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ABSTRACT

There is a need for simple but precise prediction models for proportioning concrete with
manufactured sand, for use in ready-mix concrete production. For the last two decades, the
particle-matrix model has been used in Norway for proportioning and prediction of concrete flow
based on the properties and proportions of two concrete phases: coarse particles and filler
modified cement paste (matrix). This paper presents experimental testing of 117 cement pastes of
which 107 contain filler, i.e. particles < 125 microns, from manufactured sand. Based on
compositions and properties of ingoing materials in these mixes, an empirical equation is
developed that predicts the rheological properties plastic viscosity, yield stress, flow resistance
ratio and mini slump flow. Optimization by regression analysis provides a practical
microproportioning equation that readily can be used as input in concrete proportioning with the
particle-matrix model. The equation provides a coefficient of determination R’ = 0.98 for plastic
viscosity, R’ =0.95 for mini slump flow, R? = 0.91 for flow resistance ratio and R° = 0.80 for yield
stress.

Key words: Rheology, empirical model, cement paste, filler, manufactured sand.

1. INTRODUCTION

Controlling rheological properties is of major importance for the ready-mix concrete industry, and
reliable prediction models are essential for efficient optimization of mix designs. However,
validation of rheological prediction models for a given set of materials requires experimental
testing. It is both economical and efficient to perform testing on small cement paste samples, and
such small-scale testing has shown to be promising for rheology prediction of equivalent concrete
mixes [1]. The literature provides numerous approaches to predict suspension rheology. Several
models are based on packing, among others the viscosity models presented in [2-7]. Spangenberg
et al. [8] verified that the viscosity models in [2-3] provide high prediction accuracy, by
investigating their applicability on bimodal suspensions with hard spherical particles. Though
most traditional viscosity models are simplified packing models ignoring particles interactions,
Damineli et al. [9] show that the Particle Interference Model predicts viscosity of filler modified

2



Nordic Concrete Research — Publ. No. NCR 65 — ISSUE 2 /2021 — Article 1, pp. 1-18

cement paste (matrix) by correlating physical aspects of particles and fluids. Predictive yield stress
models in recent literature have been improved to include aspects like particle size distributions
(PSDs), volume fraction of solids and inter-particle forces, such as the work presented in [10-14].
Another approach for modelling suspension rheology is the lubricating liquid thickness around all
particles, proposed by Powers [15]. The liquid thickness is inversely proportional to the
volumetric specific surface area (VSSA). Matrix rheology is found to be strongly affected by the
VSSA of the ingoing powder materials, defined as surface area per volume of a material [16-17].

For the prediction methods to be useful for ready mix concrete plants, the required input data must
be accessible without too advanced and expensive test methods [18]. Simplicity of the models is
valued, as availability is considered crucial for the implementation of the test methods at the ready
mix concrete plants [18]. Even though numerous rheology models exist, the literature on their
applicability on matrices with filler from manufactured sand is sparse. As global resources of
natural sand are running short, use of manufactured sand in concrete is increasing [19]. Cepuritis
et al. [16] state that a pronounced difference between natural and manufactured sand is the higher
fines content of the latter, which significantly increases the VSSA. The amount of fines depends
on the production process, but is especially high for manufactured sand produced by Vertical
Shaft Impactor (VSI) crushing. Bengtsson and Evertsson [20] found that the amount of fines
increased with increased rotor velocity of the VSI crushing, resulting in a fines content (particle
diameter < 0.125 mm) of approximately 15 % for high rotor velocity. However, in order to
produce sand with density similar to that of natural sand, a high rotor velocity is necessary. The
increased VSSA has a major impact on paste rheology, and its effect was quantified on filler
modified cement pastes in [16-17]. Linear relations between VSSA and the rheology were found
in [16], and the rheological effect of different mineralogy was highlighted by experiments with
controlled VSSA. Similar linear relations were found in [17] and quantified for the total volume
weighted VSSA of all ingoing powders except for silica fume, where it was impossible to relate
its effect on rheology linearly to surface area, presumably due to the kind of non-linear behaviour
observed by Wallevik [21]. In [18], an empirical equation was developed and applied on matrices
with crushed aggregate fillers, with emphasis on simplicity and applicability of the equation for
the ready-mix concrete industry. The mix program consisted of two types of crushed filler, one
natural filler, four different types of cement, silica fume, one superplasticiser (SP) and one
plasticiser (P). The SP- and P-dosages were kept constant for all mixes, and an individual equation
was developed for each filler type. The empirical equation was a fitting model based on the
particle matrix method, where matrix rheology was predicted based on mix composition [18]. In
a sense it may be said to be similar to neural network-based models like [22], where the behaviour
of the material is learned by a new form of experience based on numerical simulation.

