. Die rheologischen Eigenschaften von
einem ,frischen” SCC kdnnen durch das modifizierte Bingham-Modell beschrieben werden. Ein geeigneter Para-
meter, um die Scherverdickung zu beschreiben, ist das Verhadltnis des Terms zweiter Ordnung in der
Schergeschwindigkeit des modifizierten Bingham-Modells zu dem linearen Term (=c/p).

RESUME:

Le béton autoplagant est un nouveau type de béton qui est plus fluide, comparé avec le béton traditionnel. Ce béton
n’a pas de besoin d’une autre source de compaction que de la gravité. Pour cela, ce type de béton est approprié
pour un nouveau moyen de placement: le béton est pompé au dessous du coffrage et monte a cause de la pres-
sion appliquée. Pour mieux comprendre le comportement du béton pendant le pompage, les propriétés rhéolo-
giques de ce béton doivent étre étudiées. Des essais avec deux rhéometres différents, décris dans cet article, ont
été effectués. Pour le rhéometre Tattersall Mk-Il une procédure de calibration est proposée afin d’ éliminer les cou-
rants secondaires dans le rhéométre. Les essais indiquent que le béton autoplagant est un liquide thixotropique,
ayant un seuil de cisaillement, de |a dilatation et des propriétés variantes dans le temps causées par des réactions
chimiques. Dans cet article, seulement les effets indépendants du temps seront décrits. En appliquant des modéles
rhéologiques, seulement le modéle Bingham modifié (modified Bingham model) semble utilisable. Le modéle Bin-
gham genére des seuils de cisaillement négatifs et le modéle Herschel-Bulkley contient un paramétre avec une
dimension variante et une grande réstriction mathématique. La dilatation peut étre decrite par le quotient des
termes quadratiques et linéaires dans I’équation du modéle Bingham modifié (= c/p).

KEey woRrbps: concrete, self-compacting concrete, Tattersall rheometer, Bingham model, Herschel-Bulkley model
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1 INTRODUCTION

When casting traditional concrete in a form-
work, a high amount of air is entrained and
must be removed in order to obtain the desired
properties in hardened state, in terms of
strength and durability. As a result, the con-
crete needs to be compacted by applying an
external source of energy, mostly vibration.
This procedure slows down the casting process
and makes the properties of the structure
dependenton the skills of the workmen in situ.
Insufficient compaction results in a high air
contentandinareductioninbothstrengthand
durability. On the other hand, too much com-
paction can lead to segregation resultingin an
inhomogeneous product. As a result, a per-
fectly suitable concrete for a certain applica-
tion can result in a low quality product if the
compaction was not appropriate [1].

Self-Compacting Concrete (SCC) does not
need any form of external compaction, due to
its high fluidity and deformation capability.
The application of SCC speeds up the casting
process and makes the final product less
dependent on the skills of the workmen. As
there is no compaction needed, this type of
concrete allows the producers to fill any form-
work in one single operation, avoiding the dis-
advantages related to casting joints [2]. SCCis
also suitable for a new placing technique: the
concrete will be pumped in the formwork from
the bottom and will rise due to the applied
pressure. In order to be able to investigate the
phenomena occurring in the pipes and the
formwork during pumping operations, the
rheological properties of SCC must be studied
and controlled [3 - 5].

Inthis paper, the results of the rheological
tests performed on SCC, together with the
applied rheometers and the test procedure,
will be discussed. In fresh state, SCC behaves
as athixotropicliquid, havingayield stressand
losing workability, due to the chemical reac-
tions developing in the concrete [6]. In this
paper, we will only focus on the steady-state
properties, the discussion of the time depen-
dent effects both reversible (thixotropy) and
non-reversible (loss of workability) are beyond
the scope of this paper.
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2 MATERIALS: SELF-COMPACTING
CONCRETE

2.1 WHAT IS SELF-COMPACTING CONCRETE?

Self-Compacting Concrete is defined as a special
type of concrete which must fulfil the following
three basic properties [2, 7]:

M Filling ability: the concrete must be able to
flow freely both in horizontal and vertical
direction — even upwards if needed — and fill
the formwork of almost any shape complete-
ly under its own weight only.

