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Rheological parameters of fresh concrete — comparison of rheometers

The comparison of rheological parameters for 26 different types of fresh concrete,
measured with two co-axial cylinder rheometers ConTec Viscometer 5 and ICAR
Rheometer, is presented in the paper. The consistency by slump test and flow table

Andraz Hotevar, MCE test was also measured. Statistical analyses of results show good correlation between
lgmat d.d. the two rheometers for the yield stress and plastic viscosity. During this study, a strong
Building materials Institute correlation was established between the yield stress and workability, while the correlation
andraz.hocevar@igmat.eu is weak between the workability and plastic viscosity.
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Reoloski parametri svjezih betona — usporedba reometara

Franci Kavgic, MSc.CE U radu se prikazuje usporedba reoloskih parametara 26 razlicitih svjezih betona mjerenih
lgmat d.d. pomocu dva koaksijalna cilindri¢tna reometra ConTec Viscometer 5 i ICAR Rheometer.
Building materials Institute Provedeno jei mjerenje konzistencije slijeganjem i konzistencije rasprostiranjem. Statisticke
franci.kavcic@igmat.eu analize dobivenih rezultata pokazuju dobru korelaciju izmedu dva reometra za granicu tecenja

i plasti¢nu viskoznost. Provedenim istrazivanjem ustanovljena je jaka korelacija izmedu
granice tecenja i obradivosti te slaba korelacija izmedu obradivosti i plasti¢ne viskoznosti.
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Andraz Hocevar, Franci Kav¢ic¢, Violeta Bokan-Bosiljkov

Prof. Violeta Bokan-Bosiljkov, PhD. CE Rheologische Parameter frischen Betons — Rheometervergleich

University of Ljubljana

Faculty of Civil Engineering and Geodesy In der vorliegenden Arbeit ist der Vergleich rheologischer Parameter 26 verschiedener
violeta.bokan-bosiljkov@fgg.uni-lj.si Mischungen frischen Betons dargestellt, die durch Messungen mit Hilfe zwei koaxialer

zylindrischer Rheometer (ConTec Viscometer 5 und ICAR Rheometer) ermittelt worden
sind. AulRerdem sind Konsistenzmessungen mittels Slump-Tests und Ausbreitversuche
durchgefiihrt worden. Die statistische Analyse der erhaltenen Resultate weist auf eine
zufriedenstellende Korrelation der zwei Rheometer in Bezug auf die Streckgrenze und auf
die plastische Viskositat hin. Durch die gegebene Studie ist eine bedeutende Korrelation der
Streckgrenze und der Verarbeitbarkeit, sowie eine schwache Korrelation der Verarbeitbarkeit
und der plastischen Viskositat festgestellt worden.
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1. Introduction

It has been observed over time that the workability of fresh
concrete is a complex property. Tattersall and Banfill [1] point
out that workability tests can be misleading and that they can
be interpreted in a number of ways. They divide workability
tests into three levels. At the first level tests are described
only in comparative terms mostly based on subjective
assessment, and so the concrete is described as being highly
workable, semi-dry, etc. The second level is based on empirical
tests, such as the slump test, flow table test, Vebe test, etc.,
which have been around for many years and are still widely
used. These tests are very much dependent on the operator.
We would like to move to the third level which is based
on fundamental physical quantities. The values obtained
with these tests are in no way dependent on a particular
apparatus or on geometry of the apparatus. This means that
two materials with the same constants will behave in exactly
the same way. Lots of different approaches have been used
to find a suitable third level test, and it seems that tests
based on the established rheological techniques are the most
promising ones

To measure rheological parameters of fresh concrete, we
cannot take the established rheological tests that are used
in other industries and be satisfied. We must modify the
measuring equipment and theoretical models so that they are
adjusted to concrete, which is a special sort of fluid. Different
researchers developed a variety of different rheological tests
for concrete. The best known ones are coaxial cylinders
rheometers, parallel plate rheometers, and rheometers
with impellers, which can be separated by geometry