This paper presents an experimental study of 117 matrices, consisting of four different crushed
fillers, two different cement types, biotite, fly ash, silica fume, and one type of SP with dosages
between 0.6 — 1.75 % of cement weight. The scope of the paper is to further develop the empirical
equation in [18] to account for large parameter variations. The overall goal is to establish a
proportioning tool for the ready mix concrete industry, that is applicable also for matrices with
manufactured sand. First, the original empirical equation is introduced, followed by a brief
presentation of the material data and experimental test program. In the results section, a new
empirical equation is presented, and the applicability of the equation is investigated on the 117
matrices.
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2. THE EMPIRICAL EQUATION

The term microproportioning is proposed for the process of quantifying and predicting the
rheology of filler-modified paste based on composition and part materials data for all fluids and
particles with a diameter less than 125 um. So far, the term was limited to quantify the relationship
between the VSSA of the filler and the rheology of the paste [17, 19]. Based on the
microproportioning principle, an empirical equation was developed by Mertsell in 1996 [18] in
the form of a power law describing the flow resistance ratio, 4,. The flow resistance ratio is a
unitless parameter that describes the rheological properties of cementitious suspensions, described
in detail in [19]. The empirical equation is given on the form:

n
Ao =k x (ke xS+ ke x4 kp x L) (1)

Where ke, ks and kr are material factors for cement, silica fume and filler, respectively, and £ and
n are constants obtained from optimization by curve fitting. For the materials used in [18], the
factors equalled: k. = 0.200, &y = 0.555 and k= 0.154 — 0.311. Eq. (1) was optimised, via k and #,
for three set of matrices with different crushed fillers, resulting in R>-values between 0.98 and
0.99 for the three datasets. The matrices consisted of cement, crushed fillers, silica fume and
plasticizer/superplasticiser. The plasticizer- and superplasticizer dosages were kept at a constant
percentage of the cement weight for all matrices.

3. EXPERIMENTS
3.1 Materials data and mix compositions

Some of the matrices presented in this paper are the same as presented in [17], but in addition 11
new matrices are included here. The matrices consist of either Standard FA cement (CEM II/B-
M 42.5 R) or Industry cement (CEM I 52.5 R) from Norcem AS, as well as the superplasticizer
Dynamon SR-N from Mapei. Some matrices also contain Norcem Fly ash (FA) and/or Elkem
Microsilica 940-U. Four crushed aggregate fillers sieved mechanically at 0.125 mm are used
(Table 1). The fillers denoted Fine, Intermediate and Coarse originate from the same rock type,
and is mainly composed of feldspar and quartz. They differ from each other by being extracted at
cut size 63 pum, 125 um and 500 pum, respectively, in the air-classification process. The fourth
filler is denoted VSI, being a Vertical Shaft Impactor (VSI) crushed 0/2 mm filler. The densities
were measured by helium pycnometry. In addition, industrial biotite (mica) GW-MB-A230 with
density 2.84 g/cm? from Great Wall Mineral [23] was used in some mixes.
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Table 1 - Densities, diameters, extraction cut size and producers of the four crushed aggregate
fillers.

