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Abstract

Viscometers in general have never been particularly popular at the jobsite. They are however well suited at the laboratory as they measure
concrete consistency in terms of fundamental physical quantity, known as the yield stress and plastic viscosity. In contrast to viscometers, the
slump cone is by far the most accepted tool for measuring consistency at the jobsite. This is due to its simplicity in handling. With the significance
of both types of devices, it is clearly important to relate them to each other. The result of this study suggests a relationship between the yield stress
and slump that depends on the concrete mixture proportions. More precisely, a particular trend line between the yield stress and slump seems to
depend on volume fraction of matrix used in the concrete. The study shows a low correlation between the slump and plastic viscosity.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Fresh concrete; Rheology; Workability; Slump

1. Introduction
1.1. Terminology of the fresh concrete consistency

In practice, concrete that can be readily placed into formwork
is referred to as workable. This is a rather loose description of
the rheological properties of the fresh concrete and can also be
very subjective, depending on the type of formwork, type of
concrete and the means of compaction available at jobsite [1].
Terms like workability, consistency, flowability, mobility and
pumpability have been used to describe the rheological behavior
of fresh concrete. However, these terms more reflect personal
viewpoints than scientific precision [1,2]. For example, an
interesting discussion about the subjectiveness of the term
workability is given in a textbook by Tattersall and Banfill [2].
Other similar terms are also discussed in the same literature.
Many of these terms rely on visual observation and subjective
assessment [2]. The primary problem is that there is no
guarantee that these terms mean the same thing to different
people. For example, there has been disagreement between
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different workers about the exact meaning of the term
workability [3].

1.2. The slump test

In the attempt to quantify the rheological behavior of fresh
concrete, theometers of different types and quality have been
developed. One of the most famous and oldest tests is the slump
test. Because of its simplicity, this method is used extensively in
site work all over the world. The apparatus was developed in the
USA around 1910 [4]. It is believed that it was first used by
Chapman although in many countries the test apparatus is
associated with Abrams [4].

The slump test gives only a single value, namely the slump
value. Such single value workability test has been criticized on
the basis that the same value may be produced by two concretes
with quite different rheological characteristics [2,5,6]. It
discusses the need for describing the rheological properties of
fresh concrete in terms of fundamental physical quantities, not
depending on the details of the apparatus with which they are
measured. As a good first approximation, it is generally agreed
that these fundamental physical quantities are the yield stress
and plastic viscosity. More precisely, it is commonly agreed that
the fresh concrete can with good accuracy be considered as


mailto:jon.wallevik@ntnu.no
http://dx.doi.org/10.1016/j.cemconres.2006.03.001

J.E. Wallevik / Cement and Concrete Research 36 (2006) 1214—-1221 1215

Bingham fluid [2,5—7]. The Bingham model can be represented
with the following equation:

T=py+ 1 (1)

The term 7 is the shear stress [Pa], 7, is the yield stress [Pa], i
is the plastic viscosity [Pa-s] and 7 is the shear rate [s~ '].

1.3. The coaxial cylinders viscometer

To measure the Bingham parameters, namely the yield stress 7,
and plastic viscosity u, viscometers of different types and quality
have been developed. One of such devices is the coaxial cylinders
viscometer and it is such a device that is used in this work.

According to Tattersall and Banfill [2] a coaxial cylinders
viscometer was not used for concrete until after about 1970.
Motivated by the fact that such instrument had already been
used for mortar and cement paste for quite a while before this,
Tattersall made an attempt to apply coaxial cylinders geometry
to measure the rheological properties of fresh concrete [2].
Unfortunately, he was not successful. After this in 1973, he
introduced the use of a modified food mixer [2,5,8] to extract
the Bingham parameters. This system is known as the Mk-I. A
further development of the Mk-I resulted in the famous Mk-II
and MKk-III devices. The Mk-systems are still being used and are
continuously going through improvements as reported in
different papers [6,7,9].