B Passing ability: the concrete is not allowed to
cause any blocking when passing trough nar-
row gaps caused by the geometry of the form-
work or by a dense reinforcement grid.

W Stability: during mixing, placement and after
casting, the concrete is not allowed to segre-
gate, causing an inhomogeneous mixture.

These three basic properties, combined with the
absence of the need for compaction make the
application of SCC very advantageous in cases of
complex geometries of the formwork, cases with
dense reinforcement grids and difficultly attain-
able places.

2.2 COMPOSITION OF SELF-COMPACTING
CONCRETE

Since the properties of the constituent materials
of concrete differ from country to country, from
site to site, there is no universal rule to make a
good Self-Compacting Concrete. Over the world,
small and even large differences in the composi-
tion of SCC can be observed [8]. In the following
section, the composition of SCC, made in West-
ern-Europe will be described.

As stated in the previous section, the con-
crete must be very liquid and is not allowed to
causeanyblocking, whichis mainly caused by the
coarse aggregates due to a bridging effect.
Reducing the amount of coarse aggregates
increasesthedistance betweentwo particlesand
as a result, the probability of collisions between
the particles is reduced [9]. With the mortar frac-
tion of the concrete thereby acting as a kind of
lubricant, the fluidity and deformability is
increased significantly. In literature, the total
amount of coarse aggregates is set at 50% of the
volumetheaggregateswouldtakein case of clos-
est packing [10].



Since the amount of coarse aggregates is
reduced, one must increase the mortar fraction
in order to obtain an equal volume of concrete.
The total volume of sand in SCC is set at maxi-
mally 40% of the mortar volume and as a result,
compared with traditional concrete, a large
amount of fine particles (d < 0.090 mm) must be
added [10]. This can be achieved by adding
cement only, although this is not advantageous
neither from an economical point of view, nei-
ther for some concrete properties like heat of
hydration and shrinkage [2]. Large amounts of
cement cause a high thermal gradientin the con-
crete structure during hardening, causing ther-
mal cracking of the final structure. In order to
avoid this thermal cracking, a certain amount of
cement is replaced by another fine material of
which limestone filler and fly ash are most com-
monin Belgium. Silicafume—whichis much finer
than cement —and high-fineness ground granu-
lated blast furnace slag can also be applied.
Adding a sufficient amount of cement and filler
contributes largely to the resistance to segrega-
tion of SCC, but in some cases, a viscosity modi-
fying agent, being a material which increases the
viscosity of the mixture, can be added.

The amount of water is kept the same as in
traditional concrete, in order to achieve at least
an equal magnitude of strength. In most cases,
thestrength of SCCis higher compared to TCwith
an equal water/cement ratio. This small amount
of waterresultsinaverystiff mixtureandinorder
to achieve the desired fluidity, superplasticizers
areadded [11]. Superplasticizers (SP) are polymers
added to the concrete in very small amounts,
which interact with the cement particles, avoid-
ing flocculation of these particles. In this way, a
better dispersion of the fine particles is obtained
and the fluidity is enhanced. Nowadays, differ-
ent kinds of SP are available, but the one being
most effective is polycarboxylic ether based. This
kind of SP has a double working principle: it has
both an electrostatic repulsion effect, caused by
the electrical loads, and a steric hindrance effect,
caused by long polymer chains [12].

Until now, since no rule has been developed
for the amount of SP that needs to be added to
the concrete, the amount of SPis still determined
by trial and error. Not enough SP results in low
fluidity and a non-self-compacting concrete. Too
much SP can result in segregation of the con-
crete, causing an inhomogeneous material. The

workability of the produced SCC has been
analysed using the standard tests described in

[13].