Material Density Particle Production  Producer
designation  [g/cm’]  diameter [um] cut-size

[um]
Fine 2.65 0-125 63 um Velde Pukk AS
Intermediate  2.65 0-125 125 um Velde Pukk AS
Coarse 2.65 0-125 500 um Velde Pukk AS
VSI 2.75 0-125 2000 pm Feiring Bruk

Originally, 125 matrices were proportioned, but 8 of the mixes were too viscous to perform the
FlowCyl test on, hence 117 matrices are presented in this paper. Appendix A supplies detailed
information about the mix compositions for all matrices. The matrices were designed to cover a
wide range of rheological parameters, hence mixes outside the practical range used in ready mix
concrete production appear.

3.2 Volumetric specific surface area

The volumetric specific surface area (VSSA) is defined as surface area per volume of a powder
material [19] and is calculated from the PSD obtained from the x-ray machine Sedigraph III Plus
in this study. The test procedure used in the current study is described in [17]. As explained in
[17], the VSSA of each material was calculated by multiplying the particle surface areas of each
bin by their volume percentages within that bin. The VSSAs for all dry materials except silica
fume are provided (Table 2), since Sedigraph III Plus measures particles down to 1 um, whereas
the mean diameter of silica fume is approximately 0.1 pm [24].

Table 2 — VSSA for all dry materials, except silica fume, calculated from the PSDs obtained from
the Sedigraph-analysis.

Material Volumetric specific surface area
[mm?/mm3)
Fine filler 728

Intermediate filler 367

Coarse filler 522
VSI filler 260
Biotite 1122
Standard FA 829
cement

Industry cement 1302
Fly Ash 970
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In this study we define V' SSAmauix as the sum of volume weighted contributions from all ingoing
matrix powders except silica fume, calculated from Eq. (2).

VSSAmatrix = Zi VSSA; X @; (2)

Where @; is the volume fraction of powder material 7 in the matrix.

33 Mixing and rheology measurements

All matrices were mixed by the procedure in [25] in volumes of 2.0 litres. First, all dry materials
were mixed in a Hobart mixer, model N-50, with a standard flat blade for two minutes.
Subsequently, water and superplasticizer were mixed together for one minute. Subsequently, the
wet-mixing of all materials was performed by a handheld drill (Tectool model TCD 180-30) with
an attached steel paddle, specially designed for mixing cement suspensions. All materials were
mixed at high speed for two minutes, and then left at rest for another two minutes. Lastly, the
materials were mixed at low speed for two minutes. Directly after mixing, the flow resistance
ratio, Bingham yield stress (z9) and plastic viscosity (1) were measured for each of the matrices.
The mini slump test was performed directly after the FlowCyl measurement, and the same paste
that had been tested in the FlowCyl was reused in the mini slump cone. The /1, measurements were
performed with the simple test equipment FlowCyl, and the Bingham parameters 79 and ¢ were
obtained from Anton Paar rheometer analysis.

The FlowCyl test apparatus was developed by Mertsell [18] and is a modification of the Marsh
cone. The FlowCyl is a cylinder ending in a V-funnel with a narrow nozzle outlet. The inner
diameter of the cylinder is 80 mm and the outlet inner diameter is 8 mm (Figure 1). The test
principle is analogous to the Marsh cone test principle, where the container is placed vertically in
arack above an electronic scale connected to a computer. While the outlet is closed, the FlowCyl
is filled with cement paste up to the level of 15 mm below the top edge. Then, the outlet is opened,
and the weight increase is recorded every other second. The dimensionless parameter 44, is defined
as the difference in flow rate between the test material and an “ideal” fluid with no internal
resistance and no external cohesion or friction.

AE— ¥

oot

Figure 1 — The geometry of the FlowCyl test apparatus. Illustration adopted from [18].
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The Bingham parameters, 79 and x, were measured on 10.5 ml samples at 20 °C by an Anton Paar
Physica MCR 300 rheometer equipped with a flat bottom bob-in-a-cup geometry. Such equipment
has successfully been used in previous studies to quantify the rheological response of cementitious
materials [26-28]. The bob had an outer diameter of 24.580 mm and a length of 50.000 mm. The
inner diameter of the cup was 28.901 mm. The gap at the bottom of the bob was set equal to the
gap at the side surface. First, the paste was homogenized for 30 seconds at a shear rate of 60 s™!,
followed by rest for another 30 seconds. Thereafter, the paste was subjected to linearly increasing
shear rates from 1 s to 60 s™! over a period of 3 minutes (30 steps of 6 seconds), followed by a
step down of shearing from 60 s to 1 s! for further 3 minutes. The slope of the down-curve
(decreasing shear rate) was used to calculate x, while the intercept at zero shear rate was used to
calculate 7.