It is important that fundamental results can be extracted
out of these apparatuses. Due to complex geometries of
certain vanes and cylinders this is not always possible. For
some apparatuses, calibration procedures were carried out
to get fundamental results, whereas for other apparatuses
fundamental results can be calculated To extract
fundamental results out of actual measurements of torque
and rotational velocity, we need to take into account geometry
of the test equipment and make some assumptions [4]. Since
different apparatuses apply different geometries, we cannot
directly compare fundamental results of these apparatuses.
Different comparisons have been made in order to establish
a correlation between different apparatuses and to
make improvements in the science of concrete rheology.
Correlations that have been established are reported to be
encouraging [7], but the situation is still far from perfect.
Some work on calibration material has to be done as well. Oil
is fine for calibrating plastic viscosity, but it is not suitable for
granular material such as concrete

Test results obtained by two different concrete rheometers,
i.e. by the non-portable ConTec Viscometer 5 and the portable
ICAR Rheometer, are compared in this paper. The first one
is produced by ConTec/ Steyputaekni ehf from Iceland, and

the second one is produced by Germann Instruments. The
comparison was made at the laboratory of the Faculty of
Civil and Geodetic Engineering, University of Ljubljana, where
the same concrete batch was simultaneously tested. The
ICAR Rheometer, provided by Institute IGMAT, has not as
yet been mentioned in the available literature with regard to
comparison of concrete rheometers

2. Rheology of fresh concrete

Rheology is generally defined as "a science of deformation
and flow of matter". It deals with the relationships between
stress, strain, rate of strain and time, and it is a broad branch
of science. Concrete rheology exhibits a complex behavior,
both in fresh and hardened state [1]. Only fresh concrete will
be considered in the paper. Its flow is so complicated because
it is a complex suspension of particles. Particles of coarse
aggregate are dispersed in mortar and within mortar, particles
of fine aggregate are dispersed in cement paste and within
cement paste, cement particles are dispersed in water. This is
why we cannot describe rheological behavior of fresh concrete
with the Newtonian viscosity function, which is the simplest
equation for describing the flow behavior of liquids. The
Bingham model, which is the simplest form of non-Newtonian
model, is most frequently used. It is mostly satisfactory for
describing the behavior of ordinary concrete. However, some
types of concrete, especially the self-compacting concrete,
exhibit different kinds of behavior , and so we apply
different non-Newtonian models to describe their behavior

. The flow curve of the Bingham model is as linear as the
Newtonian one, but instead of passing through the origin, it
intercepts the stress axis. This intercept shows that there is a
stress, i.e. yield stress, which is needed for flow to occur. The
Bingham equation Eq. (1) can be written as

T=‘L’O+,u-7 (1

where:

T - shear stress[Pa]

T, - vield stress[Pa]

y -shearrate[s]

p - plastic viscosity [Pa-s]

The vield stress and plastic viscosity are constants that are
needed to describe flow properties. This equation is not directly
applicable as a measurement method. Out of these other
applicable equations can be set. We can find a solution to describe
the behavior of the Bingham material between rotating cylinders
or in a tube. The first one is the one we are interested in when
talking about measurements in coaxial cylinders viscometers. In
the system formed of two coaxial cylinders we measure torque
that is required to prevent one of the cylinders from turning (only
one cylinder is usually rotated). The relationship between the
measured torque and angular velocity of the rotating cylinder
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is plotted on the graph. Based on this, parameters are derived
for the Reiner-Riwlin equation, which is a basic equation for
computing fundamental Bingham parameters out of rheological
measurements[1,10]. Different authors and different equipment
manufacturers use slightly different computations [4, 10], but
they all use a few assumptions.

The rheology of fresh concrete affects its compacting and
casting ability, and it helps us understand concrete in more
detail, namely with regard to interactions in the fresh concrete

structure. The size and shape of aggregate grains influence
concrete viscosity, just as other ingredients have an effect on
other rheological properties [11].

3. Materials and testing
3.1. Materials

Various concrete mixtures were designed in order to compare
the results of the two rheometers. All mixtures were prepared

