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This article presents a report of the mixing of concrete on the laboratory scale in a single-shaft and twin-shaft
mixer. For both mixers we selected five concrete recipes that cover a broad spectrum of concrete mixing
techniques. The concrete recipes differ from each other amongst other things by virtue of the aggregate-sized
distribution curves, water–cement ratio, flow properties, compressive strength and mixing times. The
specifically volume-related application of energy – which is necessary for the homogenization of the
particular recipe in the mixer – is an essential influencing variable.
The comparison of the specifically volume-related application of energy is possible only if the concrete
recipes possess the same homogeneity. The time curve of the homogeneity plotted against the necessary
mixing time indicates the mixing efficiency, which in turn is determined by an imaging measurement
process. Comprehensive mixing experiments show that the resulting application of energy, measured via the
current composition, does not provide sufficient information in order to define the actual homogeneity in the
mixture. A method was developed for the purpose of comparing concrete mixtures based on various recipes
with the same homogeneity in relation to the specifically volume-related application of energy. The
particular application of energy can be determined via the required mixing time and the power output
process in terms of time.
© 2009 Elsevier Ltd. All rights reserved.
1. Introduction
Mixing of dry ormoisturized powders is a unit operation in process
engineering industry, and can be found in the construction-, food-,
and pharmaceutical industries, as well as in other fields. This paper
focuses on concrete mixers, of which there are two main categories.
The first type of mixer produces concrete one batch at a time, while
the second type produces concrete at a constant flow rate. The paper
focuses on the discontinuous concrete mixer, in a single shaft- and
twin shaft execution.

The user's objective when employing a charge mixer is to attain a
defined homogeneity in the solids, to be mixed within the shortest
possible mixing time. The change of mixing quality during the mixing
time is described by the mixing efficiency. The mixing efficiency is
determined in the classical manner. Representative solid samples are
taken out of the mixing chamber and are analyzed outside for their
composition. The conditions during themixing process, such as power
consumption, gradients of moisture or rate per minute etc. should
remain unchanged. The boundary conditions influence the mixing
efficiency [1]. The operator of a concrete plant is not somuch interested
in the mixing efficiency, but rather the mixer efficiency related to the
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product. The question here is howwell a mixer can produce a uniform
concrete from its constituents. The properties (specific concrete
parameters) for fresh concrete such as the density of fresh concrete,
the air content and the compressive strength etc. are often considered.
The procedural method of determination of mixing quality can be
found in the norm of RILEM [2], DIN EN-459-2 [3] and in [4].

Concretes of various categories of strength and quality aremixed and
used in the industry daily by the ton. The mixing times are increased
from a rather short 35 second mixing time for the traditional recipes to
several minutes for the special concretes when large portions of fines
components are involved. The flow rate of the concrete plants will
reducedramatically for high performance concrete. The various recipes `
are being studied by various research institutions of concrete with
regard to strength, quality, and mixing time.

The development of the concrete recipes in the last 20 years
according to [5] has developed from a four-component system (water,
coarse aggregates, sand and cement) into multi-component systems
since the early nineties. The addition of admixtures or synthetic micro
silica makes the mixing task considerably more difficult, since these
components have very large fine proportions, something that
confronts some mixing processes with a difficult task. The present-
day ultra high performance concrete, with compressive strengths of
more than 200 N/mm2, cf. [6], as compared to ordinary concrete with,
for instance, a compressive strength of 20/25 N/mm2, present
modern mixing technique with increasing requirements. A further
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variety of concrete that has been of interest in research today is the
self-compacting concrete described, for instance, in [7]. The concrete
has a high flowability and can be placed without vibration.

Detailed information on the treatment and analysis of high
performance concrete can be found in [8]. More specific parameters
(rheology, microstructure) are available for measurement, but these
simplify neither the treatment nor the analysis of high performance
concrete.

The microstructure and rheological flow [9,10] of this high
performance concrete is now more important than previously. In
many cases the concrete quality can be recognized only in the finished
product.

The quality of the concrete is critically determined by the
microstructure. Based on the investigations, for instance, in [9], the
microstructure of the concrete depends on the composition and the
curing conditions as well as on the mixing method and the mixing
conditions prevailing at the production site.

A recent publication attempts to solve this offline problem of
concrete parameters by in-mixer measurements for describing
mixture evolution during a concrete mixing process. The three inline
measurements in [11] are power consumption, a concrete moisture
sensor and a sensor for the rheology of concrete.

This paper describes an arrangement with the necessary application
of energy for the purpose of concrete mixing based on various concrete
recipes. The mixing time consists here of the sum of the loading period
(drymixing andwetmixing), themixingperiod and adispersionmixing
period. It is well-known that the discharge and weighing periods also
require energy, but these are disregarded in this paper.