2.3 CONCRETES TESTED

In total, more than 60 different SCC mixtures
have been tested in the rheometers. The compo-
sition of the reference mix is given in Table 1.
Within the research project, other compositions
have been experimentally verified as well,
changing different properties like gravel type,
cement type, filler type, type of superplasticizer,
amount of cement, amount of water, amount of
filler, ... . In this paper, the applicability of differ-
ent rheological models is described based on the
experimental results obtained for the reference
mix. For the other compositions, similar results
have been obtained. Anytime-dependent behav-
iour has been excluded in this paper. As chemi-
cal reactions occur in the concrete, all properties
vary in time. In order to make an analysis of the
time independent behaviour, the test results
obtained at15 minutes of age, which corresponds
to 15 minutes after water addition, are consid-
ered in this paper. No results have been obtained
atearlier ages, because the SCC needs time to be
mixed (at least 5 min), to be sampled and the
equipment needs to be filled properly.

3 METHODS: RHEOMETERS AND
TESTING PROCEDURE

3.1 CONTEC VISCOMETER 5

This type of rheometer, which has been explicit-
ly designed to measure the rheological proper-
ties of concrete, is based on the principle of the
coaxial cylinders [6, 14, 15]. A set of rotational
velocitiesisimposed atthe outercylinderandthe
resulting torque is measured at the upper part of
the inner cylinder. The lower part of the inner

Gravel 841 6 434
Gravel 2/8 263
Sand o/4 853
CEMI1 525N 360
L imestone filler 240
Water 165
Superplasticizer Glenium 27 10

Applied Rheology
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Table 1:
Composition of reference
mix (kg/m3).



Figure 1 (left):
Contec Viscometer 5.

Figure 2:
Tattersall Mk-1l rheometer.

cylinder is fixed and does not participate in the
measurement of the torque. As a result, no com-
plex 3-D flow-effects at the bottom of the reser-
voir are taken into account, and the pure coaxial
flow has been realized in the section of the
rheometer where the measurements are being
performed [6, 16].

The radii of the inner cylinder, R, and outer
cylinder,R ,are100and 145 mm, respectively. The
heigth, h, of the upper inner cylinder which is
submerged into the concrete measures 160 mm.
Both the inner and outer cylinders are equipped
with ribs to prevent slippage between the con-
crete and the steel surface [17]. The Contec vis-
cometer 5 is depicted in Figure 1. To perform a
measurement, the rotational velocity decreases
in function of time in steps of 3 seconds (see also
Section 3.3). The first second of each step serves
forthe decrease in rotational velocity and during
the remaining two seconds, measurements of
the rotational velocity and the torque are per-
formed at a rate of 50 Hz. For each time step, the
five lowest values of rotational velocity, N, and
torque, T, are averaged and represent a single
pointina T-N-diagram. In total 15 data points are
generated and the best fitting line is calculated.
The intercept of this line with the T-axis is called
‘G’ and the inclination of this line is ‘H’. With
these values of G and H, the Reiner-Riwlin equa-
tion (Eq. 1 - 2) [6, 18] can be applied in order to
obtain yield stress, 7, and plastic viscosity, g,
independently of the velocity distribution in the
gap between outer and inner cylinder.

G (1 1 1
T°_H[E_E]'n(&/&) 1
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L I
K 87°h\ R} R: (2)

The major disadvantage of this method is the
application of a linear rheological model to the
obtained results, which is necessary to apply the
Reiner-Riwlin equation. In order to be able to
describe non-linear rheological properties, the
obtained data of rotational velocity and torque
must be processed in another way. In [19] for-
mulae are available to transform Nand Tinto the
fundamental rheological parameters shear
stress and shear rate. These formulae have been
adapted by [20] and have the following form

(EQ.3-4):

_ (R:+RZ)

47hRR? 3)
. (k2 +Rf)N

(0 (@

These formulae can be used for any material,
independently from the real rheological proper-
ties. The only requirementisthatthe velocity dis-
tribution in the gap must be linear, which can be
achieved if the gap is small (R/R, > 0.99). This
requirement is not fulfilled in this case, resulting
in a small error in the test results [16, 20].