Table 1. Proportions of concrete mixtures

Comp05|t|onMIXtures CR1 CR1a CR1b CRIc cL CL1a CLib CLic
CEMI1425R - - - - 400 400 400 400
CEM II/A-M (LL-S) 425 R 400 400 400 400 - - - -
Fine aggregate [kg] 953 953 953 953 953 953 953 953
Coarse aggregate [kg] 782 782 782 782 782 782 782 782
W/C, 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Water [kg] 212 212 212 212 212 212 212 212
Super plasticizer [%] - 0.10 0.20 0.30 - 0.10 0.20 0.30
CRA1a" CRA1b" CRA1C CG1a’ CG1b’ CG1c” Cvia’ Cv1b’ Ccvic
CEMI425R - - - 400 400 400 400 400 400
CEM II/A-M (LL-S) 425 R 400 400 400 - - - - - -
Fine aggregate [kg] 953 953 953 953 953 953 953 953 953
Coarse aggregate [kg] 782 782 782 782 782 782 782 782 782
W/C, 0.50 0.50 0.50 0.62 0.62 0.62 0.53 0.56 0.59
Water [kg] 212 212 212 259 259 259 224 236 247
Super plasticizer [%] 0.10 0.10 0.10 - - - - - -
Entraining agent [%] 0.04 0.06 0.05 - - - - - -
Viscosity agent [%] - - - 0,10 0,15 0,20 - - -
CZ1a CZ1b CZ1c CM1a CM1b CM1c CMa CT1b CT1c
Replacing cement [%] 20 40 60 5 10 25 10 20 5
CEMI425R 320 240 160 380 360 390 360 320 380
Fine aggregate [kg] 953 953 953 953 953 953 953 953 953
Coarse aggregate [kg] 782 782 782 782 782 782 782 782 782
W/C, 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Water [kg] 212 212 212 212 212 212 212 212 212
Super plasticizer [%] 0.20 0.20 0.20 0.30 0.30 0.30 0.50 0.50 0.50
Tuff [kg] - - - - - - 32 A 16
Silica fume [kg] - - - 14.50 29.00 7.25 - - -
Blast-furnace slag [kg] 76 152 228 - - - - - -

* Volume of concrete for the composition is higher than 1m3
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using locally available materials. Two types of cements used
originated from different Slovenian cement factories, and
were designated as CEM II/A-M (LL-S) 425 R and CEM 1 425R
(SIST EN 197-1), with relative densities of 3.01 and 3.08 g/cm?,
respectively. The specific surface of cements used amounted
to 4300 cm?/g and 3760 cm?/g, respectively. The aggregate
used was crushed limestone aggregate with the relative
density of 2.7 g/cm?3. The coarse aggregate was a combination
of 4-8 and 8-16 mm fractions, and the fine aggregate
was a combination of 0-2 and 0-4 mm fractions. Particle
size distributions of the fractions and their combinations,
determinedaccordingto SISTEN933-1:2012,aregivenin Figure
1. The shape index of coarse aggregate (SIST EN 933-4:2008)
corresponds to Class SI_ (SIST EN 12620:2002 + A1:2008). The
polycarboxylate-based super plasticizer, air entraining agent,
and viscosity agent, were used as chemical admixtures. We
also used mineral additives, such as the natural zeolite tuff,
silica fume, and ground granulated blast-furnace slag with
relative densities of 2.41 g/cm? 2.20 g/cm? and 2.86 g/cm?,
respectively. In total, 26 different mixtures of fresh concrete
were prepared. We can combine them into groups of three
mixtures. In each group, the quantity of only one constituent
was varied. A detailed information about the mixtures is given
in Table 1. The aggregate used was dry and it absorbed on
an average 0.69 % of water, which was added to the effective
water content. Proportions of chemical admixtures are given
as a percentage of the total amount of cement and mineral
additive, and they replace a certain quantity of cement. The
composition of mixtures CRA1a to CRA1¢c, CG1a to CG1c, and
CV1ato CV1c, was obtained in such way that the entrained air
content and a higher water content (above W/C_=0.5) were
added to 1m3 of the reference composition (CR1). Thus, the
volume of these mixtures was higher than 1m?3.
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Figure 1. Aggregate grading
3.2. Rheometers and workability tests

As mentioned above, two rheometers were used in the
study (Figure 2). The first one was the non-portable ConTec
Vliscometer 5, which is a coaxial cylinders rheometer. The
outer cylinder rotates and the upper part of the inner cylinder
measures torque. Assuming the Bingham model, the yield

stress and plastic viscosity are obtained using the Reiner-
Riwlin equation. The radius of the outer cylinder is 145 mm,
and the inner radius is 100 mm. The height of the part of the
inner cylinder that measures torque and is submerged into
concrete is 100 mm.