In comprehensive experiments it becomes apparent that the
comparison of different concrete recipes regarding the application of
energy is only valid when the homogeneity of the different recipes is
equal at the end of the mixing process. This is important for the
integration of the power curve to determine the application of the
energy. The load time of the aggregates is constant tload=10 s during
the mixing experiments with the two shaft mixers.

Cazacliu and colleagues [12,13] show further details of new kinetic
models for power consumption, using rheology and dimensional
analysis to enhance the description. This paper does not include these
parameters. Rather, a simple method should help determine the
application of energy for a concrete recipe.

The method for assuming the homogeneity at the end of the
mixing process is image analysis in this case. A helpful technique for
the further evolution of this method of concrete recipe is [14] inwhich
some cement was marked with a ferrous oxide. Using this analysis
method, the homogeneity of a concrete mixture is determined from a
portion of the power curve and the mixing efficiency. The practical
user can produce and compare concrete mixtures with constant
homogeneity if he knows the percentage energy portion in the range
of the stationary power consumption. In a concrete plant it is not
always possible to take a representative sample for the determination
of homogeneity. Therefore, the determination of the mixing time,
together with the enhancement of the mixing efficiency, using image
analysis, represents a considerably more precise method for the
determination of the homogeneity.

Themethodpresentedhere is thus suitable for the determination of
the mixing time for the attainment of a previously defined homo-
geneity. Of course it cannot replace any further testing methods, such
as the flow consistency, homogeneity determination of the aggregates
size distribution and the compressive strength determination.

These statistical aids are very precisely described in [15] which
studied dry powdermixtures. The physical equation that characterizes
the distribution of components (dispersion) in a powder mixing
experiment is the Fokker–Planck-equation [16]. More information
about this equation, its application and the necessary internal and
boundary conditions by determination of the mixing efficiency can be
found in [17–19].
2. Theoretical considerations for determination of the homogeneity

2.1. Theoretical considerations for determination of the mixing efficiency

The concrete norms such as RILEM document the statistical
sampling of concrete samples in a very detailed manner. This chapter
contains further details of themixing efficiency. The statistic regarding
the coefficient of variation and the empiric variance are contained in
Appendix A. Sommer and colleagues [15,20] discuss taking samples of
dry powders in some detail. The theory in Appendix A is based on only
one powder component (the component of interest).

According to Sommer [15], the mixing efficiency – determined via
the time span of the variance σ2(cP,i,tM), according to Eq. (1) – consists
of three variances. The variance of the measurement method σM

2

contains the reproducibility and can be determined by preliminary
experiments. As a rule, the latter should be so small that only the
variance of the uniform random mixture σZ

2 will influence the system
and so the variance of the measurement method σM

2 is negligible
(σZ

2NNσM
2). The systematic variance σSyst

2 is thus a function of the time
and, in its stationary state, has the value σSyst

2 =0, that is to say, the
mixing process is terminated. A longer mixing time does not improve
the mixing quality,
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Current spectroscopy measurement methods of [21–23], which
can be employed only up to a certain sample volume, are employed in
an attempt to reduce the effort required for the evaluation of the
attainable mixing efficiency of continuous or discontinuous powder
mixers. The difficulty inherent in all measurement methods relates to
their calibration for each individual substance, something that is not
possible in the case of many concrete recipes. Any missing calibration
frequently leads to error sources in the determination of the
concentration. Each of the referenced authors had studied powder
samples and did not analyze fresh concrete samples.

Optical measurement methods with fiber-optical waveguides and
CCD cameras were used by [24–28], each of which used image analysis
in order to characterize the mixtures on the basis of particles with
differing colors. Sampling from the mixing chamber could not always
be dispensed within this case. For this purpose, however, the powder
mixer had to be stopped briefly for the purpose of measuring the
concentration distribution. This article therefore focuses on a method
that relies on a determination of the concentration course and the
mixing efficiency distribution by means of image analysis without
sampling. A CCD video camera records the mixing process throughout
the entire mixing time in order to thus determine the mixing
efficiency. This measurement method offers the advantage that the
camera can be used in a flexible manner when the structural size of
the mixer or of the sample volume is changed. Furthermore, one can
access the raw data as often as desired and at various times and under
certain circumstances, in order to adapt the analysis method. Moving
images of the mixing process, moreover, help gain an impression of
the entire mixing procedure during the process.

2.2. Determination of mixing efficiency by means of image analysis

The digital images that were taken have a resolution of
720×576 pixels. The blue component (tracer) therefore cannot be
resolved up to primary particle size. The tracer mass concentration is
cP,E̅ ̅=0.74%: One can gain an impression of the mixing efficiency with
a resolution of 366.8 mm2 per sample. With increasing resolution, the
details could, of course, be better recognized. However, disturbing
non-homogeneities, such as reflections of particles or shadow
formations caused by mixing tools and the trough edge, could then
dominate the mixing efficiency. But the analyses showed that a



Fig. 1. Determination of the threshold value in the Adobe Photoshop® CS2 (a), original image, (b) separated fraction.
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resolution of 366.8 mm2 is entirely sufficient to describe the mixing
efficiency for the purpose of characterizing the homogeneity. The
individual digital images result from an image rate of one shot per
second.