3.2 TATTERSALL MK-Il RHEOMETER

Thisrheometer, which is depicted in Figure 2, has
been developed by Tattersall in the 1970’s in
order to measure the rheological properties of
traditional concrete [21 - 23]. The inner cylinder
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has been equipped with blades from a historical
point of view, in order to remix the concrete to
avoid segregation. The outer cylinder is also pro-
vided with ribs to prevent slippage between the
concrete and the steel surface. This rheometer is
also based on the principle of the coaxial cylin-
ders, but the rotational velocity isimposed at the
inner cylinder in steps of 5 seconds. The resulting
torque is also measured on the inner cylinder.
Both rotational velocity and torque are measured
at a frequency of 5000 Hz. For each 2000 mea-
surements, an average value is displayed and
saved in a data file. The radius of the outer cylin-
deris125 mm, the distance between the edges of
the blades is 160 mm in horizontal direction and
140 mm in vertical direction. In this configura-
tion, it is not evident to define the radius of the
inner cylinder in order to apply the formulae
mentioned in Section 3.1. Therefore, a calibration
procedure has been performed with a Newton-
ian liquid (polyisobutene) and a Bingham liquid
(honey) [23]. These liquids have been tested inthe
Tattersall Mk-Il rheometer and in a cone and
plate rheometer [16].

The polyisobutene (PiB) has been tested
three times at each of the three different tem-
peratures: 26.9°, 17.4° and 5.75° C. The results
fromthe cone and plate rheometer, on which the
same measurement procedure has been applied,
indicate that PiB is a Newtonian liquid, having
large variations in viscosity due to temperature

N (rpm)

changes (Figure 3). When testing this liquidin the
Tattersall Mk-Il rheometer, no perfect linearity
has been obtained, which can be seen in Figure
4. A certain deviation from the linear law occurs
in cases of a low torque and low rotational veloc-
ity together. If one of those parameters is high
enough, a linear relation is obtained. Based on
the tests performed, a region can be described as
the “zone of non-linearity”, and is defined by T =
1- N/55. Outside this region, the linear behaviour
is perfect; inside the region, the relation can be
described as T = AN255.

These phenomena are possibly caused by
the structure of therheometer. Atlowtorque and
low rotational velocity, it could be that the liquid
only flows between the blades, describing a non-
linearrelation. Whenincreasing Tand N, the flow
also develops in the other part of the rheometer
(where normally the flow should occur), describ-
ing a linear relation. At a random value of T and
N, both phenomena are superposed.

Results from the tests with the cone and
plate rheometer indicate that honey can be clas-
sified as a Bingham liquid, having a yield stress
and a plasticviscosity (Figure 5). This material has
beentested at four differenttemperatures: 34.5°,
23.5°, 20.9° and 6.9°C. For each temperature,
three tests have been performed on the coneand
plate rheometer and five tests on the Tattersall
rheometer. Results with the Tattersall rheome-
ter indicate again the same zone of non-lineari-

Applied Rheology
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60 70 80 90

Figure 3 (left above):

Tests with PiB (Newtonian
liquid) in cone and plate
rheometer, at 3 different
temperatures.

Figure 4 (right above):

Tests with PiB in Tattersall
Mk-1l rheometer, at 3 differ-
ent temperatures.

Figure 5 (left below):

Tests with honey (Bingham
material) in cone and plate
rheometer, at 4 different
temperatures.