In the beginning of the 1970s, trials were made by others
[10,11]using the coaxial cylinders system, which were reported to
be somewhat more successful than the work done by Tattersall. To
avoid slippage, the inner and outer cylinders consisted of pro-
truding vanes. In the late 1980s, a further improvement of the
coaxial cylinders system was made in Norway [12,13], which
included that the bottom part of the inner cylinder did not measure
torque. This was done to avoid the effect of shear stress generated
from the bottom plate of the bucket that contains the fresh
concrete. This approach is validated by numerical methods in Ref.
[14]. Officially, this viscometer is named the ConTec BML Vis-
cometer 3, but is commonly known as the BML viscometer.

1.4. Objectives

Viscometers in general (for example the BTRHEOM [15,16],
Mk or the BML) have never been particularly popular outside the
laboratory. This is due to their drawbacks, which are cost,
immobility (weight and size) and difficulty in use. The slump
cone is still by far the most accepted tool for measuring concrete
consistency at building sites. Even for self-compacting concrete
(SCC) this device is still being used; only the test procedure is
changed. At least three different test procedures are used for SCC,
named the slump flow test, the invert slump flow and the JRing test.

The large success of the slump cone is most likely due to its
simplicity. Other empirical tests like the L-box or Orimet [4],
which are a bit more complicated in operation, do not seem to be
able to compete with the slump cone at the jobsite. Hence, it is
likely that the slump device will dominate at the building site for
many decades to come.

The BML viscometer is well suited for research. An example of
such research is comparing different admixture types. Another
example is to develop mixture proportions of SCC batch to be used
for a very special application. It is clear to anyone that has used a
viscometer for a while that it is irreplaceable in the laboratory, when
the goal is to properly characterize the rheological behavior of the
fresh concrete.

With the obvious benefits of the slump cone at the jobsite and the
equally obvious benefits of the viscometer at the laboratory, it is
clearly important to relate the two devices. Of course, since the
slump cone gives only a single value, while the fresh concrete is a
many parameter fluid, the same slump value S can in principle
represent two different concrete consistencies. The objective of this
article is to investigate the relationship between the slump S and the
yield stress 1,,. Also, the correlation between slump S and plastic
viscosity p will be addressed. Here, the yield stress and plastic
viscosity are measured with the BML viscometer. As the outcome
presented in this paper is based on limited number of results, a
complete and universal relationship cannot be established and this
is neither the intention. Rather, the aim is to give the reader an
insight about what a particular slump value can mean, how to
evaluate it from a scientific point of view and what are the
limitations of this number. The purpose of this article is by no
means to criticize the slump cone, which is both an elegant and
simple device, but rather to understand the value it gives for the
particular range of concrete mixes tested.

2. Experimental program
2.1. Fresh concrete as a suspension

The fresh concrete consist of particles with a broad range of
mass, dimension, shape and surface texture. Hence, the distinction
between matrix and suspended particles becomes a matter of
choice, in contrast to the more traditional suspension of spheres
submerged in a Newtonian liquid. Here, the filler modified cement
paste (i.e. all particles with diameter below 0.125 mm) is defined to
be the matrix. As such, aggregates above 0.125 mm are defined as
the suspended particles. This definition is in accordance to the work
done by Mortsell et al. [17]. Here, the term ¥}, will designate the
volume fraction of matrix in liters per cubic meter of concrete or I/
m°. Tt should be noted that in Ref. [17] the entrained air is not
included in the matrix phase. This approach is used in this work as
well. As the air was measured about 2%, the total (or actual) volume
fraction of matrix is V,,+20 I/m°.

Three basic concrete mixture proportions are used. As shown in
Table 1, they consist of different volume fraction of matrix V7,
different w/ c-ratio and different amount of admixture. To generate
concretes with large variety of rheological characteristics, up to
eight different admixtures are used. These are plasticizers and
superplasticizers of various types.

2.2. Materials
The eight admixtures include six types of lignosulfonates, one

type of naphthalene based superplasticizer and one polycarboxylate
based superplasticizer. The amount used is shown in Table 1



1216 J.E. Wallevik / Cement and Concrete Research 36 (2006) 1214—1221

Table 1 Table 2
Mixture proportions of the concrete batches Mixing and measuring procedure for the concretes
w/c Matrix Cement % SP Aggregate Density Time (min)
Vin (Vi) (kg) (kg) (kg/m’) -1 Dry mixing of aggregate and cement.
0.4 345 442 0.6 1762 2396 0 Addition of water (premixed with admixture).
0.5 331 371 0.3 1802 2372 1 Mixer stop.
0.6 321 320 0.1 1829 2354 3 Mixer start.
5 Mixer stop: mixing finished.
10 First measurement.
marked as % SP, meaning percentage of dry admixture relative to 40 Second measurement.
cement content (in weight). The admixture is premixed with water 70 Third measurement.
100 Fourth measurement.

prior to water addition. The effect of each admixture is not the
subject of this article and is therefore not discussed.