Figure 2. Rheometers, Contec Viscometer 5 (left), ICAR Rheometer
(right)

The second rheometer used in the study was the portable
ICAR Rheometer. This is a rotating impeller rheometer. The
vane shaped impeller rotates and also measures torque. The
vane represents an inner cylinder because, when the vane
is rotating, it cuts a cylindrical volume. Just like the ConTec
Viscometer 5, this one also assumes the Bingham model, and
it applies the Reiner-Riwlin equation. The radius of the outer
cylinder is 143 mm, the vane radius is 63.5 mm, and the vane
height is 127 mm [12].

It is always questionable how the results of different
rheometers can be comparable, due to different geometries
and dimensions. Both rheometers measure torque as a
function of rotational velocity. Due to different dimensions, no
comparison can be madein these units[6]. In both rheometers,
calculations are expressed in fundamental units (t,and p). It is
assumed for both that concrete is a Bingham fluid, any top or
bottom effects are ignored, laminar flow occurs, and there is
no-slip condition on the walls, which means that the material
on the surface of the cylinder has the same speed as the
cylinder. This is achieved with ribs on the wall [4, 13].

The ConTec Viscometer 5 also calculates the plug flow speed.
In some cases, a part of the material remains in a solid
state, and it rotates as a rigid body [13]. If this happens, it is
recommended that points with lower rotational velocity be
omitted. This was generally not the case in our study. The point
with the lowest rotational velocity had a very high measured
torque, higher than the point before, in mixtures CR1 and CT1b
only. This point was omitted and fundamental results were
calculated using other points. It can be assumed that this
happened because the mixtures were very stiff. A dead zone,
where there is no flow, is assumed in the ICAR Rheometer.
This is due to the fact that the shear stress in a part of the
gap with lower shear rate is below the yield stress. If the dead

102

GRADEVINAR 65 (2013) 2,99-109



zone appears, then our calculation should be corrected. The
ICAR Rheometer does that automatically using the effective
radius method. It is assumed that the transition radius
between the flowing zone and the dead zone can be correctly
calculated. Rheological parameters are still calculated via the
Reiner-Riwlin equation, but the effective radius is inserted
instead of the outer radius. As this equation cannot be solved
analytically, it has to be solved with iterations

In this study, the decision was made to compare results as
obtained from the equipment, with no further calculations
except for the omission of some points. Also, there was
no need to complement the Bingham model with other
rheological models, because normal concrete has usually no
tendency to behave like a shear thickening material. Formulae
for non-linear rheological properties are described in various
literature references .Wealsoignored the fact that
the size of the gap between the inner and the outer cylinder
is important and has a big influence on the results . This
decision was made due to the fact that ICAR Rheometer (gap
is about twice as wide as the one of ConTec) calculates an
effective radius and this actually narrows the gap.

Slump tests and flow table tests were carried out on each
concrete mixture in parallel to rheometer measurements.
These tests were made according to European standards SIST
EN 12350-2:2009 and SIST EN 12350-5:2009, respectively.
Workability test results were compared with rheological
properties of concretes.

3.3. Test procedure

Mixtures used in this study had a volume of 40 liters. All
dry constituents (coarse and fine aggregate, cement and
mineral additives, if any) were first mixed for one minute in
the laboratory concrete mixer. Water was slowly added during
the mixing process: first one half of the water, and then liquid
chemical admixtures diluted with about 0.3 liter of water. After
that, the rest of the water was added. This took an another
minute. After all water was added, the concrete was mixed for
another three minutes. The total mixing time was 5 minutes.
Immediately after the mixing, the slump and flow table
spreading values were measured, and the flow value was
determined. Tests on both rheometers were conducted in
parallel with workability tests. Rheometer containers were
filled at the concrete mixer location, and were then moved
to rheometer positions. This could be the cause for the
concrete's consolidation, and so the concrete was remixed
with a flat rod prior to measurements. Three measurements
were made on each mixture and, before each measurement,
the concrete was remixed with a flat rod. Each mixture was
made only once.