The individual images are finished in the Adobe Photoshop® CS2
such that only the blue component is preserved after a threshold value
has been set. In the image analysis, the threshold value defines the
differentiability between the tracer and the model mixture. Prelimin-
ary experiments are used to define the threshold value of individual
command sequences that no longer need to be modified during the
actual experiments. Figs. 1 and 2 show the method for separating the
blue component for the single-shaft mixer and twin-shaft mixer.
The tracer component can be separated by enhanced image analysis of
the tracer dye according to Fig. 1a,b. More information about the using
image analysis may be found in Appendix A or in [29].

3. Choice of the tracer

For these investigations, we used special colored particles as
tracers, which clearly differ from the other aggregates in the mixing
chamber. The same pigments, but with different properties were
likewise used in [30]. Hence, ultramarine is chosen, as its density;
mean particle diameters are very close to those of cement. In
accordance with a recommendation of the producer Scholz, a
concentration range of cP,E̅ ̅=0.5%–1% (related to the total quantity)
was employed, so that the product properties of the mixing material
(compressive strength, flow properties, etc.) would not be excessively
influenced by the coloration with the pigment. In the concentration
intervals of ultramarine blue described, compressive strength experi-
ments with typical concrete mixtures were carried out. Only in the
range from cP,E̅ ̅=0.5%–1% does the compressive strength demonstrate
a minor influence. The tracer mass concentration is cP,E̅ ̅=0.74%. The
compressive strength is not higher than 3–5% of the normal
compressive strength.

The tracer used here is not intended to serve for staining a certain
particle fraction or for marking it; instead, the tracer is used as a
substitute for the one component that is difficult to mix. In this study,
the tracer replaces the cement to a certain extent in order to visualize
Fig. 2. Basic imaging during segmenting of the digital im
the real mixing behavior with the concrete recipe. The actual mixture
thus consists of the tracer and the concrete recipes that will be
described below.

As pigment, we used ultramarine blue because it behaves in a
manner very similar to the cement with regard to density, particle
size, flow behavior, sphericity, and the consolidation behavior of the
solids. The pigment permits a differentiation in the image analysis
program and almost completely retains its color spectrum in the
concrete mixture. As the mixing time progresses, the tracer is
distributed homogeneously in the entire mixing chamber and thus
permits a resolution of the mixing process in terms of time.

The particle size distribution of cement and ultramarine blue is
measured with the help of laser diffraction. The particular particle
sizes x10, x50, and x90 then result from the sum distribution Q3

according to Table 1. The color pigment has a narrower particle size
distribution than does the cement. Wider particle size distributions
however were not available commercially. The non-dimensional
characteristics Hausner-ratio H and Carr-index C, according to
[31,32], can be determined via the determination of the powder
density ρS, the bulk density ρB, and the tapped density ρT. These
parameters describe the densification behavior of fine powders. Here,
the Hausner-ratio H≥1.15 and the Carr-index C≥25%; therefore,
according to the definition of both authors, these are bulk goodswith a
restricted or cohesive flow behavior. The sphericity Ψ of the two
components, amounting to about Ψ≈0.8, differs only to a slight
extent.

The flow properties of dry and moist solids were determined in
analogy to the analysis method according to [33] in a Jenike-shear cell.
Fig. 3 illustrates the experimental results. The flow site, that illustrates
the shear stress τN plotted against the standard stress σN, shows that
the flow behavior of the pigment ultramarine blue can be compared to
that of cement. The mass of the cement or the pigment is constant in
each case while the water volume varies. As the water–cement ratio
rises, so do also the shear stresses due to the internal friction of the
capillary cohesion forces. The shear stress declines again only with
water–cement ratio of W/C≥25%, which points to a resultant
improved flow behavior. This means that the cement has attained
its heat saturation at about W/C~25% and the freely movable water
ages, using the example of the single-shaft mixer.



Table 1
Powder properties.

Ultramarine blue Cement

Color Blue Grey
Particle diameter x10 10.5 μm 2.4 μm
Particle diameter x50 16.2 μm 13.51 μm
Particle diameter x90 20.5 μm 82 μm
Powder density ρS 2400 kg/m3 2900 kg/m3

Bulk density ρB 990 kg/m3 1200 kg/m3

Tapped density ρT 1400 kg/m3 1750 kg/m3

Hausner-ratio H 1.41 1.45
Carr-Index C (%) 29.3 31.4
Sphericity Ψ ≈0.82 ≈0.78

Fig. 4. View of mixing chamber.

593B. Daumann et al. / Cement and Concrete Research 39 (2009) 590–599
increases the flowability. Measurements with the shear cell are no
longer possible in this case.

