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Sammendrag

Bruken av selvkomprimerende betong eliminerer behovet for a
tilfgre energi ved vibrering eller lignende. Dette gjgres for
a kvitte seg med luftporer slik at betongen komprimeres. Fiber
i betong kan brukes i tillegg til, eller istedenfor, vanlig
stangarmering for & gke strekkfastheten til betongen.

Hensikten med denne masteroppgaven er & undersgke forholdet
mellom malte reologiske egenskaper (slump-flow, T, 1) og
proporsjoneringsparametere, serlig maksimal pakningsfraksjon
(®/®,), matrikstykkelse rundt fibrene (t.) og overlapptall for
fibrene (Ngs) .

Det gjores eksperimenter med fersk betong hvor mengden matriks
og fiber varieres. De reologiske resultatene sammenlignes med
proporsjoneringsparametere for tilsvarende betongblandinger.
Compressible Packing Model og partikkel-matriksmodellen er
brukt for beregningene, mens 4C-rheometer og LCPC-boks er
utstyret som brukes til de reologiske malingene.

Betydningen av en ngyaktig siktekurve er ogsa undersgkt.

Hypotesen er at man ved hjelp av forsgk og beregninger kan
finne en sammenheng mellom parametere og malt reologi som gjor
det mulig & forutsi flytegenskapene til fersk betong.

Resultatene fra denne avhandlingen er ikke pdlitelige nok til
a kunne konkludere med en konkret sammenheng, men metodene kan
vere nyttig for videre forsgk med tilsvarende hensikt. I
tillegg kan resultatene brukes som en indikasjon pa hvilke

mengder av matriks og fiber man kan bruke ved videre forsgk.

Det er kommet fram til at variasjonen i siktekurver for
forskjellige prgver av samme tilslag er av liten eller ingen
betydning for proporsjoneringsparameterne; En representativ
siktekurve er ngyaktig nok for beregninger.

Innholdet av luft i betongen viser seg & vare av stor
betydning for sammenhengen mellom matriksvolum i betongen og
pakningsfraksjonen i partikkelfasen. I tillegg synes det
sannsynlig a kunne finne en metode for a forutsi luftinnholdet
i betong ved hjelp av matriksvolum og fiberinnhold.

Ettersom denne avhandlingen ikke gir noen neyaktige resultater
anbefales det & forske videre pad omradet for & finne en
klarere sammenheng for & forutsi egenskapene til fersk betong.
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Summary

The use of self-compacting concrete eliminates the process of
adding energy, by vibrating the concrete etcetera, to let off
encapsulated air pockets to compact the concrete when casting.
Fibre-reinforcing in concrete can be used in addition to, or
as a substitute for, rebar to increase the tensile strength of
the concrete.

The purpose of this thesis is to investigate the relationship
between measured rheology (slump-flow, T, p) and proportioning
properties with particular attention to maximum packing
fraction or normalized packing fraction (®/&,), thickness of
fiber lubricating matrix (t.) and fiber rotational overlap
(Nes) . This is done by conducting experiments on fresh concrete
where the amount of matrix and fibres are varied, and
comparing the rheological results with the calculated
proportioning parameters. The compressible packing model and
the particle-matrix model are used for the calculations, while
the 4C-Rheometer and LCPC-box are the equipment for the
rheology measurements.

The importance of accurate grading curve is also evaluated.

The hypothesis is that these experiments and calculations will
result in finding a correlation between calculated
proportioning parameters and resulting rheology that will make
it possible to predict the rheology of fresh concrete.

The results are too unreliable to draw a finite conclusion
with regards to correlation. However, the methods can be
useful for further experiments with the same purpose, as well
as the results are an indication for what amounts of matrix
and fibre that can be applicable for tests.

The results show that the variation in grading curve between
different samples from the same aggregate for concrete mixing
is of small or no relevance to the proportioning parameters.

The air content is shown to be of great importance regarding
the correlation between matrix volume and packing fraction.
Also it is found that it can be possible to predict the air
volume based on matrix volume and fiber content.

Seeing that this thesis does not give precise results, further
work on the field is recommended to find an unambiguous
correlation for use regarding rheology and air content.
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1 Introduction

In the beginning of this thesis you will find a brief
description of the basic theory for proportioning of concrete.
This includes the theoretical models for analysis used in this
thesis followed by the basics of the materials used in
concrete. Further on is the basis for the experiments,
description of the experiments that are carried out and
explanation of the compressible packing model which forms the
basis for the calculations. Last the results from the
experiments and the calculations are assembled and put up
against each other and discussed. A brief conclusion
summarizes the results that are found in this thesis.

1.1 Background

The definition of self-compacting concrete as described by the
European Concrete Platform is expressed as follows:

“Self-compacting concrete (SCC) is an innovative concrete that
does not require vibration for placing and compaction. It is
able to flow under its own weight, completely filling formwork
and achieving full compaction, even in the presence of
congested reinforcement.” [European Concrete Platform, 2012]

Knowing this, it is implied that the industry can save many
working hours by reducing the need for people vibrating the
fresh concrete to compact it. When there is no need for
compacting, the gquality assurance of the vibrating as an
uncertain factor, regarding the final result of the concrete,
is ruled out.

The most used argument for not using SCC is that it is more
expensive than regular vibrated concrete. Despite the high
expenses of SCC compared to regular concrete, it is probably
more profitable in use by reducing the expenses of vibrating,
and by quicker casting. In addition there are several other
benefits with using SCC; With no need for vibrating, the
working environment is better, the surfaces are improved,
there is less need for rework, the execution is more rational,
and we get more homogeneous concrete which gives better
durability. The downside with SCC is that because of the
rheology, the formwork needs to be tighter for the concrete
not to flow out. [Kvisvik, 2007]



Another way to save working hours is by adding fibres as a

substitute to rebar. By mixing fibres in the fresh concrete
increased tensile strength in the hardened concrete can be

achieved without need for iron fixers prior to casting.

Fibres in regular vibrated concrete is more uncertain, due to
that when vibrating, the fibres will form a cylinder around
the vibrator and may not be dispersed as required.

A disadvantage by use of fibres is that the amount that can be
used is very limited. The reason is that when using a large
amount of fibres the flow properties of the concrete are
reduced and in the worst case, fibre balling occurs, thus the
fibres are not properly dispersed, resulting in irregular and
unreliable concrete. Different manufacturers recommend
different amounts of fibre. The recommended maximum amount
varies from 1.3 vol-% to 3 vol-% of concrete. [Fibercon, 2012]
[Ochi, Okubo and Fukui, 2007]

1.2 Motivation

Currently, there is no reliable way to predict the rheology of
fiber-reinforced self-compacting concrete (FRSCC), thus the
making of new recipes is done mainly by trial and error. This
thesis will hopefully contribute to some extent to enable
prediction of rheology of FRSCC.

The interest for this subject is a conception that there is a
simpler and more effective way for casting concrete than by
extensive use of iron fixers and vibration. More knowledge
about FRSCC is probably the best way to help the industry
towards an increased use of what is presumably a much more
effective and profitable casting process.

1.3 Hypothesis

The rheology of concrete depends on the matrix, both
composition and amount. When fibres are introduced in concrete
it is presumed that an increase of the matrix surplus evenly
distributed by the surface area of the fibres increases the
flow ability. It has been found that an increase of the
calculated parameter t. gives a reduction of the measured value
for yield stress [Bui, Geiker & Shah, 2003]. In general it is
assumed to be possible to find a correlation between the
calculated parameters t., Ng and ®/&,, and the measured
properties p and T.



The expectations for the correlations are shown in Table 1.1.
When the maximum packing is increased the void volume is
smaller and the matrix will to a greater extent smear the
particles and separate the fibres, thus increase t. and
decrease Nges. This results in increased flow ability, which
implies the increases and decreases shown by arrows in Table
1.1.

Table 1.1 Expectations for rheological results when the proportioning parameters are

increased
‘ Ts00 Hp1 T SF
o T l l l i)
te T l l l T
Ncs, overlap ~Ir »l' J« ~L T

The main assumption is that the matrix phase includes all
particles smaller than 0.125 mm, including from the aggregate.
This part of the sand is referred to as fines. In addition,
calculations are done where the limit is varied by considering
particles smaller than 1.0 mm as the matrix.