The truncated mini-cone that was used in this study had a top diameter of 39 mm, a bottom
diameter of 89 mm and a height of 70 mm. A smooth plexi glass plate was used as the base for
the measurements. The mini-cone was filled with matrix to the level of the top of the cone. Then,
the cone was gently lifted and the diameter of the matrix at stoppage was measured in two
orthogonal directions. The mini-slump flow value was then calculated as the mean of the two
measured diameters.

4. RESULTS AND DISCUSSION

The design of the new empirical equation is developed based on the correlation between single
mix design parameters and the measured rheological values. As the mix designs are spanning over
a large variation in materials and dosages, several material parameters are varying at the same
time, making it difficult to point out a clear rheological trend for each of the individual parameters.
However, the five material parameters showing the clearest trend to the measured flow resistance
ratio is plotted (Figure 2). In the figure, the mix parameters are normalized based on maximum
span of the different parameters. The solid fraction, ¢, ranges from 0.39 to 0.55 in the
experiments, hence, ¢ = 0.39 corresponds to 0.0 and ¢ = 0.55 corresponds to 1.0. Furthermore,
w/p ranges from 0.29 to 0.57, w/c from 0.40 to 1.04 and w/b from 0.40 to 0.81, where w, p, ¢ and
b denote water, powder, cement and binder, respectively. Lastly, VSS4Amanix ranges from 285
mm?/mm? to 551 mm?/mm?>. Note that Figure 2 is an illustration showing the typical trend that
was observed for the considered mixes and is a simplification from the true observations. The
figure shows the regression lines for the considered parameters. The slopes of the trendlines
indicate that the powder- and binder concentration has the strongest relative influence on the flow
resistance ratio of our matrices, whereas VSS Anmauix has a relatively weaker influence.
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Figure 2 — Illustration of the observed trend between the flow resistance ratio and five different
normalized material parameters.

The observed trends between the material parameters and the measured rheology parameters
provided useful information with respect to which material parameters the new empirical equation
should contain, as well as how each parameter affects the matrix rheology. The new empirical
equation is shown in Eq. (3). I represents an arbitrary rheology parameter, and the different k.
factors are obtained by regression analysis using the built in Solver-function in Excel.

VSSAmatrix

F=(k1 100

e R A Y = T T} (3)
where w, p, SP, c, f, b, FA, s and bio represent mass of water, powder, superplasticizer, cement,
filler, binder, fly ash, silica fume and biotite, respectively, and ¢ is the solid fraction of the matrix.
The different cement types are indicated by the variable 7, and j indicates the different filler types.
The volume weighed VSSA for all dry materials except silica fume, VSSAnanir, 1s described in
Section 3.2, see Eq. 2. Although, the material parameter study shows that both the w/p-ratio and
¢ are best described by the natural logarithm function, the prediction accuracy of the empirical
equation was not improved by describing theses terms logarithmic in the equation.

One equation was developed for each of the four measured rheological parameters. The results
show that the equation for the Bingham plastic viscosity, y, yields the highest prediction accuracy,
with an R? = 0.97. The prediction accuracies for the mini slump flow, flow resistance ratio and
yield stress are B> =0.94, R =0.91 and R’ = 0.80, respectively. As the original empirical equation
in [18] predicts 44, it is chosen to present the new empirical equation for 44 for comparison in this
paper, as well as the equation for the plastic viscosity, providing the highest accuracy. The k. and

n factors for the two empirical equations are presented, as well as the coefficient of determination,
R? (Table 3).
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Table 3 — The kx and n factors for the empirical equations for prediction of flow resistance ratio
and plastic viscosity, as well as resulting R*-values.

n ki k> ks k4 ks ks k7 ks ko R?