4. Experimental set-up

The experiments were performed on a horizontal single-shaft and
a twin-shaft mixer provided by Firma ELBA-Werk Maschinen GmbH.
The volume of the single-shaft mixer according to Fig. 4 is V=60 L.
The volume of the twin-shaft mixer according to Fig. 5 is V=120 L.
The mixers have spiral mixing tools that move horizontally. It is
characteristic of the twin-shaft mixer that the two mixing tools
overlap in the middle part of mixing chamber. The mixing tools of the
twin shaft mixer move in opposite directions towards each other. The
product can be conveyed from the outer edge of the trough toward the
interior or from the interior to the outer edge. In the single-shaft and
twin-shaft mixer, the wall-mounted mixing tool has a diameter of
DW=550 mm. The length to diameter ratio between the drum
diameter and the length is DT/L≈1 for the single-shaft mixer and
about 2DT/L≈2 for the twin-shaft mixer. The filling ratios φ were
φ≈50%. The rate per minute (rpm) for the single-shaft mixer n can be
adjusted up to 75 rpm; for the twin-shaft mixer it is 49 rpm. A
constant rpm of n=20 rpm is set for the performance of the mixing
trials. In average mixing jobs, the mixing times are about tM≈35 s
according to [2].

The mixing process can be observed or recorded continually if a
video camera is positioned perpendicularly above the mixing
chamber. The Sony VX2100E video camera employed here has a
resolution of 720×576 pixels with an image rate of 30 images per
second. A 1000 W Halogen lamp illuminates the mixing chamber in
such a way that the formation of shadows by the mixing tool and the
trough edge according to Fig. 6 is greatly reduced and the
influence of outside light is minor. The loading of the mixers with
the coarse aggregates, sand and cement etc. will be dosed over a
Fig. 3. Flow site determination according to Jenike.
purpose-built breadboard construction. The breadboard operates
fully automatically.

5. Concrete recipes examined

The selected recipes cover a broad spectrum of concrete mixing
technique according to Table 2. This involves a test concrete (PB2-
concrete), a self-consolidating concrete (SCC), two transit-mixed
concretes (C25/30-concrete and C50/60-concrete), and an ultra high
performance concrete (UHPC). Fig. 7 illustrates the aggregates size
distribution (grading curve), such as sand, gravel, split, and basalt. The
distribution of the fine particle is illustrated in Fig. 8, such as the
cements, tracer or the micro silica.

6. Results

6.1. Preliminary experiments by the determination of the application of
energy

The power output process must be determined as a function of the
mixing time tM in order to determine the specifically volume-related
application of energy EV. The various components of the concrete
recipes produce different possibilities for charging the components
into the mixing chamber. As a rule, the dry components are prepared
in the mixing chamber and only then, after a defined pre-
homogenization time, are the liquid components (water, admixtures)
Fig. 5. View of mixing of ELBA-Laboratory single-shaft chamber ELBA and Laboratory
mixer twin-shaft mixer.



Fig. 6. Mixer and camera.

Fig. 7. Volume sum distribution Q3 (aggregates size distribution) of aggregates.
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added. Comprehensive series of experiments, however, showed that
one can measure the influence of the charging sequence of the dry
components upon the mixing efficiency.

Using the example of the single-shaft mixer, Fig. 9 shows three
production runs with variation of the charging sequence for the
concrete recipe of the ultra high performance concrete (UHPC). The
volumes of the fresh concrete from the single-shaft and twin-shaft
mixer are not identical; the power output process and themixing time
are therefore plotted in a volume-relatedmanner. Thereby, the mixing
time will be divided through the volume V=0.06 m3 of the single-
shaft mixer. The twin-shaft mixer volume is V=0.12 m3 per batch of
concrete. A dosing device facilitates the charging of the components in
a previously determined sequence.

In dosage 1, the admixture was added directly with the water after
charging the cement with the aggregates (basalt, microsilicate, micro-
wirefiber, silica flour and silica sand). In the ultra high performance
concrete, during the addition of the liquidwith admixture, on account of
the effect of the capillary cohesion forces, one can recognize an outward
jump that was also documented in [5]. The power consumption drops
considerably only when the admixture reacts with the cement and
Table 2
Selected concrete recipes, giving the component mass with relation to a cubic meter of fres

Compositions PB2-concrete SC-concrete

Cement (CEM I 32.5R or CEM I 42.5R) 370 kg/m3 350 kg/m3

Aggregates (sand, gravel, split, or basalt) 1789 kg/m3 1617 kg/m3

Fly ash – 200 kg/m3

Admixture – 5.4 kg/m3

Synthetic microsilica – –

Silica flour – –

Silica sand – –

Microwirefibers – –

Water 155 kg/m3 175 kg/m3
when the filling level in the powder mixer declines. The reaction of the
cement with the admixture was brought out clearly with the help of
dosage 2.Here, the aggregateswere chargedwith the admixture and the
water simultaneously and the cement was charged only after 30–40 s.
Due to the charging of the water with the aggregates, the power
consumption is brieflygreater than in the caseof dosage1but then again
drops faster. After the charging of the cement, the power consumption
increases again so that a delayed cement charge will result in an
extension of the mixing time.