A similar procedure was used for both rheometers. First they
apply a pre-shearing period at the top rotational velocity of the
test, after which they reduce rotational velocity in steps. They
generate a T-N point at every rotational velocity N, for the part

of the velocity step where they presume that torque Tiis at the
steady state. An average of torque T measured at steady state
is calculated. The ConTec Viscometer 5 has a pre-shearing
period of 5 seconds and then 8 steps of 5 seconds, from a
rotational velocity 0.49 rps going down to 0.01 rps. It omits the
first 2 seconds of every step. It also measures an indication
of segregation, but this was not part of our investigation.
Numbers for ICAR Rheometer are pre-shearing of 20 seconds
at the velocity of 0.5 rps, and 7 steps of 5 seconds from the
rotational velocity of 0.5 rps down to 0.05 rps. It omits the first
1.5 seconds of every step.

3.4. Statistical analysis

In the study we were predominantly interested in the
comparison of the results obtained with the two rheometers.
We started our statistical analysis with simple calculation
of R? values for the correlation of rheological properties
measured with different testing equipment and with simple
observation "mixture by mixture" to see if the measurements
from different rheometers are synchronized. We also applied
the statistical method ANOVA (analysis of variance), which
we assumed to be a proper tool to compare this kind of data.
This method divides variance of larger number of data points
to variances of smaller groups of data that are put together
in groups with similar influences, which causes differences
compared to other groups. The objective of the analysis is to
check if the differences inside each group are small enough
and explainable, compared to the differences inside other
groups

4, Results and discussion
4.1. Results

The basic parameters of the Bingham model, yield stress
and plastic viscosity, which were obtained with the two
rheometers for a particular concrete mixture, are given in
Table 2 as average values of three measurements, along
with the results of both workability tests. It should be noted
that it was not always possible to perform measurements
on all mixtures, or to perform all repetitions on a particular
mixture, due to limitations of the testing equipment used.
When using ConTec Viscometer 5, mixtures CR1, CR1a and
CT1b were measured only once, without repetitions. By
applying the ICAR Rheometer, no measurement was made
for the mixture CR1 while only the first measurement,
without repetitions, was made for mixtures CR1a, CR1b
and CT1b. Therefore, we omitted these four mixtures from
our analysis. Only two repetitions were possible on three
additional mixtures, but we do feel safe to consider them
for the analysis. We will show later on why we needed more
than one measurement of rheological parameters on a
particular concrete mixture.
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Table 2. Rheological measurement and workability test results

CR1 CR1a CR1b CR1c cL1 CL1a CL1b CL1c
. Visco 5 580.0 3483 208.0 3856 4885 365.1 193.9 1405
[Pa] ICAR - 746.4 196.4 67.7 692.3 714.0 416.2 2403
Visco 5 65.6 425 30.9 136 61.3 47.1 31.1 265
[Pars] ICAR - 19.1 236 98 50.3 25.1 22.9 215
Slump [mm] 70 150 225 240 110 150 165 190
Flow value [mm] 410 500 540 670 430 470 510 545
CRA7a = CRA1b | CRA1C CGla CG1b CG1c CV1a CVib Ve
. Visco 5 2315 136.2 181.2 194.0 2148 266.9 3106 235.7 1212
(Pa] ICAR 4315 207.3 3215 362.8 467.8 448.3 502.3 404 4 2295
" Visco 5 31.4 235 243 26.8 255 337 464 409 21.2
[Pars] ICAR 20.9 156 183 18.1 15.7 195 30.4 26.7 14.8
Slump [mm] 100 165 165 190 185 175 160 160 210
Flow value [mm] 400 580 520 530 500 475 480 485 545
cz1a cz1b Cz1c CM1a CM1b CM1c Ta CT1b CT1c
. Visco 5 1705 183.4 141.0 337.7 578.5 187.7 203.2 881.4 57.7
[Pa] ICAR 247.8 363.9 252.3 557.2 9185 299.3 3092 | 1476.1 86.5
" Visco 5 386 42.2 36.3 44.8 45.7 47.2 35.8 54,7 32.7
[Pars] ICAR 284 284 300 35.3 36.7 278 240 19.7 32.1
Slump [mm] 180 170 190 110 90 150 170 50 250
Flow value [mm] 535 525 545 465 430 490 485 370 635
1200

Yield stress [Pal

©o 5 £ @ 9 = 2 9 £ 8 o £ & g = @© 9 = 3 O < O
8 °3 3 3 § g § 8 8 83353 8883538656