Aq 1 042 272 147 | StdFA 006 { Std FA 031|141 0.31 2.15! Fine 0.47 { 091
Industry  0.25 | Industry 0.16 Int. 0.58
Coarse 0.47
VSI 0.77

u 3 036 249 1.65 ! StdFA 0.18 { StdFA 056 | 099 0.81 2.06 ! Fine 0.72 1 0.97
Industry  0.33 | Industry 0.46 Int. 0.68
Coarse 0.63
VSI 0.89

The equations for the flow resistance ratio and the plastic viscosity are plotted (Figure 3). The
figure shows that the prediction accuracy of the flow resistance ratio (R’ = 0.91) is much lower
than observed in [18]. However, the coefficient of determination for the plastic viscosity (R’ =
0.97) is only slightly lower than for the three datasets predicted by the original empirical equation
(R’ =0.98-0.99).
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Figure 3 — Measured and estimated values for the flow resistance ratio and the Bingham plastic
VISCOSIty.

It is found that the prediction accuracies for the equations may be further improved if the ks factor
is a two-step function, changing at w/c-ratio = 0.50. This adjustment of ks is considered reasonable
to make, as the friction of the cement particles dominates more for low w/c-ratios, while at high
w/c-ratio viscous flow dominates. In a study of cement grout injectability [29], it was found that
fluidity of the grouts at w/c-ratio below 0.50 is decreasing in such a manner that injection
operations could be hindered. It was also found that the rate of evolution of the apparent viscosity
increased significantly for w/c-ratio below 0.50. Hence, it seems reasonable that the ks factor
changes at w/c = 0.5. With this adjustment of ks, the R’ values increase to R’ = 0.98, R°=0.95 and
R’ =0.92 for plastic viscosity, mini slump flow and flow resistance ratio, respectively. A similar
two-step strategy was carried out for the k4 factor, as the SP is known to reach saturation at a
certain dosage level. However, the prediction accuracies were only improved by the third decimal
via this change, hence ks were kept constant for each cement type.
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The new empirical model for prediction of flow resistance ratio shows lower prediction accuracy
than the original empirical model. However, the FlowCyl test method and the resulting flow
resistance ratio are not widely known, neither in Norway nor globally. Also, the cement pastes
undergo high shear rates at the outlet of the FlowCyl, overshadowing the effect of the yield stress,
making 4, dominated by the plastic viscosity [30, 31]. Hence, it is considered beneficial that the
new empirical equation provides the highest precision for the more known rheological parameters
plastic viscosity and mini slump flow. The obtained » and k. factors for the plastic viscosity are
listed (Table 4) and the equation is plotted (Figure 4).

Table 4 — The n and kx factors for the empirical equation predicting the plastic viscosity when ks
differs for w/c-ratio </ > 0.50.

n ki k2 ks ks ks wic <0.50 ks k7 ks ko R?
3 033 0.86 1.52 ! StdFA 0.20 | Std FA 0.29 1 0.99 0.81 2.06 | Fine 0.45 1 0.98
Industry  0.29 | Industry  0.25 Int. 0.39
ks, wic> 0.50 Coarse 0.34
Std FA 0.21 VSI 0.61
Industry  0.14
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Figure 4 — Correlation between measured and predicted values from the new empirical
equation for the plastic viscosity, where ks is a two-step function for w/c-ratio </ > 0.50.

The empirical equation for prediction of plastic viscosity provides an R* = 0.98 (Figure 4), which
is approximately the same prediction accuracy as the equations presented in [18]. This is a
surprisingly good result, considering that the equation is predicting a set of matrices that were
tailor made to cover wide spectra of rheology, composition and powder materials. As pointed out
in the introduction, the mix program consists of four different crushed fillers, two different
cements, biotite, fly ash, silica fume and SP. Large variations occur in both SP dosages, w/c and
fi/b ratios. This illustrates that the empirical equation developed in this work is capable of
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predicting a wide spectrum of matrices and is a promising proportioning tool for the concrete
industry.