Norcem Standard Cement (CEM I 42.5R acc. to EN 197-
1:2000) is used. It is Ordinary Portland cement with density and
fineness (Blaine) of 3120 kg/m® and 340 m?/kg, respectively.
About 5% of the cement consists of gypsum and the loss of ignition
is 2.4%. The clinker composition is nominally as follows: C;S:
60%; C,S: 15%; C3A: 7.5%; C3AF: 10%; Na,O-eqv: 0.95%.

The aggregates are supplied by NorStone AS (Norway). It
consists of gneiss/granite and its density is 2670 kg/m’. No less
than 70% of the 0—8 mm fraction consist of uncrushed materials.
Aggregates larger than 8 mm consist of about 30% of natural and
about 70% of crushed materials. The grading curves are shown in
Fig. 1. The moisture content of the 0—8 mm grading was kept at
3.5%, while the 8—16 mm grading was about 0%. The absorption of
the 0—8 mm and 816 mm aggregates are 0.8% and 0.5%,
respectively. The amount of aggregates shown in Table 1 is relative
to (bone) dry condition.

2.3. Apparatus, mixing procedure and measuring procedure

A 50 I mixer from Maschinenfabrik Gustav Eirich of type SKG1
is used in (re)mixing the concrete batches, before a rheological
measurement. To measure the concrete consistency, the BML
viscometer is used with the C-200 system. It is the outer cylinder (of
radius R,=0.145 m) that rotates at predetermined frequencies f;
[rps], while the inner cylinder (of radius R;=0.100 m and height
h=0.199 m) is stationary and measures torque 7 [Nm]. By
measuring the applied torque T at different frequencies f,,, one can
fit these values with a straight line. From the slope A and the point
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Fig. 1. The aggregate grading as percentage passing versus sieve size.

of intersection with the ordinate G, the plastic viscosity u and the
yield stress 7, can be calculated by the two following equations.

_ H(1/R-1/R)

=N ) 2
u S (2)

_ G(1/R}-1/RY)
~ 47hn(R,/R))

To

3)

The above equations are based on the Reiner—Riwlin equation.
Further description about this equation can for example be found in
Ref. [14]. Tt should be noted that G and H not only depend on the
rheological properties, but also on the dimensions of the coaxial
cylinders viscometer (i.e. on R;, R, and /). The purpose of Egs. (2)
and (3) is to filter out the dimensional effect from A and G so only
the intrinsic flow properties 7, and y remain.

The slump apparatus consist of a mould in the shape of a
truncated metal cone, open at both ends. The internal diameter of
the slump cone is 200 mm at the base, 100 mm diameter at the top
and has a height of 300 mm. Basically the test procedure consists of
filling the metal cone in three layers with tamping. Thereafter, the
metal cone is lifted, leaving the concrete sample behind which
slumps down by the action of gravity. All slump values were
recorded to the nearest 5 mm. A further description about the test
can be found in ASTM C 143-90a and BS 1881:Part 102:1983.

The mixing and measuring procedure for each concrete batch is
shown in Table 2. The yield stress 7, plastic viscosity u and slump
Swere measured at 10, 40, 70 and 100 min after water addition. Air
and density p were measured after the final rheological
measurement at 100 min. Prior to each of the measurements at
40, 70 and 100 min, the concrete was remixed in the Gustav Eirich
mixer for about 2 min. Some mixes were batched and measured
more than once to test the reproducibility of the rheological results.
Additional batches were mixed as well, to test and verify stability of
air (about 2%) and density.