The influence of the admixture can be explained in dosage 3. Here,
the aggregates were charged with water and cement with admixture
was dosed into the mixing chamber after about 30–40 s. The liquid
was balanced out after the aggregates had been charged and this was
indicated by a decline in the power output peak. An almost constant
power consumption results after a mixing time of about 100 s by
adding the cement and the admixture. The power consumption
declines in proportion to the filling level in themixer. This is caused by
the fact that the admixture, along with the reaction with the cement,
must also be distributed in the entire mixture, so that the mixing time
is considerably extended. One can clearly see that the dosing
sequences critically influence the power output development. The
reproducibility of the individual variations of the dosing sequences of
course becomes difficult as a result of manual dosing. Dosage 1, that is
to say, the charging of the dry component with subsequent water or
admixture charging, was considered most suitable for further
investigations because the reproducibility of this variant proved to
be very reliable even in case of manual charging.

6.2. Concrete experiments by the determination of the power curves

During the measurements of the power consumption the idling
speed is not included in the absolute values of power. Figs. 10 and 11
show five power output curves for different concrete recipes for the
h concrete.

C25/30-concrete C50/60-concrete UHP-concrete

280 kg/m3 450 kg/m3 582 kg/m3

1806 kg/m3 1715 kg/m3 714 kg/m3

60 kg/m3 – –

1.4 kg/m3 – 35.9 kg/m3

– – 178 kg/m3

– – 458 kg/m3

– – 355 kg/m3

– – 196 kg/m3

182 kg/m3 225 kg/m3 170 kg/m3



Fig. 8. Volume sum distribution Q3 (particle size distribution) of fine used particles.

Fig. 10. Power curves for five concretes — single-shaft mixer.
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single-shaft and twin-shaft mixer. In both figures, the effective power
output P and themixing time tM are related to the volume V of the fresh
concrete.We get the pertinent power output curves for the test concrete
(PB2), the self-consolidating concrete (SCC), the two transit-mixed
concrete (C50/60, C25/30), and the ultra high performance concrete
(UHPC). For making ultra high performance concrete, the mixing time
for both mixer types is longest when compared to the other recipes.

The power curves according to Fig.10 for the single-shaftmixer show
the highest power output requirement for the four standard recipes
(PB2, C50/60, C25/30, SCC) after charging the dry components. The
maximum power output peak for the dry mixing area in the case of the
single-shaft mixer is a function of the maximum aggregates size (see
also the aggregates size distributions of the individual concretes in
Fig. 7). In the single-shaft mixer, a considerable portion of the aggregate
friction takes place both along the trough wall and in the bulk pile, as a
result of which the required power output is also increased with
increasing rough substance portion in the aggregate size distribution.
The relatively narrowgapbetween themixing tool and themixerwall of
the single-shaft mixer means that individual aggregates can become
stuck, something that results in a high aggregate friction along the
trough wall. After charging water and possibly admixtures, the power
consumption, after a reaction and stay time in the heap, drops definitely
all the way down to liquid balance. The power output increase after the
additionofwater andadmixture, recognizable in Fig. 9, also occurs in the
case of the ultra high performance concrete which, in this case, has
already taken place at the start of the mixing action.
Fig. 9. Differing dosing sequences for ultra high performance concrete.
In the twin-shaft mixer, themaximumpower peaks in the dry heap
are considerably closer together. One cannot recognize the influence of
the rough portion because the main resistance of the mixer is in the
areawhere the twomixing tools overlap. Adding the liquid results in a
slight increase in the specific volume power consumption until the
liquid balance has taken place in the entire mixing chamber.

The two mixing tools always lift the same volume of product per
revolution. Therefore, the rising cohesive force – except for the ultra
high performance concrete – exerts only little influence on the specific
volume-related power consumption. In the single-shaft mixer, the
specific volume mixing time tM/V and the specific volume power
consumption P/V is greater than in the twin-shaft mixer.

6.3. Determination method for the volume-related application of energy

The specifically volume-related application of energy cannot be
determined directly from the power curves of the single-shaft and
twin-shaft mixer because the mixing time necessary for a homo-
geneous mixture is not known. Some authors have studied this
problem before. Chopin and colleagues [34,35] propose a method for
the determination of the application of energy under a power
consumption curve. The solution for this problem is the definition of
the stabilization mixing time. That is an abort criterion when the
concrete mixing is finished. This part of the power curve is called the
“macromixing” or homogenization time. Another publication [36] has
discussed the problem that high performance concretes require more
Fig. 11. Power output curves for five concretes — twin-shaft mixer.