Figure 6 (right below):
Definition of the zone of
non-linearity. Extrapolation
of the linear relationship of
the data outside this zone
leads to one single point of
intersection.
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Figure 8:

Stepwise evolution of rota-
tional velocity, N, and
torque, T, in function of
time, for the reference SCC
mix in the Tattersall Mk-II
rheometer.
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ty.Inorderto obtain comparable results with the

Tattersall rheometer and the cone and plate

rheometer, the following corrections on the data

of the Tattersall rheometer must be performed:

1) When extrapolating the regression line of the
data pointsinthelinear zone, all lines intersect
in one point, in case of a Newtonian liquid (Fig-
ure 6). If a material has a yield stress, the line
will be situated above the line of a material
having an equal viscosity and no yield stress.
The difference of the intersection of those two
lines (with and without yield stress, but having
the same inclination) with the T - axis results
in the real “yield torque”.

2) In the zone of non-linearity, a curve of the fol-
lowing form T=T_+AN>55is fitted on the data.
Ontheextrapolated line of the linear zone, the
value of N, corresponding to T is calculated
andis called N,

3) With this value of N, all N-values in the linear
zone are corrected by N’ = N- N, which corre-
sponds a horizontal translation of the points
to the left side in the curve over a distance N,

4) Inside the zone of non-linearity, the data

points are corrected in the following way: N’ =
(N, = N_)(N/N)>5s.
Where N, represents the N value of the inter-
section of the original N - T curve with the edge
of the zone of non-linearity. This procedure
leads to a linearization of the data points and a
shrinkage of the zone. Step 3 and 4 lead to an
equal result for N’ in case a data point is situat-
ed on the edge of the zone of non-linearity.

5) The obtained torques must be corrected in
ordertoobtainthereal “yieldtorque” obtained
in step 1.

The application of these 5 steps tothetest results

fromthe Tattersall Mk-1l rheometer are shown in

Figure 7 for honey. By comparing Figure 7 with

the results obtained with the cone and plate

rheometer (Figure 5), the calibration constants to
transform torque to shear stress and rotational
velocity to shear rate can be calculated. The
results obtained at 34.5°C have been omitted,
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time

because the resulting values obtained with the

Tattersall rheometer are very low and cannot be

considered as accurate.

In case the material does not show a linear
relationship between shear stress and shearrate,
as it is for SCC, some modifications can be
applied:

1) Instead of extrapolating the data from the
zone of linearity, the best fitting line through
the first five data points is used to calculate the
real yield stress. This is justified since in most
cases maximum 2 data points (of 11in total) are
in the zone of non-linearity.

2) Thevalue of N, is calculated as the N value cor-
responding to T, for the line obtained in the
previous step.

These modifications lead to the introduction of a

new error, but comparison of the results

obtained with equivalent SCCs with both the

Contec Viscometer 5 and the Tattersall Mk-II

rheometer indicate that a similar plastic viscosi-

ty and a slightly higher (+ 30 Pa) yield stress is
obtained in case of the Tattersall MK-Il rheome-
ter.

3.3 MEASUREMENT PROCEDURE

Each concrete mixture has been tested in the
rheometer at different ages after the time the
waterhasbeenadded. Most concretes have been
tested at 15 and 30 minutes after water-adding-
time. If the workability remained sufficiently
good during time, the rheological properties
were also evaluated at 60, 90, 120 and even 150
minutes of age. In this paper, only the results of
the rheological tests performed on the reference
mix at 15 min of age will be discussed. The other
concretes show a similar behaviour and all con-
cretes show a loss of fluidity as a function of time.

In order to obtain the rheological properties
in equilibrium state, thixotropy must be elimi-
nated. This is performed by decreasing the rota-
tional velocity stepwise, in analogy with the Con-
tecViscometers, startingwith ahighvaluewhich
ismaintained longenough (inthe order of 20 sec-
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onds) to eliminate thixotropy. By decreasing the
rotational velocity stepwise, the torque reaches
the equilibrium very fast (Figure 8) [24]. All data
points with a constant N and T are averaged per
time stepresultingin11(N, T)-points. If the torque
at a certain rotational velocity was not constant
during (a part of) the measuring period, the cor-
respondingvalues of Nand Thave not beentaken
into account in the averaging procedure. The
obtained results for N and T are transformed to
shear stress and shear rate, applying the calibra-
tion constants, and the results for the reference
mixareshowninFigure 9. The authors would like
to remark that the test results are expressed in
linear graphs, as this is traditional in concrete
rheometry. Also, the maximum shear rate is kept
very low (12 s7), since in practice, no higher shear
rates will occur, and if they do, the constituent
materials will separate and cause inhomogene-
ity of the concrete [3].