3. Results and discussion

The relationship between the slump S, yield stress 7, and plastic
viscosity u for all the concrete batches are shown in Figs. 2, 3 and 4.
The results are categorized relative to the volume fraction of matrix
Vi (see also Table 1). In each figure, the main illustration shows the
relationship between the slump S and the yield stress 7, while the
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Fig. 2. Plot of slump as a function of yield stress 7, (main illustration) and plastic
viscosity u (small illustration) for the case of 345 liter matrix per cubic concrete.

small integrated illustration shows the relationship between the
slump § and plastic viscosity u. In each main illustration, the dashed
dotted line represents the 95% confidence interval (based on #
distribution) for the regressed line S=a - 7,+b. That is, it is with
95% confidence that the true (and unknown) function S=S(r,)
exists within the boundary of the two dashed dotted lines. The
dotted lines represent the 95% prediction interval (also based on #
distribution); i.e. there is a 95% probability that the next
measurement falls within the boundary of the two dotted lines of
each illustration. For further readings about the statistical approach,
see Walpole et al. [18].

3.1. Relationship between the slump and yield stress

As the slump cone is lifted, the concrete sample slumps down by
the action of gravity. Being a yield stress fluid, the concrete stops
flowing downward when the applied shear stress (by gravity)
becomes less than the yield stress 7,. Hence, for traditional con-
crete, it is not unexpected that there is a strong relationship between
the measured slump value S and the yield stress 7,. As shown in
Figs. 2, 3 and 4, such relationship is found. For the slump S and
plastic viscosity u, there is no such good correlation.

300 . . . . . . |

5 300
R"=084 R%=0.24
2501 =
£ 200 ;3,&3% .
=3 °
200} ® S 100 o0 °
@ ° 88 0 °

Slump [mm]
3
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| wic=05
0.3% SP ©
501 331 I/m® matrix 0
S=-0.2651,+2450 - ~
o X X X » . ,
0 200 400 600 800 1000 1200 1400

T, [Pa]

Fig. 3. Plot of slump as a function of yield stress 7, (main illustration) and plastic
viscosity u (small illustration) for the case of 331 1 matrix per cubic concrete.
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Fig. 4. Plot of slump as a function of yield stress 7, (main illustration) and plastic
viscosity u (small illustration) for the case of 321 liter matrix per cubic concrete.

There have been several attempts to find a relationship between
the plastic viscosity u, yield stress 7, and slump S. Tanigawa et al.
[19,20] proposed a graph showing this relationship. Their study
indicates that the slump value S is more sensitive to the yield stress
T, than to the plastic viscosity u, which is in an agreement with the
present result.

In this paper, an equation will be presented that directly relates
slump S to the yield stress 7,. This equation is empirical and based
on the experimental data shown here. The idea of creating such
relationship is not new. For example Murata and Kukawa [21] have
proposed such a relationship, shown with Eq. (4). This equation is
based on numerous experiments, where the yield stress 7, is ex-
tracted from a coaxial cylinders viscometer.

7, = 714-47310g(S/10) 4)

The unit of the slump in the above equation is in mm. According
to de Larrard [22], a slump equation (like shown above) should
include the density p of the concrete. More precisely, he argues that
a slump equation should be governed by the quantity 7,/(g" psg),
where g is gravity and ps,=p/ preris the specific gravity. The term
Pref 18 the density of a reference fluid, which is in this case the
density of water at 4 °C, equal to 1000 kg/m®. In his doctoral thesis,
Hu [15] proposed a relationship between slump S and yield stress 7,
that includes density p, shown with Eq. (5). This equation is based
on a number of numerical simulations.

S = 300-270 2 = 300-0.27 (5)
p Psg

In the above equation, the gravity (g=9.81 m/s?) is included in
the constant used (i.e. 0.27=2.65/g). The same consideration
applies for all the following equations.

In a NIST report [23] Ferraris and de Larrard suggest a
modification to Eq. (5) based on numerous experiments, using the
BTRHEOM viscometer. This modification is given by Eq. (6).