Figure 3. "Mixture by mixture" for yield stress and both rheometers
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Figure 4, "Mixture by mixture" for plastic viscosity and both rheometers

4.1.1. Time influence and mixture comparison

The basic "mixture by mixture" comparison between two
different rheometers for yield stress and plastic viscosity are
shown in Figures 3 and 4, respectively. The dashed lines are
repetitions 1, 2 and 3, and the solid line is an average value
of all three repetitions. Repetitions 1, 2 and 3 were plotted to
assess if there were any time influence. Every measurement
took about a minute and a half, plus two minutes for concrete
remixing. One measurement was made at about every 4
minutes. It can be seen from Figures 3 and 4 that there is no
time influence in such a short period of time. There is also
no possibility of thixotropic behavior because of constant
mixing of concrete. It can be seen from the results that the
ICAR Rheometer gives higher results for yield stress and lower
results for plastic viscosity, when compared to the ConTec
Viscometer 5. The yield stress is on an average 42 % higher
with the standard deviation of 7 %, while the plastic viscosity
is on an average 43 % lower with the standard deviation of 20
%. It is interesting that worse repeatability can be observed
in Figure 4 for plastic viscosity results (especially for ICAR
Rheometer), which is also shown with high standard deviation
for a difference between averages of both rheometers for
plastic viscosities. Based on this observation, we can expect
lower correlation between both rheometers with respect to
plastic viscosities.

Although there is significant difference between absolute
values of yield stress and plastic viscosity obtained with
the two rheometers for each of 22 mixtures included in the
"mixture by mixture” comparison, the rheometers detect
changes in mixtures in the same way. The comparison of
"mixture by mixture" diagrams (Figures 3 and 4) obtained with
ConTec and ICAR rheometers shows that lines representing
average values of vyield stress or plastic viscosity are often
almost parallel, and that they always follow the same trend.

CViA
cvie
CViC
CZ1A
CZ18
cZic
CM1A
CMiB
CMiC
CT1A
cTiC

Both rheometers detected higher SP demand of cement CEM |,
compared to CEM II. In mixtures where SP, AE, and water were
varied, we can observe a distinct decrease in values of both
rheological parameters. It is known, using rheograph, that SP
should reduce predominantly yield stress, AE predominantly
plastic viscosity, while water reduces both parameters [11].
This was also confirmed in our study, with both rheometers.
An increase in GGBS content did not significantly alter
rheological properties of the concrete mixture, while SF and tuff
contributed predominantly to the increase in yield stress. It is
known that SF usually decreases plastic viscosity when added
in smaller amounts. When the amount of SF is increased, the
yield stress and plastic viscosity increase slightly [11]. In our
study, we observed only an increase in yield stress while there
was no significant change in plastic viscosity.

4.1.2, Correlating rheometers

The correlation between two rheometers for yield stress and
plastic viscosity is shown in Figures 5 and 6. These correlations
are calculated from 22 mixtures that were included in the
analysis. In each figure, the dashed line represents a 95
% confidence interval and the dotted line represents a 95 %
prediction interval for the linear regressed line. They are both
based on t-distribution. Confidence intervals are boundaries
where it can be assumed with a 95% confidence that the
regressed line actually exists within these boundaries. The
prediction intervals are boundaries where there is a 95 %
probability that the next measured value will fall between
these boundaries.

Avery good correlation between the rheometers was obtained
for yield stress, while a good correlation was achieved for
plastic viscosity. The correlation for plastic viscosity is worse
than the correlation for yield stress, which was expected,
as noted earlier in this paper in Section 4.1.1. We have no
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outlying points from prediction intervals. From this simple
analysis, we can suggest two equations that relate to
rheological parameters obtained from the rheometers used in

of correlation between the two rheometers are presented in

Table 3 as changes of R? values.

the analysis: the first one relates to yield stresses, Eq. 2, while

the second one relates to plastic viscosities, Eq. 3.
Toacar = 1,542  To contect 3931

Hicar = 0,725 * U conrect 0481

1200

:

¥ =1,5418x + 39,306

ICAR yield stress [Pa)

5 8

()

(3)
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Figure 5. Correlation between rheometers for yield stress
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Figure 6. Correlation between rheometers for plastic viscosity

When working with correlation of different rheometers,

Table 3. Changes of R2 values for different approaches in correlating
two rheometers for yield stress and plastic viscosity