2 Review, Methods and Models

There are several ways to consider concrete regarding
composition and rheology. The theory of the models considered
for this thesis is elaborated in the following.

2.1 The Particle-matrix Model

By regarding the properties of the constituents and the
interaction between them it is to some extent possible to
predict the workability of the fresh concrete. The particle-
matrix model (PMM) is an attempt to describe the properties of
the concrete by defining concrete as a mix of two phases: the
matrix phase and the particle phase. An illustration of this
is shown in Figure 2.1. The matrix phase is defined by The
Norwegian Concrete Association as all particles smaller than
0.125 mm, which includes water, cement, fines and additives.
The particle phase consists of all particles larger than 0.125
mm. These phases are respectively a fluid material and a
friction material. Although the matrix phase includes solid
particles, they are small enough to fill the voids and smear
the larger particles, and can therefore be defined as part of
the fluid. For comparison, 1.0 mm will also be considered as a
possible limit particle-matrix phase, although this is not
traditionally used.

Volum ratio
matrix/particles

Workability

Properties of Properties of
the particles the matrix

Figure 2.1 The particle-matrix model [Jacobsen et.al, 2012]



By using different definitions for the classification of the
phases the result of the packing of particles will be
completely different. When larger particles are considered
part of the matrix phase, the particle phase decrease
consequently, see Figure 2.2.

Vair Vair
Vmatrix<0.125 mm
Vinatrix<1.0 mm @ =1—Vair — Vimatrix
Vparticles>0.125 mm @ = Vparticles

Vparticles>1.0 mm

Figure 2.2 Example of variance in phase volumes because of differing limit for particle-
matrix phase for the same composition of concrete

The phase that affects the concrete the most is referred to as
the dominant phase. SCC is always matrix dominated. This
implies that the concrete has a large and viscous matrix
phase, which is necessary in order to get the flow ability
needed for SCC. A disadvantage with the PMM is that it does
not help to predict the stability of the concrete. [Norsk
Betongforening, 2007]

The main purpose of the matrix is to fill the void in the
particle phase. The matrix surplus works as a lubricant that
surrounds the particles to give the concrete flow able
properties. By calculating the void volume in the particle
phase, and the surface area of the particles, one can find the
theoretical thickness, t., of the matrix around each particle,
as shown in Figure 2.3. This calculated parameter affects the
flow ability of the concrete.

(A) (B)

Figure 2.3 Matrix filling voids between particles (A) with matrix surplus (B)
[Jacobsen et.al, 2012]



The proportioning procedure of the PMM in brief consists of
determining strength and durability requirements of the actual
concrete. This gives required water/binder-ratio (see Table
3.1 and Table 3.2), binder composition and minimum amount of
binder. Then the main steps of the proportioning are:

- Find and evaluate data for constituents: aggregate,
cement and admixtures. The relevant data is grading of
particle size, density, void volume, water absorption,
water/solid content for admixtures and strength
characteristics for cement/binder.

- The composition of aggregates regarding minimizing of
void volume.

- Decide the composition of the paste and matrix from the
requirements for strength and durability, and necessary
composition and volume of the matrix for the desired
consistency.

- Calculation of the theoretical recipe based on volume and
mass.

- Trial mixture and correction.

If the aggregate packing is known the procedure described
under Section 4.3 can be used for proportioning with a
stepwise procedure minimizing the cement content while
obtaining optimum concrete properties. Note that if matrix is
used instead of cement paste then the simple expression has to
be adjusted, and packing of only the particle phase should be
used while applying the matrix phase as lubricating phase
instead of cement.

2.2 Bingham'’s Model

A good way to describe the rheological properties of fresh
concrete is to regard it as a Bingham fluid. Bingham’s model
describes a fluid that needs a certain force applied to start
flowing (1¢) and has an approximately linear relation between
continuing force and flow ability, see Figure 2.4.



b
Ldl
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Figure 2.4 Bingham's model [Norsk Betongforening, 2007]

The yield stress is expressed by the formula
T=Tyg+pH*y

Where: T is the yield stress, value in Pa
Tg is the yield wvalue, value in Pa
1 1is the plastic viscosity, value in Pa*s
y is the rate of shear, value in 1/s

2.3 Compressible Packing Model

The worksheet ‘CPM-regneark’ (Appendix E), developed by Stein
Are Berg [Berg, 2008], is used to calculate properties for the
mortars. It is based on the compressible packing model
described in de Larrard, 1999. The theory of the worksheet is
explained by Berg (2008) and extended by Skjglsvik (2010). The
worksheet calculates several parameters. The ones used in this
thesis is t., Ng and &,, where t. is the thickness of the
lubricating matrix around each fibre (see Section 2.1, Figure
2.3 and Figure 2.5).



Figure 2.5 Average thickness of matrix enveloping around fibre [Bui, Geiker and Shah,
2003]

N“ﬂmwmpzzl—-G/N ) is the rotational overlap number referring
CcS
to the distance between the centers of the fibres when
1
distributed in a cubical arrangement. AQS=(1966*(W%(%QQZ)/3

where Vi =¢, = vol-% of fibre in the concrete, L is the length
of the fibres and D is the diameter of the fibres. The degree
of overlap varies between 0 and 1; Overlap smaller than O
means that the fibres are not overlapping at all (N, <1) and
overlap that converges towards 1 means full overlap (large
N.), see Figure 2.6.

fibre centre j‘

= dy fibre width
! Ir fibre length !

-

cv =0.01%

Figure 2.6 Rotational overlap number [Ulf Bjérkman, 2007]

While ® can be calculated from the corrected values of the
constituents in concrete, &, is only a theoretical value. The
value for @& found from the CPM-worksheet is the theoretical
volume fraction of the particles in the concrete mix, but the
value for ® used in this thesis is as explained in Section

2.1. &, is the virtual maximum packing of the particles that is
theoretically possible to achieve. It calculates how the
particles of different size interact with each other and
affects the packing of the particle phase. In [De Larrard,

9



1999] these interactions are explained as a loosening effect
from small particles and a wall effect from large particles,
both related to a dominant particle size. By finding the
maximum packing of the particles, the void volume is known and
thus the needed matrix volume to fill the voids is known. The
matrix surplus after filling the voids is divided by the total
surface area of the fibres to find t..

The maximum packing fraction is noted ¢/¢ and is a basic
m

parameter for the rheology of suspensions. For a given
lubricating or dispersive phase and type of particle both
yield stress and plastic viscosity relate to this.

10



3 Materials in Concrete

To mix concrete there are several materials that needs to be
regarded. The types of materials as well as the amount and
interactions between them affect the concrete properties, and
thereby quality. Concrete is a composite made primarily from
cement, water, aggregates and admixtures. The choices
regarding materials are accounted for in the following.

3.1 Cement

Cement is the main constituent in concrete, the part that
keeps it all together. When mixed with water cement forms a
paste that hardens after some time.

Norcem Standard FA is a type of cement commonly used in
Norway. This qualifies as Portland fly ash cement EN 197-1-CEM
II/A-V, where 20 % of fly ash is added. The cement is approved
to be used for concrete in all durability classes, exposure
classes and strength classes, according to Heidelberg cement
[HeidelbergCement, 2012]. The same source tells us that when
using this type of cement, the relationship between strength
class and water/binder-ratio (mass ratio, m) 1s as shown in
Table 3.1. This applies for concrete without air entraining
admixtures.

Table 3.1 Relationship between strength class and mass ratio [HeidelbergCement, 2012]

Strength class B20 B25 B30 B35 B45

Mass ratio 0.72-0.65| 0.65-0.57 | 0.57-0.51 | 0.51-0.44 | 0.44-0.35

NS-EN 206-1 (2007) requires m=-*L <06 for SCC. Knowing this

Table 3.1 shows that SCC has to be of strength class B30 or
higher. For the same reason we also know from looking at Table
3.2 that SCC has to be of durability class M60 or lower. For
the mass ratio formula c is the content of cement (measured in
kg), s is the content of silica, k is the efficiency of
silica, and Vess is the effective water content in the
concrete. Verr 1s the total water content minus the absorbed
water in the aggregate.