(to—212)

S = 300-0.347 (6)
psg

In his textbook, de Larrard [22] adopts this equation for the
range of slump above 100 mm. With a slight modification, the
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above equation can be used for the data shown in Fig. 2. More
specifically, the following relationship can be extracted from
this illustration:

To + 394)

S = 300-0.416" (7)

pSg

The above equation is not identical to the equation shown in
Fig. 2, but it falls within the boundary of the two dashed dotted
lines. The reason for the use of “(7,+394)” instead of “(7,—212)”
as in Eq. (6), is due to the difference in yield stress 7, that the
BTRHEOM viscometer and the BML viscometer gives.
Comparison of these two viscometers, including the Mk-system,
revealed that the BTRHEOM measures a higher yield stress than
either the BML viscometer or the Mk-system [24]. A good
agreement was shown to exist between the Mk-system and the
BML viscometer [24].

In each main illustration of Figs. 2, 3 and 4, there is a linear
regression through the data, shown with a solid line (also shown,
is the corresponding equation for each such line). These solid lines
and the corresponding confidence intervals are joined into the
main illustration of Fig. 5. In this illustration, one can clearly see
how different volume fraction of matrix gives a different
relationship between the slump S and yield stress 7,,. For example,
the yield stress of 7,=600 Pa corresponds (in the nearest 5 mm) to
130 mm in slump at V,,=345 I/m* (w/c=0.4), to S=90 mm at
Vin=3311/m> (w/c=0.5) and to S=40 mm at V,,=321 I/m> (w/
¢=0.6). This is shown with arrows. The plastic viscosity u cannot
be used to explain this behavior, as it is generally decreasing from
Uay=20 Pas at V,,=345 l/m>, to u,, =14 Pasat V,,=331 I/m® and
to ,y=10 Pa s at V,,=321 I/m>. The term u,, is the average
plastic viscosity, calculated from the data shown in each
corresponding Figs. 2, 3 and 4 (see also Fig. 8 for the distribution
of the plastic viscosity values).

The small integrated illustration in Fig. 5 shows a comparison
between the measured slump and the calculated slump by Eq. (7).
It is clear how the majority of the data points are below the one-to-
one line (applies mostly for the V;,,=321 I/m? and V,,=331 /m?
batches).

[ # 345 I/mS3 (w/c = 0.4) [ 300,
® 331 I/m3 (w/c = 0.5)
250 A 321 I/m? (w/c = 0.6)

R2 = 0.69

200

—_
o
o

Slump [mm]

0 100 200 300
Xy Calculated Slump [mm]

321 I/m® ™
w/c =0.6

AN 3
50} N> N \Sﬁﬁ: '/=”b.4-
Vmd SN
o , , Wilgs NG
0 200 400 600 800 1000 1200 1400

T, [Pa]

Fig. 5. The main illustration shows a plot of slump S as a function of yield stress
T, for different mixture types (from Figs. 2—4). The small illustration shows a
comparison between measured slump and calculated slump by Eq. (7).

3.2. Validity of the data

It should be clear that none of the batches in this work
segregated as they were specifically designed to avoid this using
continuous grading size (see Fig. 1) and sufficient fine particle
contents. Hence, the slump values S can be considered to be
reliable.

In a viscometer, there is always a possibility that some kind
of experimental (and/or instrumental) error is present during a
measurement. In particular a phenomenon called particle
migration [14] can be present in viscometers of any type and
brand. Basically, it is a shear rate induced segregation, and is
responsible for moving particles away from the zone of highest
shear rate [14]. In some cases, such phenomenon was observed
during measurements with the BML viscometer. The concern
was that this process could be responsible for the difference
between the trend lines shown in Fig. 5. Therefore, to support
(or validate) the generality of the result shown in this figure,
mortars (with maximum aggregate size of D,,,,=2 mm) were
designed from the concretes and batched separately. Mortars
that are proportioned in this manner are very fat, stable and
continuous, leaving little room for experimental error (cement
contents are 770 kg/m>, 658 kg/m> and 574 kg/m® for w/c=0.4,
w/c=0.5 and w/c=0.6, respectively). The yield stress and
plastic viscosity of these mortars were measured with a smaller
version of the BML viscometer, called ConTec Viscometer 4
(same producer). As before, it is the outer cylinder (of radius
R,=0.101 m) that rotates at predetermined frequencies f, [rps],
while the inner cylinder (of radius R;=0.085 m and height
h=0.116 m) is stationary and measures torque 7 [Nm] (for
further description, see for example Ref. [14]). To avoid
slippage, both the inner and outer cylinders are fitted with
protruding vanes. Hence, the dimensions R; and R, are relative
to the extremities of the vanes (this applies also for the BML
viscometer).