4 APPLICATION OF DIFFERENT
RHEOLOGICAL MODELS

4.1 BINGHAM MODEL

The Bingham model, presented in Eq. 5, has two
parameters: yield stress, 7, and plastic viscosity,
(. This model has been widely applied in the his-
tory of concrete rheometry to describe the rheo-
logical behaviour of both traditional and self-
compacting concrete [6, 21].

T TotHY (5

Applying this model to the data obtained from
our reference mix (and also a lot of other mixes)
results in a negative yield stress, which is physi-
callyimpossible. In Figure 10, in the region of low
shear rates, it can be seen that the Bingham
model underestimates the shear stress. When
looking at the full graph, shear thickening can be
observed. As a result, this model is not valid to
describe the rheological properties of this SCC.

shear rate (1/s)

4.2 HERSCHEL-BULKLEY MODEL

In order to solve the problems occurring with the
application of the Bingham model, a non-linear
model can be used to describe the rheological
behaviour of SCC [25]. The most common non-
linearmodel, havingalso ayield stress, isthe Her-
schel-Bulkley model (Eg. 6). The non-linearity is
expressed by the exponent, n, in the equation
and indicates shear thinning if n <1, shear thick-
ening if n >1andthe Bingham model if n = 1. This
model has been applied to the test results and
delivers a better fit of the test data, when com-
pared with the Bingham model. Also a positive
yield stress is obtained (Figure 10).

T=7,+Ky" (6)
% = nky'"™
7 (7)

On the other hand, this model has two major
disadvantages. In Eq. 7, the derivative of the H-
B equation to the shear rate indicates that, in
case of shear thickening, the inclination of the
curve approaches ‘0’ for very low shear rates,
resulting in an overestimation of the yield
stress. This can also be seen in Figures 10 - 11,
where the H-B-curve is situated above the data
points from the tests.

When looking more in detail to the physi-
cal interpretation of the parameters, large dif-
ficulties arise when trying to analyse the para-
meter, K. The dimension of this parameter is
[Pa:-s"], thus depending on n and as a result, the
dimension of K is variable, having no physical
meaning. In order to describe the rheological
behaviour of SCC, a model with the following
properties is needed:

Bl Resulting in a positive yield stress (non-linear
model)

M Having a positive linear term in the shear
rate (avoids the inclination being zero)

B Having parameters with fixed dimensions
that can have a physical meaning
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Figure 9 (left):
Rheological data for the ref-
erence mix.

Figure 10:

Application of the Bingham
model (black line) and the
Herschel-Bulkley model
(grey curve) to the rheologi-
cal data of the reference
mix.
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Figure 11 (left):

Application of the Herschel-
Bulkley model (grey curve)
and the modified Bingham
model (black curve) to the
rheological data of the ref-
erence mix.

Figure 12:

Relationship between c/u
(modified Bingham) and n
(Herschel-Bulkley), theoreti-
cally (grey curve) and exper-
imentally (black dots).
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4.3 MODIFIED-BINGHAM MODEL

The modified-Bingham model has been applied
in [26] to investigate the yield stress of cement
pastes, determined by different models. This
model, which is described in Eq. 8, has been
applied tothe test data and can be seenin Figure
11. This model fulfils the three criteria stated in
Section 4.2 and as a result, it can be regarded as
a model suitable to describe the rheological
behaviour of the SCCs tested.