11
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Table 3.2 Durability class [Heidelbergcement, 2012]

Valg av bestandighetsklasse (nasjonale krav)

Eksponeringsklasse M90 M60 M45 MF45* M40 MF40*
X0

XCl, XC2, XC3, XC4, XF1

XD1, XS1, XA1, XA2, XA4

XF2, XF3, XF4

XD2, XD3, XS2, XS3, XA3

ng 0g beskyttelsestiltak fastsettes saerskiit

XSA

al minst tilfredsstille kravene til M40

Sterste masseforhold v/(c + kp) 0,90 0,60 , 0,45 0,45 0,40 0,40
*Minst 4% luft

3.2 Water

The requirements for water used when mixing concrete is
specified in [NS-EN 1008:2002, 2004]. The requirements cover
mainly chemical conditions such as pH-value, alkalis,
chlorides and sulfates. It also provides guidelines in terms
of color and odor. The standards regarding potable water are
more stringent than that of mixing water for concrete, thus
potable water is approved for concrete without further
testing.

The water used in the tests is deionized tap water. The amount
is adjusted for the matrix volume in each mix and the

— ratio = 0.49.

determined crykp

3.3 Admixtures

Admixtures are defined as materials that are added to the
concrete during the mixing process to modify the properties of
the concrete, both in fresh and hardened state. The quantity

of admixtures in concrete should not exceed 5 % by mass of
cement. [NS-EN 934-2, 2009]

In self-compacting concrete it is customary to use viscosity
modifying agents, such as water reducing/super plasticizing
admixtures (SP). These have the ability to reduce the water
demand and/or increase the flow of the fresh concrete. The
requirement of SCC being slump-flow of 650 mm, use of super
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plasticizers allows production of SCC without excessive use of
expensive cement.

The most commonly used super plasticizer in Norway recently is
polycarboxylate, also referred to as co-polymers. Normal
dosage is in the range 1-7 kg/m’. [Jacobsen et. al., 2012]

For these experiments the SP used is Sika ViscoCrete RMC-420.
Recommended normal dosage for this co-polymer is 0.2-2.0 % of
cement weight. Density is 1.04 £ 0.02 kg/l and total dry

o) o)

matter content of 18 % + 1 %. From trials for these

experiments 0.4 % of cement weight is used in the mortar and
0.8 % in the concrete.

3.4 Fibres

Experience and experiments shows that a large amount of fibre
is not beneficial, especially with longer fibres, regarding
stability and homogeneity. Too much fibre leads to fibre
balling, meaning the fibre gets hooked to each other causing
poor dispersion. Both steel and polypropylene are normal
materials in fibres for concrete. Steel fibre of type Dramix
65/60 is used for these experiments. Three different amounts
of fibre is used; 0, 1 and 2 vol-% of the mortar. After adding
the coarse aggregate the percentage volume is reduced as the
amount remains the same.

3.5 Aggregates

The quality of the aggregates is of big importance in
combination with cement. The water demand of the aggregate
influences the need of cement. When using aggregate with low
water demand, the amount of cement can be reduced without
affecting the strength class or mass ratio. This means it can
be economically profitable to invest in quality aggregates to
save expenses on cement. [Jacobsen et.al., 2012]

It is of big importance that the grain size distribution is as
consistent as possible in all test batches to ensure
comparable results. To make a grading curve for all aggregates
used is not realistic for use in the industry, or for research
purposes. A representative sample of each aggregate is taken
to make a grading curve to be used in computations. The most
decisive factor regarding the aggregate is the content of
fines. Since the coarse aggregate is washed, the content of
fines in these is negligible. However, the content of fines in
the aggregate 0-8 mm is essential when it comes to the
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composition of the matrix. The elaboration of the grading
curves including fines in aggregate is explained in 0.

The choices regarding composition of the aggregates in these
tests are based on results of packing density simulations done
by Skjglsvik in his project [Skijglsvik, 2010]. His work
explores the composition of Ardal aggregates in the ranges 0-
8, 8-11 and 11-16 mm and which combination gives the best
packing. The best packing is achieved with a large content of
fine aggregate (0-8 mm) in combination with a good dispersion
of grain sizes. In these tests the mix of aggregates will be
kept constant as we vary the amount of matrix and fibre. The
best combination of aggregate in terms of packing varies with
different amount of fibre, so this cannot be optimized for all
concrete mixes. The combination of amounts is chosen to be as
shown in Table 3.3.

Table 3.3 Composition of aggregates

Ardal 0.125-8 mm ‘Ardal 8-11 mm ‘Ardal 11-16 mm

60 % ‘16 5 ‘24 B

Note that the 60 % of the particles consisting of 0-8 mm does
not include fines, thus it reads 0.125-8 mm.

The grading curves used for the proportioning and calculations

for this thesis is shown in Figure 3.1, Figure 3.2 and Figure
3.3.
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Figure 3.1 Grading curve for 0-8 mm aggregate
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Figure 3.3 Grading curve for 11-16 mm aggregate

3.5.1 Finesin Aggregate

In order to get good results regarding the variation of few
variables in the experiments, the other parameters need to be
as constant as possible.

The variable that is hardest to keep constant, relative to its
importance, is the grading of the fine aggregate. This
concerns sand with a size range of 0-8 mm.

This thesis aims, among other things, to find how the amount
of matrix affects the rheology of fresh concrete. In order to
do that, it is important to be able to control the amount of
matrix. The main assumption is that the matrix phase includes
all particles smaller than 0.125 mm, including from the

aggregate. This part of the sand is referred to as fines. To
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be able to control the matrix volume, the amount of fines in
the aggregate should be known.

However, controlling every bit of aggregate would not be
beneficial for the industry, nor for research purposes,
because it is a time consuming activity. A fair alternative is
to take samples of the sand finding a representative value of
fines to be used when planning the experiments, and also in
the computations. To find a representative grading curve, four
samples of the sand is tested. Three are taken from different
corners of the batch, while the fourth (Sample 1) is mixed
homogenized (spun around in a barrel for about 5 minutes for
the different grain sizes to be equally dispersed) sand from
the same batch. By comparing these results, it is possible to
see how the difference in grading of sand may affect the
matrix volume, and get a clue on whether homogenizing of
aggregate is critical when making a grading curve.

3.5.2 Importance of the Grading Curve

The grading curve of aggregate shows the distribution of the
grain size in the aggregate. It is known that the variation of
distribution affects the packing of the aggregate and thereby
the concrete, but not to which extent. It is not possible to
make a complete overview of the aggregate, so we depend on a
representative grading curve to get good results. To quantify
how big influence it has that the aggregate can differ from
the grading curve to be used, four different grading curves
are made for comparison. The samples are taken from different
places in the batch of 0-8 mm aggregate. The grading curves
from the samples are applied to the worksheet ‘CPM-regneark’
(Appendix E) one by one. All other variables are kept constant
while the grading curve is varied.

The reference mortar and concrete is used as an example to
analyze the affect from differing aggregate. Since the CPM-
worksheet does not take into account the air in the concrete,
the air is assumed to be part of the matrix. The reference
mortar contains 500 1 matrix and 1 vol-% fibre. Assumed air
content for this mortar is 4.5 %, i.e. the matrix volume 1is
545 1/m®. To get the right combination of matrix volume and

fibre k= —2
1-¢om

the mortar. The high k-value is caused by the high matrix

= 2.163 is found to give the planned composition of

volume in the mortar and the assumption that the air volume is
part of the matrix. For the corresponding concrete k=1,810
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gives the right value of 0.77 % of fiber and 420 liters of
matrix (Values from Table 4.3).

3.6 Air

The volume of air in the concrete is important for the
rheology of the fresh concrete and for the strength of the
hardened concrete. If the air content increases from 2-5 vol-%
(30 l/m3), it can affect the workability the same way
increasing the matrix volume with 15 1/m’ would have done
[Norsk Betongforening, 2007]. But the amount and the effect of
different amount of air in concrete is hard to predict.

NS-EN 206-1 (2007) provides guidelines for the accepted air
content in concrete in Norway, saying the air content should
be within 4-8 vol-%.

For calculations based on the particle-matrix model it is
important to decide how to relate to the air. It can be
considered as particles or part of the matrix phase. Planning
of casting with a particular amount of matrix, as in this
thesis, is difficult if considering air as part of the matrix,
because the air content cannot be predicted. However, the air
pores will fill the wvoid in the particle phase just like
matrix does.