Fig. 13. Mixing efficiency for ultra high performance concrete in single-shaft mixer.
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mixing time than only the stabilization mixing time. This time is
defined as “mixing dispersion”.

The power consumption does not permit any statement as to the
quality of the various concrete recipes in the mixing chamber. A
comparison of the necessary specific volume-related application of
energy among the concrete recipes can be made only if the
homogeneity is identical. The power output curve barely provides a
hint as to any non-homogeneities in the entire mixing chamber. The
specifically volume-related power consumption, determined as a
function of the time, only represents an integral magnitude for
judging the mixer at a certain point in time. With declining specific
volume-related power consumption, one can, in the individual curves,
recognize fluctuations that point to homogeneity differences. These
homogeneity differences however cannot be analyzed in the curves so
that local non-homogeneities cannot be determined via the power
output, but rather via the mixing efficiency.

To determine the entire mixing time tM, one must, therefore,
subdivide the power curve into twomixing times, t1 and t2. Themixing
time t1 is the time needed in order to minimize the concentration
gradients in the entire concrete recipe. Thismixing time t1 is compared
with the stabilization mixing time in publication [34,35]. The mixing
time t2 gives the time the powder mixer needs in order to attain a
defined homogeneity of a fine component (dispersion mixing) which
is therefore difficult to mix. From [36] we know that the additional
mixing time does not possess any benefits for the rheology of concrete.
But this kind of determination allows a better comparison between the
two concrete mixers, because the mixing behavior is different. From
the integration of the specifically volume-related power curve and the
determinedmixing times, one can, according to Eq. (2), determine the
specifically volume-related application of energy EV by means of a
simple addition of the two portions,

EV = EV1
+ EV2

EV =
1
V
� ðXt1

0

P tMð Þ � dtM +
Xt2
t1

P tMð Þ � dtMÞ
Total mixing time : tM = t1 + t2

ð2Þ

Fig. 12 shows the two mixing areas and mixing times. The problem
now is to determine the exact moment at which the mixing time t1 is
terminated and the mixing time t2 commences. This calls for a
determination of the rise of the power output curve during a specific
time interval of one second, that is to say, when the pattern of the curve
becomes stationary. A maximum change of the power output curve in
terms of time of P′(tM)=ΔP/ΔtM≤1·10−2 KW/s was determined as
criterion for this purpose. This criterion amongother things results from
Fig. 12. Power curve of UHPC in single-shaft mixer with particular break-off criteria.
the fact that theminimum resolution of the power outputmeasurement
is 0.01 KW. A data evaluation, however, shows meaningful results only
when the raw power output data are refined by a moving average value
according to [37] and in Appendix A.

To be able to compare the homogeneity of the various concrete and
mixer types, the mixing time t2 is determined after determination of
themixing efficiency under constant experimental conditions. A tracer
component is charged as horizontally convert on the surface whose
flow behavior is almost identical with that of the cement employed
here, as described earlier. Via this tracer marking and the analysis of
the digital images, one can then determine the mixing efficiency as a
function of themixing time for each recipe. Amixing time t2 is attained
when a variation coefficient of v≤0.03 for the cement particles as
developed according to Fig.13. According to RILEM, this corresponds to
a High Performance Mixer (HPM). In Fig. 13, NP=400 samples were
analyzed in a sample quantitymP for the fine component ofmP≈2.8 g.
The detail of this determination method will be found in [29].

From the mixing efficiency one can then, according to Eq. (1) from
the Fokker–Planck-equation, calculate a dispersion coefficient. This
physical equation can only be used if pure dispersion properties exist.
The solution of this physical equation is an exponential curvewith one
fitting parameter. This mixing time t2 according to Fig. 13 is plotted in
the line of the power output curve in Fig. 12. The mixing time t2 is also
marked with the break-off criterion according to Fig. 13.

Knowing themixing time t1 fromthepower curve and themixing time
t2 from the mixing efficiency of the five concrete recipes, one obtains the
specifically volume-related application of energy necessary for a homo-
geneous mixture through the integration of the power output curves.

6.4. Specially volume-related application of energy by the two concrete
mixing types

Table 3 shows the terminally-dimensioned, specifically volume-
related power consumptions. EV/EV,UHPC stands for the entire
necessary specifically volume-related application of energy EV of the
specified concrete recipe related to the recipe of the ultra high
Table 3
Non-dimensional specifically.