A limitation of the empirical equation is that the regression analysis needs to be performed for
each set of new materials to obtain their £ factors. This means that for the equation to be optimized
at a ready mix concrete plant, systematic testing of the given materials must be performed in
advance. Also, further research should aim at simplifying the methodology of measuring the
VSSA, in terms of comparing the Sedigraph measurements with other simpler and more industrial
test methods, such as the Blaine test.

5. CONCLUSION

In this paper, 117 matrices are presented, whereas 107 of these contain fillers from manufactured
sand. The experimental testing of the matrices provides four rheological parameters: The flow
resistance ratio, mini slump flow, Bingham yield stress and Bingham plastic viscosity. An
empirical equation for rheology prediction is developed, and its applicability is investigated on
the four measured rheological parameters. The results show that the equation provides good
correlation to the plastic viscosity, with a coefficient of determination equal to R’ = 0.98.
Considering the large variety in mix design and materials in the mix program, the prediction
accuracy is surprisingly good, and the empirical equation is evaluated to be a promising rheology
prediction tool for the concrete industry.
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APPENDIX A

Abbreviations used in the tables:

w/b = water-to-binder ratio by mass.

SP = superplasticiser dosage by mass of cement.-.
fi/c = filler-to-cement ratio by mass

FA/c = fly ash-to-cement ratio by mass

s/c = silica fume-to-cement ratio by mass

bio/fi = biotite-to-filler ratio by mass

Table 5 — Outline of the different mix designs in Series 1a.

No. w sp fi fa s bio  Cement Filler
b c c c c fi

1 0.40 0.75 0.25 - - - Std FA  Coarse

2 0.40 0.75 0.32 - - - Std FA  Coarse
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35 0.40 1.50 0.39 - - - Std FA  Intermediate
36 0.40 1.75 0.25 - - - Std FA  Intermediate
37 0.40 1.75 0.32 - - - Std FA  Intermediate
38 0.40 1.75 0.39 - - - Std FA  Intermediate
39 0.55 1.00 0.45 - - - Std FA  Intermediate
40 0.55 1.00 0.52 - - - Std FA  Intermediate
41 0.55 1.00 0.59 - - - Std FA  Intermediate
42 0.55 1.25 0.45 - - - Std FA  Intermediate
43 0.55 1.25 0.52 - - - Std FA  Intermediate
44 0.55 1.25 0.59 - - - Std FA  Intermediate
45 0.55 1.50 0.45 - - - Std FA  Intermediate
46 0.55 1.50 0.52 - - - Std FA  Intermediate
47 0.55 1.50 0.59 - - - Std FA  Intermediate
48 0.55 1.75 0.45 - - - Std FA  Intermediate
49 0.55 1.75 0.52 - - - Std FA  Intermediate
50 0.55 1.75 0.59 - - - Std FA  Intermediate
51 0.40 0.75 0.32 - - 0.01 Std FA  Int. + mica

52 0.40 0.75 0.32 - - 0.02 Std FA  Int. + mica

53 0.40 0.75 0.32 - - 0.03 Std FA  Int. + mica

54 0.40 0.75 0.32 - - 0.05 Std FA  Int. + mica

55 0.40 0.75 0.32 - - 0.10 Std FA  Int. + mica

Table 6 — Outline of the different mix designs in Series 1b.

No. w Sp fi fa S Cement  Filler
b c c c c

1 0.55 0.75 0.53 0.00 0.04 Std FA Intermediate
2 0.55 0.75 0.61 0.00 0.04 Std FA Intermediate
3 0.55 0.75 0.55 0.00 0.09 Std FA Intermediate
4 0.55 0.75 0.64 0.00 0.09 Std FA Intermediate
5 0.55 0.75 0.53 0.00 0.04 Std FA VSI

6 0.55 0.75 0.61 0.00 0.04 Std FA VSI

7 0.55 0.75 0.78 0.26 0.05 Std FA VSI
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8 0.55 0.75 0.67 0.26 0.05 Std FA Intermediate
9 0.55 0.75 0.78 0.26 0.05 Std FA Intermediate
10 0.55 0.75 0.89 0.61 0.14 Std FA Intermediate
11 0.55 0.75 1.04 0.61 0.14 Std FA Intermediate
12 0.55 0.75 0.71 0.28 0.11 Std FA Intermediate
13 0.55 0.75 0.89 0.61 0.14 Std FA Intermediate
14 0.55 0.75 1.04 0.61 0.14 Std FA Intermediate

Table 7 — Outline of the different mix designs in Series 2a.