3.7 Matrix Composition

The basis of matrix chosen for experiments:

- Requirement from NS-EN 206-1 (2007) for SCC for
water/binder-ratio:

w w

= —x< ().
b c+2kp_06

With a low water/binder-ratio we need a larger matrix
volume. Also, reduced w/b-ratio contributes to increased

stability.
- Jacobsen et.al. recommends:
water ]
——— —ratio = [0.30 — 0.45]
powder

- Matrix volume is usually in the range 330-360 1/m’
depending on the void volume in the particle phase
[Jacobsen et.al., 2012]

- Air void content should not exceed 5 %, and is usually 2-
3 % in concrete and higher in fibre-reinforced concrete.
[Jacobsen et.al., 2012]
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4 Experimental

In this chapter you will find a description of the experiments
and calculations that are carried out with fresh concrete. The
tests include use of 4C-rheometer and LCPC-box. In addition to
the physical tests several calculations are carried out with
the worksheet ‘CPM-regneark’ (Appendix E) [Berg, 2007/2008]
corresponding to the mixes from the tests. The basis for the
mixes is a mortar containing 450-550 1/m’ of matrix and 0-2
vol-% of fibres. The same mortars are used for concrete by
adding coarse aggregate. The numbering of the mortar is shown
in Table 4.1.

Table 4.1 Numbering of mortar

fibre| 0 % 1% 2 %
Matrix 1/m’
450 1 2 3
500 4 5 6
550 7 8 9
Air content | 3 % 4.5 % 6 % Assumed values

4.1 Basics for the Experiments

To get workable results from the experiments we need a basic
recipe for concrete, with only matrix and fibres as variables.
By keeping it basic and only vary one parameter at a time, the
tests will hopefully give clear results showing how this
parameter affects the properties of the fresh concrete.

The composition of the matrix is kept constant; meaning the
relationship between fines, paste and cement is kept constant,
(see Section 3.7). The composition of the aggregate is also
kept constant, (see Section 3.5). The experiments are run
first for a mix of mortar containing matrix, 0-8 mm
aggregates, fibre and a small amount of co-polymers. Then the
tests are run again after adding coarse aggregate with grains
larger than 8 mm and some additional co-polymers.

The specific mixture of each batch of concrete is found by use
of the worksheet ‘Proporsjonering’ (Appendix C) [Smeplass,
2004]. The wanted content of matrix and fibre, as well as
assumed air volume is entered, along with values for density,
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damp and water absorption for the aggregates. The -ratio is

c+Ykp

. . . t
chosen to be 0.49, which for the chosen mixes gives a il

powder
ratio of 0.41. The amount of matrix in the mortar varies from

450-550 1/m>, and for the concrete between 334-441 1/m’.

4.1.1 Composition of Concrete

When executing the experiments, the tests are done twice for
every variable, before and after adding coarse aggregates. The
mixture containing only matrix, fibre and 0-8 mm aggregates is
referred to as mortar. After adding aggregates larger than 8
mm the mix is defined as concrete. The experiments are carried
out by first making a basic mixture of mortar and concrete,
and then vary the amount of matrix and fibre.

For the reference mortar the amount of matrix (excluding air
volds) is chosen to be 500 l/m?, the amount of fibre is chosen
to be 1 vol-% (10 1/m’) and the content of air is assumed to be
4.5 vol-% (45 1/m’). With these chosen values the amount of
fine aggregate (particles in the size range 0.125 - 8 mm) in
the mortar is 1000-500-10-45=445 1/m’. Note that the fines
(described in Section 0) in the 0-8 mm aggregate are
considered as part of the matrix. The relationship between
fine and coarse aggregate is 60/40; After completing tests
with the mortar 297 1 aggregate is added by 119 1 8-11 mm and
178 1 11-16 mm. After adding the coarse aggregates the matrix-
, fibre- and air content is changed. The new values are listed
in Table 4.3. They are found by the following approach:

L Vimort
Matrix in concrete: Vﬁcmwww:=( Do )*1000
’ VmtV+Vair+Vo—g+Vg—_11+tV1i1-16

. . 14 ,mortar
Fibre in concrete: l@amm?w::< L * 1000
’ VmtV+VairtVo-—g+Vs—11+V11-16

. . Voo
Air in concrete: Vair,concrete = (Vm+Vf+VairT;:—l::;;—11+V11—16) * 1000
Mark that these formulas do not take SP into account, hence
they are not accurate, and are not the ones being used for
planning the experiments. They are shown to demonstrate the
principle for finding the new amount of constituents in the
concrete. The correct values are found by use of the worksheet
‘Amount constituents’ (Appendix D).
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Table 4.2 Theoretical composition of mortar

No. | Matrix 1/m’ fibre Air 0.125-8 mm

Vol-% 1 Vol-% 1 1
1 450 0 0 3 30 520
2 450 1 10 4.5 45 495
3 450 2 20 6 60 470
4 500 0 0 3 30 470
5 500 1 10 4.5 45 445
6 500 2 20 6 60 420
7 550 0 0 3 30 420
8 550 1 10 4.5 45 395
9 550 2 20 6 60 370

After doing tests on the rheology of the mortar,

coarse

aggregate is added to the mixtures so the relationship between

fine and coarse aggregate is 60/40,

8-11 and 11-16 mm.
and thus a new percentage of the components of the concrete.

coarse aggregate implies

The concrete compositions are shown in Table 4.3.

Table 4.3 Theoretical composition of concrete

This gives a new total amount of the mix

No | Matrix Fibre Air 0.125-8 mm | 8-11 mm | 11-16 mm
1/m? Vol-% 1/m® | Vol-% 1/m’ 1/m? 1/m’ 1/m’
1 334.2 0 0 2.228 22.28 386 103 155
2 338.3 | 0.752 7.52 | 3.383 33.83 272 99 149
3 342.6 | 1.523 15.23 | 4.569 44.69 358 95 143
4 380.7 0 0 2.284 22.84 358 95 143
5 386.1 [ 0.771 7.71 | 3.470 34.70 343 92 137
6 390.6 | 1.563 15.63 | 4.688 46.88 328 88 131
7 429.7 0 0 2.344 23.44 328 88 131
8 435.4 | 0.792 7.92 | 3.562 35.62 313 83 125
9 441.2 | 1.604 16.04 | 4.813 48.13 297 79 119
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4.1.2 Applicable Tests

The Eurocode [NS-EN 12350, 2009/2010] gives plenty of tests
that are suitable to get relevant information about self-
compacting concrete, see Table 4.4.

The purpose of this thesis is to compare certain parameters to
rheology, so the adequate tests are the ones that give
viscosity (n) and yield stress (t). In addition slump-flow is
measured to determine to what extent the concrete is in fact
self-compacting, and for visual evaluation.

Table 4.4 Applicable tests for SCC [NS-EN 12350, 2009/2010] and [Roussel, 2007]

Properties Method Procedure

Air content Pressure methods NS-EN 12350-7

Flow ability Slump-flow test NS-EN 12350-8

Viscosity Tsp0, Slump-flow NS-EN 12350-8
time

Viscosity V-funnel NS-EN 12350-9

Passing ability L-box NS-EN 12350-10

Segregation Sieve (Segregation |NS-EN 12350-11
resistance)

Passing ability J-ring test NS-EN 12350-12

Yield stress LCPC-box Nicolas Roussel

Stability/Homogeinity | Visual evaluation See Section 5

Air Content

The air content is measured by using the pressure gauge method
as described in NS-EN 12350-7 (2009). However it is important
to know the air content when transferring the measured results
to the worksheet CPM-worksheet because the air is assumed a
part of the matrix. The equipment for measuring the air is
shown in Figure 4.1.

Before starting, calibration of the apparatus has to be done.
Regarding SCC the container is to be filled in one operation,
and no mechanical compaction is added. The pressure gauge
gives a value for apparent air content.
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Figure 4.1 Pressure gauge method apparatus [NS-EN 12350-7, 2009]

Slump-flow Test

The flow ability is of big importance. We need to know that
the slump-flow measures at least 650 mm to make sure the
concrete is in fact self-compacting. This test is done using
the 4C-rheometer. This equipment also tells us the flow rate
by measuring the time the concrete uses to reach flow of 500
mm, which is the Tsgo. The test is executed in accordance with
NS-EN 12350-8 (2010).