Concrete recipe Single-shaft mixer Twin-shaft mixer

EV/EV,UHPC EV2/EV EV/EV,UHPC EV2/EV

C25/30 concrete 35%±1.1% 21%±2.4% 61%±2.0% 12%±1.0%
C50/60 concrete 32%±0.9% 15%±1.2% 39%±2.0% 15%±1.6%
PB2 concrete 39%±2.1% 23%±2.1% 56%±2.5% 11%±0.9%
SC concrete 42%±1.2% 14%±1.1% 62%±7.7% 12%±0.9%
UHP concrete 100%±8.4% 5%±0.6% 100%±9.1% 11%±0.9%
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performance concrete EV,UHPC, for the single-shaft and twin-shaft
mixer. In the single-shaft mixer we note that the individual
specifically volume-related applications of energy EV/EV,UHPC, show
very similar values for the standard concretes. Almost three times as
much energy is necessary for preparing homogeneous, ultra high
performance concrete. If the volume-related application of energy EV2
of a recipe, necessary for the attainment of a defined homogeneity –

after a constant power consumption has already been attained
(mixing time t2), – is related to the entire specific volume application
of energy EV for the production of the homogeneous mixture (from
the mixing times t1 and t2), then one can see that a by no means
negligible part of the total energy is necessary in order to obtain the
same required homogeneity among the individual concrete recipes. As
shown in the table for the illustrated applications of energy EV2/EV in
the single-shaft mixer, 14% to 23% energy is needed to attain an
identical homogeneity. In the single-shaft mixer, the ultra high
performance concrete only needs about 5% of the total specific
volume-related application of energy.

Comparing the values of EV/EV,UHPC for the single-shaft and twin-
shaft mixer, one can determine that the percentage energy expendi-
ture for the twin-shaft mixer is closer to the energy requirement of the
ultra high performance concrete. Except for the C50/60-concrete, that
contains small parts of rough products in the aggregate size
distribution, the necessary applications of energy are very similar. A
difference can be found when one compares the values of EV2/EV
among the two mixers. The values in the region of the stationary
power consumption are lower for the twin-shaft mixer than for the
single-shaft mixer. The latter are roughly 12% to 15% of the necessary
specific volume application of energy. In the twin-shaft mixer this
energy has already been charged into the mixing material in the
mixing area due to the higher power consumption in which the
mixing time is located. Therefore, the residual energy portion
necessary to attain a defined homogeneity is smaller than in the
single-shaft mixer.

Using the analysismethod presented here –where the homogeneity
of a concrete mixture is determined from a part of the power output
curve and amixingefficiency– the practical user canmake and compare
concrete mixtures with constant homogeneity if he knows the
percentage energy portion in the area of the stationary power con-
sumption. Inbig systems it is not alwayspossible to take a representative
sample out for a homogeneity determination. Therefore, the determina-
tion of the mixing time t2 from the mixing efficiency represents a
considerably more exact method for the determination of the
homogeneity.

7. Summary

This article explains in greater detail a procedure that facilitates a
comparison of various concrete recipes with relation to their mixing
homogeneity. An evaluation of the homogeneity is impossible on the
basis of the power output curve. The mixing quality can be determined
only on the basis of the mixing efficiency. The determination of the
mixing efficiency in this study facilitates an imaging measurement
method in which a dye pigment as tracer visualizes the distribution of a
component that is difficult to mix. The specific volume application of
energy can be calculated via a defined break-off criterion from the power
output curve that must be subdivided into two time segments. The first
mixing time indicates the moment as of which the concentration
gradients arebalanced in theentiremixture. The secondmixingdescribes
the process up to the attainment of a homogeneous tracer component
distribution. In comparing the standard concrete recipes it was found
that, to attain a defined terminal homogeneity in both mixing time
spreads during the mixing process, approximately the same amount of
energymust be expended. The highest application of energy is necessary
for the ultra high performance concrete, since this requires the longest
mixing time. The energy portion that must be expended for a
homogeneous mixture – after the power output curve has already
passed into the stationaryarea – is considerably higher in the single-shaft
mixer than in the twin-shaft mixer. The method presented here is thus
suitable for the determination of the mixing time for the attainment of a
previously defined homogeneity. Of course, it cannot replace any further
testing methods, such as the dispersion measure, homogeneity determi-
nation of the aggregate size distribution and the strength determination.

Symbols
AP Sample size [pixel2]
C Carr index [%]
cj concentration of fractions j [–]
cP,E̅ ̅ target value of solid concentration [–]
cP,i solid concentration of a sample i [–]
DT drum diameter [m]
DW tool diameter [m]
EV specific volume application of energy [J/m3]
H Hausner-ratio [–]
i number of samples [–]
L length of drum [m]
mE,T mass of individual grain [kg]
mP sample quantity [kg]
N number of time steps for data smoothing or linear Regression

[–]
n number of revolutions [s− 1, rpm]
NP number of samples [–]
P/V specific volume-related power consumption [W/m3]
P′ increase in specific volume-related power consumption [W/s]
Q3 volume sum distribution [%]
s2 empirical variance [–]
tM mixing time [s]
t1 mixing time in non-stationary mixing area [s]
t2 mixing time in stationary mixing area [s]
V volume [m3]
x10 average particle diameter for Q3 = 10% value [µm]
x50 average particle diameter for Q3 = 50% value [µm]
x90 average particle diameter for Q3 = 90% value [µm]
xA,T equal-surface particle diameter of a sphere of tracer [µm]
xP equivalent diameter of a screen mesh [µm]
xV,T equal-volume particle diameter of a sphere of tracer [µm]
xV equal-volume sphere [µm]
xW mass-related moisture [%]
W/C-ratio water–cement ratio [–]

Greek symbols
ν variation coefficient [–]
νM variation coefficient of the measurement method [–]
νZ variation coefficient for ideal random mixture [–]
ρB bulk material density [kg/m3]
ρS powder density [kg/m3]
ρT tapped density [kg/m3]
σ2 variance [–]
σ0

2 variance of zero mixture [–]
σN standard stress [N/mm2]
σSyst.