The combination of large mortar stability, the use of protruding
vanes and with relatively large gap width (i.e. (R, — R,)/ Dpax=38),
the presence of experimental error (if any) should be severely
reduced for the ConTec Viscometer 4. Hence, knowing that the
yield stresses of the mortars are reliable, one can plot these values
against the slump from the equivalent concrete batches. This is
done in the main illustration of Fig. 6. Although with a worse
correlation, the same behavior is observed as in Fig. 5. The small
integrated illustration shows a plot of the yield stress of the
concretes (by the BML viscometer) versus the yield stress of the
equivalent mortars (by the ConTec Viscometer 4). As demon-
strated, there is a relatively good correlation between the two
values. Thus, the BML results are considered to be reasonably
valid.

3.3. A suggested hypothesis

As mentioned in Section 2.1, the filler modified cement paste is
defined to be the matrix and aggregates above 0.125 mm are
defined as the suspended particles. This definition and terminology
will be used in the text below, when discussing the possible reason
for the result shown in Fig. 5.
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Fig. 6. The main illustration shows a plot of slump S (of concrete) as a function
of yield stress 7, (of equivalent mortar). The small illustration shows the yield
stress of concrete plotted as a function of the yield stress of equivalent mortar.

During the deformation of slump, the suspended particles must
bypass one another. The stop-flow condition of the slump (which
gives the final slump value S) is attained by the situation that the
suspended particles can no longer bypass one another. As shown
in Fig. 5 (with arrows), then for a given yield stress t,, this stop
condition occurs sooner if the volume fraction of matrix V, is low.
As a suggestion, this early stop-flow condition is attributed to the
granular properties of the concrete: With reduced volume fraction
of matrix V;,, the suspended particles must further deviate from a
straight path when they are bypassing one another. That is, with
smaller V,,,, the distance between these particles is reduced,
forcing them to take a more curvature path alongside each others
surfaces. Hence, during the deformation of slump, the suspended
particles are forced to go into almost a stair like trajectory path,
where each “step” represents an obstacle against deformation,
which gravity must overcome. More to the point, with low V,, the
difference between the slump and a viscometer is that the gravity
cannot always overcome this type of obstacle (due to insufficient
weight in further pushing the concrete cake down), while the
engine of a viscometer always can. This results in a larger
sensitivity of the slump value S to the volume fraction of matrix
Vm, Which results in a earlier stop-flow condition in slump than
anticipated for a given yield stress (c.f. Fig. 5). Specifically, the
granular properties of the test sample will affect the slump value S
more relative to the yield stress 7,, due to the characteristic
difference in measuring method used in retrieving those two
values.

Of course, different volume fraction of matrix V,, will
influence the measured yield stress 7, and plastic viscosity p as
it will affect the degree of particle—particle interactions inside the
viscometer. But the idea presented here is that such relationship
between the concrete consistency and matrix content will not be
influenced in the same manner as in the slump cone. This is
because of the more controlled shear rate condition that is present
inside the viscometer relative to the slump cone. With such
controlled condition, the engine of the viscometer will always
over win the above-mentioned obstacle (and hence force the
suspended particles to bypass one another), when gravity cannot
in slump.

In Fig. 5, one can see how each trend line starts to overlap each
other between and around 100 to 200 Pa in yield stress. For
example, at the yield stress of 200 Pa, each corresponding trend
line gives the following slump value (to the nearest 5 mm): 205
(Vn=345 1/m>), 190 (V,=331 I/m?) and 190 mm (V,,=321 I/
m®). Hence, as the yield stress becomes lower (as a result of better
matrix lubrication), the three different trend lines seems to
converge towards one single trend line. This could indicate that
with reduced apparent viscosity # of the matrix (i.e. better matrix
lubrication), the suspended particles will slide past one another
with the same or similar ease, regardless of the amount of matrix
used, reducing the granular properties of the fresh concrete. More
precisely, the trend line between the slump and yield stress
becomes less dependent on the matrix volume fraction V7, as the
concrete becomes more workable.