LCPC-box

The LCPC-box is, next to 4C-rheometer, a way to find the yield
stress. The usual way to find yield stress is from the slump-
flow, but when dealing with SCC this has been shown to give
rather imprecise values. By using the LCPC-box the concrete is
channelized instead of flowing in all directions. This gives
more precise values. The geometry of the LCPC-box is shown in
Figure 4.2.

I 150mm

// 200mm

1200mm

Figure 4.2 Geometry of the LCPC-box [Roussel, 2007]

6 liter concrete is poured in one end of the box in a given
speed so that it takes about 30 seconds to pour all the
concrete in the box. By measuring the spread length the
concrete reaches in the box, the graph in Figure 4.3 is used
to find the SCC’s yield stress. When the concrete in the LCPC-
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box gives a flow length of 480 mm or less, this method does
not give a value for the yield stress, as shown on the graph.
Also, a yield stress higher than 60 Pa does not correspond to
self-compacting concrete.

120 L (em)

110 1

100 A

90 4

80 1

70 4

60 1

50 1

Yield stress/Specific gravity (Pa)
40 L} 1 L) T L} ;
0 10 20 30 40 50 60

Figure 4.3 Correlation between spread length L and yield stress for SCC in LCPC-box
[Roussel, 2007]

Visual registration

It is a requirement that the mortar and concrete does not
separate. Separation includes bleeding (separation of water),
paste separation, segregation (mortar- or coarse aggregate
separation) and fibre balling. The mixture has to be
homogeneous in order to be satisfactory for usage, i.e. all
the constituents has to be evenly dispersed. These
requirements are verified by visual registration when testing
the slump-flow (SF), by evaluating the occurrence of fibre
balling and matrix separation.

4.2 Execution of Tests

The procedure for the tests is the following: First the mortar
is mixed; Dry matter is mixed together, that is, aggregate 0-8
mm, fines and cement. Water is poured in steadily and then 0.4
% of cement weight super plasticizer is added. In the mixes
where fibre is added these comes last in the mix of the
mortar. After waiting for two minutes for the SP to take
effect the tests are carried out.
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First the density is measured by weighing one liter of mortar.
Then a six liter bucket is filled with mortar to be poured in
the cone in the 4C-rheometer. At the same time the bucket for
measuring the air content is filled up. The measuring of air
happens simultaneously as the tests with 4C-rheometer and the
LCPC-box. After running the 4C-rheometer, manual measurements
of slump-flow are noted. The mortar from the 4C-rheometer is
gathered back in the six liter bucket and reused for the LCPC-
box. After measuring the flow in the box all the mortar is
poured back into the mixer as thoroughly as possible. At this
point the coarse aggregate is added including additional 0.4
of cement weight SP, so that the concrete contains a total of
0.8 % of cement weight SP. After leaving the mix for two more

o°

minutes while cleaning the equipment for testing, all the same
test are run for the concrete in the same way and same order

of events as for the mortar. In Figure 4.4 you can see an
example of how the results from the 4C-rheometer are shown.

Figure 4.4 Example for results from 4C-rheometer

4.3 Computations

The parameters thickness of fibre lubricating matrix around
fibres (t.), fibre rotational overlap (N.s) and maximum packing
density (&) is computed using the program ‘CPM-regneark’
(Appendix E) [Berg, 2008]. There are several parameters that
need to be considered using this program.

- Compacting factor, K

k=222

- Factor for increase of the matrix volume, o
—¥m

- Limit matrix-particle phase

d
- Value of X in.;f, limit for particle size

Berg 2008 has done experiments and calculations to find the
best approximation to the value of the compacting factor K,
when using the CPM-worksheet. Bergs thesis concludes that for
comparison of mixtures with and without fibre, 4.75 is the
best value for K, thus this thesis will use K =475 in all
computations.
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The factor for increase of matrix volume k, is the ratio
between matrix volume fraction and particle void space at
maximum packing. This parameter relates to the maximum packing
fraction (®/®,) and is useful for proportioning since the
cement content (m.) can be calculated based on w/c-ratio from
it:

_ (k(l - <pm)Vtot - Vair)

N 1 1
— 4+ —
(pc w/c

me

By measuring or calculating ®,, assuming air void content,
knowing the cement density and selecting w/c-ratio from design
criteria for strength and durability, k can be found from
experience and trial mixing based on constant consistency,
constant admixture dosage or some other suitable experimental
proportioning procedure.

In this thesis the k-factor is used to manipulate the wanted
matrix volume to match the amounts of components found in the
worksheet ‘Amount constituents’, (Appendix D) which is used to
plan the amount of coarse aggregate to be added to the mortar.

The limit value for which particles are part of the
d
lubricating mass around the fibres 1is denoted.;f. If replacing

one fibre with a spherical particle, d, is the diameter the
sphere would have to affect the packing density equally as the
fibre. The lubricating mass in this thesis is mainly

. . dyp .
calculated and assumed to be the matrix, i.e. ;—=(1125 is the

same value as the limit for matrix-particle phase. For
comparison, calculations of matrix volume and t. are also done
where the lubricating mass consists of particles up to the
same size as the diameter of the fibers, i.e. 1.0 mm. To do
this in the CPM-worksheet, the limit particle-matrix phase and

d
;f is set for 1.0 mm. dp for the fibres is 26.113, thus X is

d d
set for 209 for 3§==0125 and 26.1 for ;?==LO.

The CPM-worksheet does not take into account the air volume in
the mixtures, thus the calculations are not realistic.
Nevertheless the air volume has to be considered, as its
assumed value constitutes up to 6 % of the volume of the
mortar, and the measured values might be even higher. Since
the experiments in this thesis is based on chosen values for

matrix volume, fibre volume and air volume in mortar, a
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separate worksheet, ‘Amounts constituents’, is produced to
calculate the amounts of the components taking into account an
assumed amount of air. When using the CPM-worksheet it is
assumed that the air volume is a part of the matrix. In
practice this means that if in the worksheet

‘Proporsjonering’, the matrix volume is 380 1/m’ and the air
volume is assumed to be 3 vol-% (30 l/m?), in the CPM-worksheet
the value for matrix volume for the same mixture will be 410
1/m’.

For the calculations, values for matrix volume from the tests
are used as a basis. These values are calculated with ‘Amounts
constituents’ based on corrected values from ‘Proporsjonering’
after entering the measured air content and density.

When running the calculations in the CPM-worksheet, the value
for k is adjusted to match the matrix volume and amount of
fibre from the tests.

4.4 Sources of Error

Experiments like the ones executed for this thesis can never
be completely reliable. One must always assume that human
error may occur regarding the handling of materials and
equipment. Also the equipment itself may not be calibrated.
All experiments are based on worksheets. For this to be
reliable it is required that the presumptions that form the
basis for the programming are correct and that the worksheets
are handled correct. None of these can be guaranteed for.

An addition of possible sources of error for the experiments
in specific are listed last in Appendix B.
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5 Results

For a mortar or concrete to be accountable it has to be
homogeneous. The homogeneity is evaluated based on fiber
balling and matrix separation. In the tables this is expressed
by Visually Homogeneous (VH) or Visually Inhomogeneous (VI).
Table 5.1 and Table 5.2 show the results from the experiments.

Table 5.1 Results for experiments with mortar

fibre 0 % 1% 2 %
Matrix 1/m® (excl. air)
Homogeneity VH VI VH
Slump-flow (low) 420 mm 330 mm
Ts00 - - -
450 Air content 4.2 % 7.5 % 10 %
Pl. viscosity (p) - 25 0
Yield stress (1) (LCPC/4C) - -/193 -/502
Homogeneity VH VH VI
Slump-flow 565 mm 443 mm 350 mm
Ts00 - - -
500 Air content 1.5 % 3.4 % 8.0 %
Pl. viscosity (p) 24 28 0
Yield stress (t) (LCPC/4C) -/50 -/159 -/438
Homogeneity VH VI -
Slump-flow 518 mm 495 mm
Ts00 4.1 (2.9)
550 Air content 1.2 % 2.2 %
Pl. viscosity (p) 19 21
Yield stress (1) (LCPC/4C) 49/74 60/94
Assumed air content 3% 4.5 % 6 %

The mortar and concrete number 1, 4, 5 and 7, and to some
extent 2, are satisfactory, thus these are the ones being
considered for further investigation. Results and calculations
for the non-accepted mixes are also shown for comparison, but
in a greyscale. Due to the bad results regarding stability for
the mixes 6 and 8, a decision was made not to go through with
mix number 9. It was expected to be subject for serious
separation and fiber balling, and would not have given useful
results.