No. w Sp fi fa S Cement  Filler
b c c c c

1 0.40 0.75 0.28 0.00 - Industry  Intermediate
2 0.40 1.50 0.28 0.00 - Industry  Intermediate
3 0.55 0.75 0.51 0.00 - Industry  Intermediate
4 0.55 0.75 0.59 0.00 - Industry  Intermediate
5 0.55 1.50 0.51 0.00 - Industry  Intermediate
6 0.55 1.50 0.59 0.00 - Industry  Intermediate
7 0.40 1.50 0.36 0.00 - Industry  Intermediate
8 0.60 0.60 0.17 0.00 - Industry  Fine

9 0.73 0.60 0.39 0.00 - Industry  Fine

10 0.55 0.75 0.51 0.00 - Industry  VSI

11 0.55 0.75 0.59 0.00 - Industry  VSI

12 0.50 0.60 0.25 0.25 - Industry  Fine

13 0.50 0.60 0.31 0.54 - Industry  Fine

14 0.65 0.60 0.25 0.25 - Industry  Fine

15 0.81 0.60 0.56 0.11 - Industry  Fine

16 0.76 0.60 0.48 0.23 - Industry  Fine

17 0.80 0.60 0.64 0.56 - Industry  Fine

18 0.44 1.50 0.35 0.25 - Industry  Intermediate

Table 8 — Outline of the different mix designs in Series 2b.
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No. w Sp fi fa S Cement  Filler
b c c c c

1 0.55 0.75 0.53 0.00 0.04 Industry  Intermediate
2 0.55 0.75 0.61 0.00 0.04 Industry  Intermediate
3 0.55 0.75 0.55 0.00 0.09 Industry  Intermediate
4 0.55 0.75 0.64 0.00 0.09 Industry  Intermediate
5 0.51 0.75 0.55 0.00 0.09 Industry  Intermediate
6 0.51 0.75 0.61 0.00 0.04 Industry  Intermediate
7 0.51 1.00 0.64 0.00 0.09 Industry  Intermediate
8 0.51 1.25 0.64 0.00 0.09 Industry  Intermediate
9 0.51 1.50 0.64 0.00 0.09 Industry  Intermediate
10 0.55 0.75 0.67 0.26 0.05 Industry  Intermediate
11 0.55 0.75 0.78 0.26 0.05 Industry  Intermediate
12 0.55 0.75 0.89 0.61 0.14 Industry  Intermediate
13 0.55 0.75 1.04 0.61 0.14 Industry  Intermediate
14 0.55 0.75 0.71 0.28 0.11 Industry  Intermediate
15 0.55 0.75 0.89 0.61 0.14 Industry  Intermediate
16 0.55 0.75 1.04 0.61 0.14 Industry  Intermediate
17 0.42 1.00 0.37 0.26 0.05 Industry  Intermediate
18 0.42 1.25 0.37 0.26 0.05 Industry  Intermediate
19 0.42 1.50 0.37 0.26 0.05 Industry  Intermediate
20 0.55 0.75 0.78 0.26 0.05 Industry  VSI

Table 9 — Outline of the different mix designs in Series 2c.

No. w Sp fi fa S Cement Filler
b c c c ¢

1 0.50 0.60 0.00 0.00 - Industry Fine

2 0.45 0.60 0.00 0.00 - Industry Fine

3 0.50 0.60 0.00 0.25 - Industry Fine

4 0.50 0.60 0.00 0.43 - Industry Fine

5 0.50 0.60 0.00 0.54 - Industry Fine
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