2 systematic variance [–]
σM

2 variance of measurement value [–]
σZ

2 variance of uniform random mixture [–]
τN shear stress [N/mm2]
Ψ sphericity [–]
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Appendix A

Detailed information about the statistical sampling of powder mixtures

The variance σ2(cP,i,tM) is calculated by forming the sum of
the deviation squares according to Eq. (3) with the target value
concentration cP;E for the individual samples NP, as is also given in Eq.
(1). The mixing efficiency then results from the determination of the
variance σ2(cP,i,tM), with various mixing times. The variance exists
only theoretically because its actual determination requires an infinite
number of samples NP. In practice, only a limited number of samples
NP can be studied. Therefore, themixing quality is estimated bymeans
of the empirical variance s2(cP,i,tM), on the basis of the existing
analyzed samples. The result of the systematic variance σSyst.

2 will be
reduced by the mass of individual grain mE,T and sample mass mP,

σ2 cP;i; tM
� �

≈s2 cP;i; tM
� �

=
1
NP

�
XNP

i=1

cP;i−cP;E
� �2

= σ2
M + σ2

Z + 1−
mE;T

mP

� �
� σ2

Syst::

ð3Þ

The variation coefficient ν is calculated from the quotient between
the square root of the empirical variance according to Eq. (4) and the
target value concentration cP;E (Eq. (4)),

v =
s cP;i; tM
� �

cP;E
: ð4Þ

The variation coefficient of the ideal random mixture νZ is
calculated, according to [38], from the mass of the individual particle
mE,T, the sample quantity mP, and the target value cP;E . For particles
that do not have a spherical shape and that do not have a
monodisperse particle size distribution, Eq. (5) according to STANGE
was modified such that the influence of the distribution and the
particle shape is considered. The particularly equal-volume diameters
xV,T of the tracer or of the equal-surface diameter xA,T can be
determined by simple conversions,

vZ =
σZ

cP;E
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− cP;E

� �
cP;E

�mE;T

mP

vuut

=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− cP;E

� �
cP;E

� ρS � 16 � π � x2A;T � xV;T � ψ
mP

vuut ≈6:75 � 10−6
:

ð5Þ

The sample quantitymP can be calculated according to Eq. (6) [39].
This equation consists of the sphericityΨ, the equal-volume diameter
of a sphere xV, the projected surface of the sample AP, the powder
density ρS, and the mass concentration cj of the individual compo-
nents j in the powder mixture,

mP =
2
3
� ρP �

XN
j=1

AP � cj � xV ;j � ψ≈2:8g: ð6Þ

Detailed information about the statistical sampling of powder mixtures
by using the image analysis

The variation coefficient of the measurement error νM according to
Eq. (7) can be determined via a defined sample sizeAP, that circumscribes
the surface of the largest particle present in the mixture. The segments
represent a sample surfaceAP,which correspond toAP=15pixel·12 pixel
in the twin-shaft mixer and A=20 pixel·16 pixel in the single-shaft
mixer. The result clearly shows that the measurement error of the
variation coefficientdominates the result because the latter is greater than
the variation coefficient of the ideal random mixture νZ. In determining
the variation coefficient ν, onemust therefore consider both the variance
of the ideal random mixture σZ

2 and the variance of the measurement
method σM

2 ,

vM =
σM

cP;E
=

AE;P

AP
=

1Pixel � 1Pixel
15Pixel � 12Pixel≈5:56 � 10−3

: ð7Þ

The variation coefficient of the so-called zero mixture σ0
2 according

to Eq. (8), a completely de-mixed state of a twin-component mixture,
is also calculated from the target value concentration cP;E ,

v0 =
σ0

cP;E

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− cP;E

� �
cP;E

vuut ≈11:83: ð8Þ

The shadow formation along the trough edge and in the area of the
mixer shaft is not included in the calculations.

Application of the moving average for the power consumption curve

The time series for the moving average value consists of twenty
individual values per second. By linear regression according to Eq. (9)
of the smoothed measurement values, the particular rise points for a
time interval of one second are obtained,

PV tMð Þ =
P

tM − tM
� � � P tMð Þ− P tMð Þ� �� �

P
tM−tM
� �2 : ð9Þ
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