29



Table 5.2 Results for experiments with concrete

Fibre 0 % 0.75-0.79 1.52-1.60
Matrix 1/m’ (excl. air)
Homogeneity VH VI VI
Slump-flow 590 mm 600 mm 520 mm
334 Tso0 5.8 s 3.2 s -
B Air content 1.3 % 5.2 % 11 %
343 Pl. viscosity (1) 141 89 5
Yield stress (1) (LCPC/4C) 49/43 54 /37 -/71
Homogeneity VH VH VI
Slump-flow 720 mm 650 mm 530 mm
381 Ts00 1.5 s 2.8 s 5.5 s
- Air content 0.6 % 4.4 % 7.5 %
391 Pl. viscosity (p) 22 62 161
Yield stress (1) (LCPC/4C) 22/14 47-60/26 -/66
Homogeneity VH VI -
Slump-flow 705 mm 700£50 mm
430 Ts00 3.2 s 2.7 s
- Air content 0.8 % 1.8 %
441 Pl. viscosity () 59 49
Yield stress (1) (LCPC/4C) | 12-22/17 15-38/18
The worksheet ‘Proporsjonering’ (Appendix C) [Smeplass, 2004]

gives corrections for the amounts of constituents after

measuring the achieved air content and density. These

corrections give different matrix volumes than what is planned

for.

The wvalues and correlations discussed in this thesis are

based on this method for correcting the values in the mixes.

The

air

procedure for the corrections is as follows, where &g 1is
volume and p 1s density:

Volume corrected for air content is found:

Vconcrete = (1 - gair,theor + Sair,measured)

3

Mass of each constituent in 1 m”~ concrete is corrected for

measured air content

1

m' =m=*
(1 - gair,theor + gair,measured)

Corrected mass for all constituents are added together to

find the density corrected for the measured air content
Xm' = p'concrete

Mass of each constituent in 1m’ concrete is corrected for

measured density
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" ;  Pconcrete;measured
m =m *

p’concrete
- Corrected mass for all constituents are added together to

find the final density corrected for the measured density

no_ .
Zm =P concrete

The new values for matrix volume are shown in Table 5.3, with
and without air as part of the matrix. To make the connection
clearer, the air volume i1s listed as well.

Table 5.3 Matrix volume in mortar and concrete corrected for measured air content and
density. All values in liter.

Vair, Vi, mortar  Vm, mortar Vair, Vi, concrete Vi,

mortar incl. air excl. air concrete incl. air concrete

excl. air
1 42 498 456 13 348 338
2 75 504 429 52 362 323
3 100 517 417 110 401 318
4 15 531 516 6 397 393
5 34 547 513 75 454 396
6 80 566 486 75 439 380
7 12 582 570 8 452 445
8 22 607 585 18 477 463

The variation in the amount of the components has occurred
mainly as a result of varying amount of air compared to
assumed value.

In Table 5.4 and Table 5.5 all relevant parameters for all
mixes are shown, both measured in fresh concrete and
calculated with the ‘CPM-regneark’ (Appendix E). The results
are separated into mortar and concrete. To show which results
are the most relevant, the quality of the mixes are expressed
by occurrence of separation and fiber balling. They are both
explained by following remarks: no mark: homogeneous,
some=less homogeneous, yes=inhomogeneous.

The tables are divided into three sections. The first section
shows the results from the experiments, including homogeneity,
the amount of fiber and air, the rheological parameters and
the corrected volume fraction of particles. The two last
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sections both show the matrix volume without and with air
included in the matrix, calculated parameters from the CPM-
worksheet and the resulting packing fraction. The difference
between these two sections is the size which defines the limit
particle-matrix phase. In the second section the matrix is
defined according to the traditional particle-matrix model,
i.e. with lubricating mass consisting of all particles smaller
than 0.125 mm. The last section considers all particles
smaller than 1.0 mm as part of the matrix phase. 1.0 mm is
chosen because it is the size of sieve when grading the
aggregate closest to the diameter of the fibers, which is 0.9

mm.
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Table 5.4 Proportioning parameters and rheological properties for mortar

1 2 4 5 7
Separation
Fib.balling
Ve [%] 0 0.95 0 1.03 0
Vair,assumed [ %] 3 4.5 3 4.5 3
Vair, measured [ %] 4.2 7.5 1.5 3.4 1.2
SF [mm] Small 420 565 443 518
n [Pas] - 25 24 28 19
T [pal - 193 50 159 74
®4<0.125mm 0.51 0.49 0.48 0.46 0.43
®y<1. omm 0.31 0.30 0.29 0.28 0.26
dp<0.125 mm
Vi, excl.air 456 429 516 513 570
Vi, incl.air 498 504 531 547 582
te, s [mm] 0.44 0.44
Nes, ov, con 0.71 0.72
O 0.79 0.78 0.79 0.78 0.79
o/ Py 0.65 0.63 0.61 0.59 0.54
dp<1.0 mm
Vi, excl.air 665 617 709 695 743
Vn, incl.air 707 692 724 729 755
te, s [mm] 0.68 0.66
Nes, ov, con 0.71 0.72
O 0.79 0.79 0.78 0.78 0.79
O/ Py 0.39 0.38 0.37 0.36 0.33
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Table 5.5 Proportioning parameters and rheological properties for concrete

1 2 4 5 7
Separation some some some some yes
Fib.balling some some
Ve [%] 0 0.72 0 0.79 0
Vair,assumed %) 2.2 3.4 2.3 3.5 2.3
Vair, measured [ %] 1.3 5.2 0.6 7.5 0.8
SF [mm] 590 600 720 650 705
B [Pas] 141 89 22 62 59
T [pal 43 37 14 26 17
®y<0.125mm 0.64 0.62 0.60 0.58 0.55
®4<1 . omm 0.48 0.47 0.46 0.44 0.42
dp<0.125 mm
Vi, excl.air 456 429 516 513 570
Vi, incl.air 348 362 397 454 452
te, ¢ [mm] 0.42 0.51
Ncs, ov, con 0.68 0.69
O 0.80 0.80 0.80 0.80 0.80
O/ Py 0.80 0.78 0.75 0.73 0.69
dp<1.0 mm
Vi, excl.air 494 464 540 536 581
Vn, incl.air 525 520 551 561 590
te, ¢ [mm] 0.70 0.67
Nes, ov, con 0.68 0.69
O 0.80 0.80 0.80 0.80 0.80
o/ D 0.60 0.59 0.58 0.55 0.53
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Table 5.4 and Table 5.5 show that the maximum packing &, is
almost the same for all mixes, with a small decrease for the
highest amount of fibers. The volume fraction of particles
decreases as the matrix volume and amount of fibre increases,
which is natural when other constituents forms a larger part
of the concrete. This results in decreasing values for the
maximum packing fraction. The correlation between the maximum
packing fraction and the matrix volume is shown in Figure 5.1
to Figure 5.4. The graphs show that there is an almost linear
relation between the maximum packing fraction and the matrix
volume when considering the air volume as part of the matrix,
while for the matrix that does not include air, the
correlation don’t seem reliable. These results are valid for
both cases, i.e. for standard particle-matrix model with limit
0.125 mm and when regarding the matrix phase as all particles
smaller than 1.0 mm.
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Correlation packing fraction/matrix volume
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Figure 5.1 Correlation between matrix volume and packing fraction. Particle phase
includes all particles larger than 0.125 mm.
Air volume is included in matrix volume.
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Figure 5.2 Correlation between matrix volume and packing fraction. Particle phase
includes all particles larger than 0.125 m.
Air volume is not included in the matrix volume.
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Correlation packing fraction/matrix volume
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Figure 5.3 Correlation between matrix volume and packing fraction. Particle phase
includes all particles larger than 1.0 mm.
Air volume is included in the matrix volume.
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Figure 5.4 Correlation between matrix volume and packing fraction. Particle phase
includes all particles larger than 1.0 mm.
Air volume is not included in the matrix volume
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In general, there are some unexpected results regarding the
air content in both mortar and concrete. The values vary over
a broad span, and seem to be associated with the amount of
fibre. For both mortar and concrete the air content increases
with more fibre and mostly decreases with a larger matrix
volume. The experiments make it seem legit that there is a
correlation between these amounts of constituents. The

possible correlation factor that is tried out here 1is Kna7+
(55*[&). The result of this assumed correlation is shown in

Figure 5.5.
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»
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Figure 5.5 Possible correlation between the amounts of matrix, fiber and air in concrete

5.1 Comparison with Earlier Experiments

It would be advantageous to know whether these experiments
correspond with earlier experiments about the same subject.
The results executed for this thesis are to be compared with
results from [Bui et.al., 2003], and are expected to be more
or less corresponding. Bui et.al uses relative yield stress
and relative plastic viscosity as a correlation factor.
Relative here implies the relationship between measured values
for concrete and mortar. The parameters are denoted
differently in different places, so for clarification, the
parameters are explained in Table 5.6. The mortar Bui et.al
has used is of particles up to 4 mm, while the mortar in this
thesis includes particles up to 8 mm. This means that the
results are not completely comparable, but can still be used
as an indication for the correlation. Bui et.al uses four
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different types of fibres of which none are the same as for
the experiments in this thesis. They also use four different
matrix compositions.