T=T, +Uy+0y’ (8)

This model can be regarded as an extension of
the Bingham model with a second order term,
butalsoas a second order Taylor development of
the Herschel-Bulkley equation, which is justified
since the parameter n in H-B rarely exceeds the
value 2. This Taylor development, taken around
arandom point ‘a’is theoretically described in Eq.
9. Rearranging all terms and taking the ratio of
the second order term to the linear term results
in a theoretical relation between ¢/u (modified-
Bingham) and n (Herschel-Bulkley) (Eq. 10).

Ka”n(n—1) ] )
w7

5;(&)
M 20\ 2—hn (10)

In practice, this relation has also been observed.
InFigure12,theblack dots representthe obtained
test data (from different mixes of SCC at differ-
ent ages). The grey line represents Eq. 10 which
has beenfitted tothe obtained results. Asaresult
of this fitting, a value of the random parameter,
a,equalto7.5s"hasbeen obtained forall the test
data considered. This indicates that the parame-
ter c/u can be applied to describe non-linear
behaviour, indicating shear thinning (c/u < 0),
shear thickening (c/u > 0) and the Bingham
model (c/u = o).

Ka"n
T=7,,,+Ka"+ ; ()’/—a)+
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5 DIFFERENCES BETWEEN SCC AND TC

Comparing different concretes is a very difficult
action, due to the dependency of a lot of proper-
ties on the composition of the concrete in fresh,
hardening and hardened state [2]. Most proper-
ties in concrete science depend largely on the
mass-ratio of water to cement. In Figure 13, the
reference mix of Self-Compacting Concrete has
been compared with a traditional concrete, hav-
ing the same amount of cement and water (w/c
=0.45).ltcan be seenthat SCCis much morefluid,
compared to the traditional concrete: the yield
stress is much lower, but a higher plastic viscos-
ity can be observed. Traditional concrete does not
show any shear thickening and can be described
using the Bingham model.

InFigure 14, a very fluid SCC, having an equal
composition as the reference mix, but a higher
amount of superplasticizer, has been compared
with a traditional concrete, having an equal
amount of cement and a water-to-cement ratio,
w/c, of 0.55. From a rheological point of view,
both concretes are approximately equal, only the
traditional concrete shows no shear thickening.
According to the European standards on durabil-
ity of concrete [27], SCC having a w/c of 0.45 can
be appliedinany construction. The application of
the traditional concrete considered here, with a
w/c of 0.55 is much more restricted. This SCC has
also a significantly higher strength compared to
this traditional concrete, because also strength
is dependent on w/c.

6 CONCLUSIONS

In order to investigate the phenomena occurring
during pumping of Self-Compacting Concrete,
an extended experimental study of the rheology
of SCC has been performed with two different
rheometers. These two rheometers are based on
the principle of the coaxial cylinders. The Contec-
Viscometer 5 has a rather simple geometry and
available formulae can be applied to calculate
the shear stress and shear rate. The Tattersall-
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Mk-Il rheometer has a more complex geometry.
A calibration procedure has been worked out to
eliminate secondary flows and transforming the
data of torque and rotational velocity to shear
stress and shear rate.

Self-Compacting Concrete can be classified

as a thixotropic liquid having a yield stress,
showing shear thickening and having a
decrease in workability (fluidity) in time due to
chemical reactions. The Bingham model cannot
be applied to describe the rheological proper-
ties of SCC, due to the generation of negative
yield stresses.
The Herschel-Bulkley model describes the behav-
iour better, but it has a parameter with a variable
dimension and it overestimates the yield stress,
due to a mathematical restriction in the region
oflowshearrates. The modified-Bingham model,
being an extension of the Bingham model and a
second order Taylor development of the Her-
schel-Bulkley model, is suitable to model the rhe-
ology of SCC. Shear thickening can be analysed
by the parameter c/pu.

When comparing a Self-Compacting and a
traditional concrete, suitable for standard prac-
tical applications according to the European
standards, SCC is much more fluid from a rheo-
logical point of view. Traditional concrete can be
made as fluid as SCC, but the traditional concrete
has less strength and cannot be applied in all sit-
uations when considering durability.
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