RZ
Approach
To M

Average of three or less measurements 0.95 0.58
First value 0.92 0.55
Ayerage of first two, exclude mixtures 0.93 081
with less then two measurements

Ayerage of at least two, exclude mixtures 0.94 0.80
with less then two measurements

As can be seen from Table 3, the correlation factor R? for
yield stress has remained practically unchanged, regardless
of the approach used. The situation is quite different when
plastic viscosity is correlated. In the first two approaches,
where mixtures with only one measurement are included,
thereis a big drop in the value R2 Also, prediction intervals are
much wider, and we observe an outlying point. Figures with
prediction intervals for other examples are beyond the scope of
this paper, but are presented in [18]. Taking into consideration
all these aspects, we can grade these approaches from worst
to best. The worst was the approach with the first values. It is
followed by the approach in which no mixtures are excluded,
and where an average of any number of available results
is calculated. This approach is followed by the approach
involving an average of two measurements with excluded
mixtures, where we can observe an outlying point from
prediction intervals [18], although it does not deviate much.
The best was the approach with an average of at least two,
preferably three measurements, in which mixtures with less
than two measurements were excluded. We have no outlying
points [18] and prediction intervals are the narrowest (Figures
5 and 6). After this analysis, we can once again confirm that
plastic viscosity measurement repeatability is worse than it is

the following question arises: What if we had only one
measurement with no repetitions? Therefore, R? values
were calculated for several different examples. First we took
no action and applied the basic results as obtained from
rheometers, an average of 2 or 3 repetitions or, where only
1 repetition was made, we used this single value without
excluding any of the mixtures. Other examples were: 2) taking
the first measured value for each mixture, 3) taking an average
value for the first two measurements and excluding mixtures
with less than two measurements, and 4) taking an average
of at least two measurements, preferably three, and excluding
mixtures with less than two measurements. The changes

for the yield stress.

4.1.3. Rheology — workability correlation

In addition, the vyield stress and plastic viscosity were
compared using workability test results for particular
rheometer used in the study. This was done for the results
from the fourth approach (Table 3) by excluding mixtures
CRA1a to CRA1c with entrained air bubbles. A simple linear
model was applied to calculate R? for both workability
parameters with both rheological parameters, as can be seen
in Figures 7 to 10. A predominant correlation between the
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Figure 7. Correlation between workability parameters and vyield
stress (ConTec reometar)
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Figure 9. Correlation between workability parameters and plastic
viscosity (ConTec reometar)

slump and yield stress can be found in literature [19-21] since
there is a strong relationship between these two parameters
for normal concrete. At the slump test, the concrete sample
slumps down by the action of gravity and stops slumping
when the shear stress becomes less than yield stress 7 [19].
It can be seen from results presented in Figures 7 and 8 that
the obtained yield stress - slump correlation is 0.82 for the
ConTec rheometer, and 0.77 for the ICAR rheometer, while the
yield stress - flow correlation is 0.73 for both rheometers. R?
equal to 0.82 obtained with the ConTec rheometer for the yield
stress-slump correlation is in agreement with the results
presented by Wallevik [19], where R? for a similar content of
paste in concrete is 0.84. In addition, the correlating equation
(y=-0.265-x+245) is close to the one obtained in our study
(Figure 7). In his study Wallevik applied the BML rheometer
with the same radius of the inner and outer cylinders as in the
case of the ConTec Viscometer 5 rheometer.

By correlating the plastic viscosity p to the workability test
results (Figures 9 and 10), it was established that the R?
values are much lower in all cases. R? was 0.61 and 0.43 for
the plastic viscosity - slump correlation, while it was 0.54 and
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Figure 8. Correlation between workability parameters and vyield
stress (ICAR reometar)
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Figure 10. Correlation between workability parameters and plastic
viscosity (ICAR reometar)

0.28 for the plastic viscosity-flow value correlation, for the
ConTec and ICAR rheometer, respectively. Lower correlation
between plastic viscosity and workability parameters is in
agreement with the results reported in [19-201.