Table 5.6 Symbols as used by Bui et.al and in this thesis

Bui et.al Here
Yield stress concrete Op T,
Yield stress mortar 0o Tm
1 1 O-B T
Relative yield stress /Um] ng
Pl. viscosity concrete Nyt Ue
Pl. viscosity mortar Np10 Um
Relative plastic viscosit Npt He
P Y /ﬁplo /:um

Figure 5.6 and Figure 5.8 are examples of the correlations
found by Bui et.al. (2003). All results show the same
tendency, displayed with a consinous line. The graphs made by
Bui et.al shows that the matrix thickness increases both for
decreasing relative yield stress and for decreasing relative
plastic viscosity. Figure 5.7 shows that the relative yield
stress and matrix thickness follows the same tendencies in
this thesis as for Bui et.al. (2003). However, Figure 5.9
does not show any clear tendendy at all. It lacks of
resemplance with Figure 5.8, thus the results are not
reliable. The following figures show that the resemblance
might not be as expected.
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Figure 5.6 Relative yield stress versus average of matrix thickness [Bui et.al, 2003]
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Figure 5.7 Relative yield stress versus average of matrix thickness. Good resemblance with
the results in Figure 5.6
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Figure 5.8 Relative plastic viscosity versus average of matrix thickness [Bui et.al, 2003]
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Figure 5.9 Relative plastic viscosity versus average matrix thickness. No Resemblance with
the results in Figure 5.8

The lack of similarity regarding plastic viscosity might be
caused by the lack of flow ability that several of the
concrete mixes showed in the experiments. The used values for
yield stress and plastic viscosity are from the 4C-rheometer,
which is intended for homogeneous self-compacting concrete.
Several of the mixes had too low measurements for slump-flow
to qualify as self-compacting, or were subject for fiber
balling and/or matrix separation. This might lead to
unreliable values from the 4C-rheometer.
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5.2 Exploration of Grading Curves

To know the importance of an accurate grading curve, tests are
run with several different grading curves. The basis for, and
execution of, the tests is explained in 3.5.

5.2.1 Fines in Aggregate

The different tests of fine aggregate gave very similar
grading curves, thus the variation is small and has little
effect on the matrix. The amount of fines wvaries from 6.6 % to
6.9 $. For 1 m’ of fresh concrete with 450 1 of matrix and 520
1 of aggregate 0-8 mm, this difference (0.3 %) will be 1.56 1,
i.e. 0.156 % of the concrete volume. When increasing the
matrix volume, the amount of aggregate is consequently reduced
and we need to add additional fines to keep control of the
matrix volume and composition. If we begin with a concrete
with 450 1 of matrix and then increase the matrix volume to
500 1, we can see how the difference in amount of fines in the
aggregate affects the need for additional fines:

With a 6.6 % amount of fines, 50 1 increase of matrix volume
results in the need for 7.62 1 of additional fines. For
comparison, when the amount of fines is 6.9 %, the need for
additional fines is 7.99 1. Thus the amount of supplementary
filler needed when increasing the matrix volume with 50 1
increases with less than 5 % when the fines are increased from
6.6 to 6.9 % of the aggregate. These results are based on the
demand for a constant relationship between fines (both part of

sand and added) and paste in the matrix.

5.2.2 Importance of the Grading Curve
The procedure and basis for these tests are explained in
3.5.2. The results are shown in Table 5.7 and Table 5.8.

Table 5.7 Parameters from mortar with different grading curves from CPM-worksheet

Grading curve ©/om te, £iv N.s matrix N.s concrete
overlap overlap
1 0.67 0.46 0.79 0.72
2 0.67 0.46 0.79 0.72
3 0.67 0.46 0.79 0.72
4 0.67 0.46 0.79 0.72
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Table 5.8 Parameters from concrete with different grading curves from CPM-worksheet

Grading curve ©/Pnm  Te, fiv N.s matrix N, concrete
overlap overlap
1 0.79 0.47 0.79 0.69
2 0.79 0.47 0.79 0.69
3 0.79 0.47 0.79 0.69
4 0.79 0.47 0.79 0.69

These results show that the difference between the grading
curves representing sand from different places in the batch
does not affect the important calculated parameters at all.
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6 Discussion

It is attempted to try and find the extent to which the
observed results can be used to predict the rheological
properties of fresh fibre-reinforced self-compacting concrete.

The tests with fresh concrete executed for this thesis shows
that it is difficult to find a correlation between some
parameters because of the unpredictable nature of concrete. A
theorist will assume it is possible to find a correlation, but
is also aware that to do so require experiments where most
parameters are kept constant. A practitioner will claim that
when you plan to make a good self-compacting concrete you
cannot plan the amount of super-plasticizer exactly, at least
not with such a big difference in the matrix volume used for
these experiments. The tests for this thesis proves the
assumption that increasing the matrix volume, and reducing the
maximum packing fraction, makes a concrete more flow able, but
it is not precise enough to show a correlation that is
descriptive enough for use to plan the flow ability of fresh
concrete.

The experiments show that with such large fibres both 2 % of
mortar and 1.5 % of concrete, fibre balling occurs. When the
experiments are so few with each amount of fibre, the
processing of the results requires that the results from the
tests are accurate. When one out of three tests with 1 % of
fibre is not satisfactory (two out of six mixes with fibre
gives accepted results), it is difficult to make a firm
assumption for the correlations. Any result based on so few
experiments would not be reliable, but can work as a basis for
further investigation. It would probably have given better
results with 0.5, 1 and 1.5 % instead of 0, 1 and 2 %, seeing
that all mixes with 2 % did not give any reliable measurements
worth working with, and knowing that a mix without fibres does
not give any results for t. or Ngs.

Because of the uncertainties of the measurements it is not
wise to put too much into the values, but rather look at the
trends for how the variables affect each other. With this way
of analyzing the results, it is not relevant which method of
measuring plastic viscosity is regarded, which is an advantage
when the values are so divergent. When looking at the problem
this way, the results found in Table 5.1 and Table 5.2
indicate that a decrease in plastic viscosity and yield stress
give an increase in t. and N.s. This means that, as assumed, a
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larger matrix volume gives a thicker layer of matrix surplus
around each fibre. Also a larger amount of fibre gives a
larger rotational overlap number for the fibres. In practice
the result is that larger t. gives a concrete with better flow
ability because of the reduced friction between the particles.

A problem that occurred for all concretes was matrix
separation. This may have been caused by too much water in the
mix combined with super plasticizer. With a smaller wvalue for

Hikp—ratio bleeding might have been less of a problem.
Presumably the most valuable results from this thesis are the
ones regarding air content. A suggestion for correlation
between matrix volume, fiber volume and resulting air content
is presented. This can, to some extent, make it possible to
predict the air content of concrete. Also it is found that the
correlation between matrix volume and maximum packing fraction
is most applicable when regarding the air volume as part of
the matrix. However, to reach these results, the calculations
are done including the measured air content. To make these
correlations useful, it is still necessary to assume an
initial value for air volume. If further investigation
develops a reliable correlation that can find the air volume
from the matrix and fiber volume, presumably iteration from
assumed initial air content will converge towards the
resulting participated air volume. For this assumption to be
valid, the results found in this thesis require that the air
volume is considered a part of the matrix volume.
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7 Compilation

7.1 Improvements

It would have been preferred to run several tests on the exact
same recipe to determine the deviation that can be expected.
This would for example result in conducting the same procedure
as explained in Section 4, but with more than one tests for
each mix, and with different concretes that are more similar
to each other. A matrix volume of 460, 480 and 500 1/m® in
mortar would probably give better and more comparable results
than 450, 500 and 550 1/m’ did. The same goes for the amount of
fibres; it would probably have given better results with 0.5,
1 and 1.5 % instead of 0, 1 and 2 %, seeing that all mixes
with 2 % did not give any measurements worth working with, and
knowing that a mix without fibres does not give any results
for t. or Nes. It is also necessary to see if the correlations
are applicable for several types of fibre, or if different
correlations can be found.