3.4. Relevance of viscometers

Just as for slump, the gravity plays an important role when
casting traditional concrete into formwork. Hence, when
considering the characteristic difference in measuring method
used in retrieving the slump value S and the yield stress 7, one
cannot help wondering if the slump device is better suited to
measure the concrete consistency. Although this is a fair question,
one should be careful in making such claim. This is because of the
different types of compaction devices available and used at the
jobsite (like the vibrator). In similar manner as the engine of a
viscometer, these different compaction devices will introduce
mechanical energy into the concrete, which reduces the effect of
its pre-mentioned granular properties. Furthermore, as mentioned
in the previous paragraph, for very workable concretes where little
or no mechanical compaction is needed, the relationship between
slump and yield stress becomes stronger (i.e. more independent of
matrix volume fraction V;,). This means that the granular
properties of the fresh concrete will affect the yield stress 7, and
the slump value S to the same or similar degree for such cases.
Hence, one can conclude that viscometers are at least as relevant
measuring tool as the slump device (especially when bearing in
mind that the viscometers can give two flow parameters, while the
slump only one).

300
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osoll © 38 I/m3 (w/c = 0.5) *
A 321 I/m3 (w/c = 0.6) *
Fe T
__ 200 ®
£ %
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Fig. 7. Comparison between measured slump and calculated slump by Eq. (8).
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Fig. 8. Three dimensional presentation of Fig. 7, including the plastic viscosity u.

3.5. Lubrication and magnitude of matrix

It is possible to normalize Eq. (7) with respect to the volume
fraction of matrix and the degree of matrix lubrication. This is done
here empirically by applying an addition as shown with Eq. (8).

(1o +394)

S =300-0.416 + O‘(Tofff)ef)(Vm*V;lef) (8)

psg

The term (t,—7") regulates to the above-mentioned
lubrication effect, while the term (V,— V') treats the effect
of the distance between the suspended particles (i.e. the effect of
matrix volume fraction). Of course, as the addition term o (7, —
TNV — VY is only based on empirical consideration from
the data of this work, it is unlikely that it is generally valid.
Other research programs might reveal another type of addition
term, for example because of different angularity, density and
grading of the aggregates used.

Plotting the measured slump against calculated slump by Eq.
(8), gives the result shown in Fig. 7. In this figure, the following
values are used: o=7.7-10"> mm/(Pa 1), V,*"=345 I/m?, <'=
200 Pa. This figure shows a relatively good one-to-one corre-
spondence between measured and calculated slump. A three
dimensional version of Fig. 7 is shown in Fig. 8, which includes the
corresponding plastic viscosity values. The mesh curve is a linear
interpolation between the data points. In this figure, it is evident that
the slump value is more or less independent of plastic viscosity 4.
However, it should be noted that this result is relative to traditional
concrete where the yield stress is usually much higher than the
plastic viscosity.

4. Conclusions

The result of this study suggest a relationship between the slump
S and yield stress 7, that depends on the volume fraction of matrix
V. As a proposal, this dependency is attributed to a certain
granular-type obstacle against flow that increases with reduced V..
Due to the characteristic difference in measuring method used in
retrieving the slump S and yield stress 7, this type of obstacle will
affect the former variable more relative to the latter. The result of
this study also suggest that the trend line between the slump S and

yield stress 7, becomes less dependent on the matrix volume
fraction V,, as the concrete becomes more workable. The suggested
reason for this is that with better matrix lubrication between the
aggregates, the granular-type obstacle against flow becomes less
evident.

A slump equation is presented in this work that takes into
account for both the matrix lubrication effect and the granular
properties and is given by Eq. (8). This equation also contains the
quantity 7,/(g" psg), as proposed by de Larrard (in this equation,
the gravity g=9.81 m/s* can be considered to be included in the
constant used, i.e. 0.416=4.08/g). As shown in Figs. 7 and 8, Eq.
(8) works well in predicting the slump from a given yield stress.
Since a low correlation is present between the slump S and plastic
viscosity u, no attempt was made to establish an equation between
those two variables.
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