4.2, Analysis of variance for comparison of
rheometers

As mentioned above, the analysis of variance was applied
in the comparison of rheometers. Null hypotheses are that
a change of mixture of concrete and a change of rheometer
do not have a statistical influence on the result, and we do
that for the yield stress and plastic viscosity. The F-test was
calculated for the mentioned 22 mixtures. Table 4 presents
the results that are calculated with a probability for confirming
null hypothesis of 0.01. It can be seen that the null hypotheses
can be rejected with a high level of confidence (F statistics are
much greater than critical values). Calculated reverse critical
probabilities for confirming null hypotheses are in the range
from 1.4xe™® to 9.4xe?, which are very small, negligible
numbers. These results show us that rheometers can detect
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differences between different mixtures, and that measuring
with different rheometers will give us different results. This
is also confirmed by the fact that F statistic values for the
mixture to rheometer interaction are small.

Table 4. ANOVA results

Fstat F:rit

Mixture 51.82 2.07

T,[Pal Rheometer 277.40 6.93
Interaction 3.50 2.07

Mixture 42.63 2.07

w[Pa:s] Rheometer 255.36 6.93
Interaction 2.80 2.07

This analysis did not give us a comparison of rheometers.
Therefore, we proceeded by applying the analysis of variance
separately for each rheometer and each rheological parameter.
Null hypothesis is that a change of mixture does not have a
statistical influence on the result. We calculated F-test from
the same 22 mixtures as before with the probability of 0.01
for confirming the null hypothesis. Results given in Table 5
show that we can reject the null hypothesis for each case.
Additionally, we can see that we can reject this with higher
confidence for the ConTec Viscometer 5 than for the ICAR
Rheometer. The same is true for rejecting hypothesis for yield
stress as for rejecting hypothesis for plastic viscosities. This
tells us that ICAR Rheometer results deviate more within
measurements of a particular mixture, and that plastic
viscosity results deviate more than yield stress results.

Table 5. ANOVA results for each rheometer and each rheological

parameter
Rheological Rheometer F F_
parameter stat crit
ConTec 150.73
T,[Pal
ICAR 20.92
2.30
ConTec 48.22
w[Pas]
ICAR 12.55

5. Conclusions

The aim of the experimental and analytical study presented
in the paper was to correlate two coaxial cylinders
rheometers in order to determine their ability to measure
rheological properties of fresh concrete mixtures with slump
values between 50 and 250 mm, and flow values between
370 and 670 mm. There are some differences between
the rheometers used in this study. These include basic

geometry, test procedure, and calculation of fundamental

results from the results obtained from testing equipment.

Nevertheless, the decision was made not to make any

additional recalculations of results and to compare the

results that a user gets when making measurements. The
following main conclusions can be made based on results
obtained in this study:

- ICAR Rheometer has lower repeatability than the ConTec
Viscometer 5,

- both rheometers have lower repeatability when measuring
plastic viscosity than when measuring yield stress,

- rheometers used in the study give different absolute
values for yield stress and for plastic viscosity; the ICAR
Rheometer gives on an average 42 % higher values for
yield stress and on an average 43 % lower values for plastic
viscosity when compared to the ConTec Viscometer 5,

- both rheometers detect changes in concrete mixtures in

the same way,

changes in concrete mixtures were not always detected in

the same way as reported in literature,

- good correlations betweentherheometerswere established
for both rheological parameters when measurements were
repeated for each mixture three times in a row,

- thereis no time influence between these three repetitions,

- equations for relationship between rheometers are given
in this paper (Eq. 2 and Eg. 3), with R? equaling 0.94 for yield
stress, and 0.80 for plastic viscosity,

- correlations between the workability test results and
rheological parameters are as expected —a good correlation
was obtained for the yield stress (the yield stress-slump
correlation was 0.82 for the ConTec and 0.77 for the ICAR
rheometer, and the yield stress-flow value correlation was
0.73 for both rheometers) while the correlation was not so
good for the plastic viscosity (the plastic viscosity-slump
correlation was 0.61 and 0.43, and the plastic viscosity-
flow value correlation was 0.54 and 0.28, for the ConTec
and ICAR rheometer, respectively).

The above conclusions are based on observations and
statistical analysis, such as prediction and confidence
intervals, and analysis of variance.

Results presented in this paper are only valid for ordinary
concretes with similar matrix volume and aggregates. For
future work, it would be advisable to study concretes with
different matrix volumes and different aggregates, and also
special concretes, such as the SCC concrete.
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