Use of a lower water/binder-ratio would probably make matrix
separation less of a problem. This is recommended to be
considered for further experiments to get more homogeneous
mixes resulting in more reliable results.

7.2 Conclusion

The results found indicate that an increase in t. and N.s gives
a decrease in plastic viscosity and yield stress. This means
that, as assumed, a larger matrix volume gives a thicker layer
of matrix surplus around each fibre. Also a larger amount of
fibre gives a larger rotational overlap number for the fibres.
In practice the result is that larger t. gives a concrete with
better flow ability because of the reduced friction between
the particles

An interesting result was the varying amount of air in the
mixes. An attempt has been done to find a correlation between
the matrix volume, fiber volume and measured air content.
Trials with formulas using the measurements from the
experiments makes it seem possible to find a way to predict
the amount of air. Regardless of this, it is found that the
correlation between matrix volume and maximum packing fraction
is most applicable when regarding the air volume as part of
the matrix.
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The grading curve is not a critical value. A representative
grading curve from the manufacturer is accurate enough for
calculation of proportioning parameters.

7.3 Further Work

For further investigation it might be profitable to contact
several concrete manufacturers to consider the recipes most
used in the industry to use as a basis. This might ensure
sufficient slump-flow without separation, because the recipe
would be proven to be satisfactory for use.

The methods and correlations investigated in this thesis
presuppose that the air volume is part of the matrix. For
these results to be beneficial it is necessary to be able to
predict the air content more precise than what is currently
usual. Therefor further investigation concerning measurement
of air content could prove beneficial for further improvements
with respect to predicting the rheology of FRSCC.

It might be easier to find a correlation if using shorter
types of fibre which are as prone to fibre balling. It would
in general be of interest to find a correlation regardless of
the main recipe for concrete. To do so requires investigation
concerning the affect from different types of fibres, cement
and admixtures, and different composition of aggregates.
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A. Grading curves

Fraksjon |
Type: 1 Ardal 0-8 mm Ardal, uvasket
Dato: FRERREEE
FM = 3,23
Apning Sikterest (g) Sikterest
1 2 (%)
32 0 0 0,0
224 0 0 0,0
16 0 0 0,0
11,2 0 0 0,0
8 36,8 33,4 28
4 247 1 2178 | 188
2 457.3 433.3 37,0
1 695,9 6925 56,2
05 9125 | 930,7 | 747
0,25 10488 1083 86,4
0,125 1134,3 1171,0 93,4
Bunn 1216 1253

Figure A.1 Sample 1, 0-8 mm

Fraksjon |l
Type: 2 Ardal 0-8 mm Ardal, uvasket
Dato: I####H#!
FM = 3,21
Apning Sikterest (g) Sikterest
1 2 (%)
32 0 0 0,0
224 0 0 0,0
16 0 0 0,0
11,2 0 0 0,0
8 19,2 221 19
4 2001 1957 | 18,6
2 3884 | 3858 | 364
1 6032 | 5954 | 563
05 800 7881 | 746
0,25 9266 | 9119 | 864
0,125 1000 982 93,1
Bunn 1072 1056

Figure A.2 Sample 2, 0-8 mm
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Fraksjon lll
Type: 3 Ardal 0-8 mm Ardal, uvasket
Dato: |m##mv#_l
FM = 3,24
Apning Sikterest (g) Sikterest
1 2 (%)
32 0 0 0,0
224 0 0 0,0
16 0 0 0,0
11,2 0 0 0,0
8 18,6 39,3 24
4 225 233 19,0
2 448 448 36,9
1 687 693 57,1
0,5 891 921 75,1
0,25 1019 1069 86,5
0,125 1098 1156 93,4
Bunn 1176 1238

Figure A.3 Sample 3, 0-8 mm

Fraksjon IV
Type: 4 Ardal 0-8 mm Ardal, uvasket
Dato: FREEERRR
FM = 3,24
Apning Sikterest (g) Sikterest
1 2 (%)
32 0 0 0,0
224 0 0 0,0
16 0 0 0,0
11,2 0 0 0,0
8 26.9 28 4 23
4 231 233 19,5
2 429 456 37,3
1 654 699 57,1
0,5 857 919 749
0,25 988 1061 86,4
0,125 1065 1146 93,3
Bunn 1143 1228

Figure A.4 Sample 4, 0-8 mm
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Fraksjon V
Type: Ardal 8-11mm, vasket
Dato: BREERERRR
FM = 6,39
Apning Sikterest (g) Sikterest
1 2 (%)
32 0 0 0,0
224 0 0 0,0
16 0 0 0,0
11,2 405 442 8 8,5
8 4594 4 | 45933 91,6
4 4986,5 4984 99 4
2 4996,2 | 49957 99,6
1 49962 | 49957 99,6
0,5 4996,2 | 49957 99,6
0,25 4996,2 | 49957 996
0,125 5002 5007 99,8
Bunn 5011 5017

Figure A.5 Sample 5, 8-11 mm

Fraksjon VI
Type: Ardal 11-16mm, vasket
Dato: RERRERE
FM = 6,92
Apning Sikterest (g) Sikterest
1 2 (%)
32 0 0 0,0
224 0 0 0,0
16 199,3 88,8 29
11,2 31894 | 32296 64,1
8 49549 | 49454 98,8
4 5010,9 | 49986 999
2 59121 4999 108,9
1 59121 4999 108,9
0,5 59121 4999 108,9
0,25 5912 1 4999 108.,9
0,125 | 5912,1 4999 108,9
Bunn 5016 5003

Figure A.6 Sample 6, 11-16 mm
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Appendix B

B. Results from laboratory experiments

Results mix 1, 02.05.12

Materialer Resept| Sats Fukt* Korr. |Oppveid™ Volumkorre ijO n—
kg/m* kg % kg korr.luft korr.dens| Korrigert
Morcem Standard FA 4973 9,946 6.0 12,7 504.0
Elkem Microsilica 0.0 0,000 0 0,000 0,0 0,0 0,0
0.0 0,000 0 0,000 0,0 0,0 0,0
Fritt vann 2437 | 4.873 1,181 3,781 3.0 6.2 246.9
Absorbert vann 44 0,089 -0.1 0,1 45
Ardal 0-8 mm nat. uvask. 14777 | 29,553 3.9 1.153 -17.9 378 1497 5
Ardal 0-0,125 mm 0.0 0,000 0.0 0.000 0,0 0,0 0,0
Ardal 8-16mm 0.0 0,000 0.0 0,000 0,0 0,0 0,0
Ardal 16-22 mm 0.0 0,000 0.0 0.000 0,0 0,0 0,0
Ardal 8-11mm 0.0 0,000 0.0 0.000 0,0 0,0 0.0
Ardal 11-16mm 0.0 0,000 0.0 0,000 0,0 0,0 0,0
0,0 0,000 0.0 0.000 0,0 0,0 0,0
0.0 0,000 0.0 0.000 0,0 0,0 0.0
0.0 0,000 0.0 0,000 0,0 0,0 0.0
0.0 0,000 0.0 0,000 0,0 0,0 0,0
Sika Eco 20 1,7 0,035 g2 0.0 0.0 1,76
0.0 0000 [ 100 | 0.0 0.0 0,00
0,0 0,000 100 0.0 0.0 0,00
0.0 0,000 100 0,0 0,0 0,00
Stalfiber 0.0 0,000 0,0 0.0 0,0
PP-fiber 0.0 0,000 0.0 0,0 0,0
27.0 56,9 2253

Figure B.1 Proportioning mortar 1
Figure B.2 Volume

correction
mortar 1
Table B.1 Results from tests with mortar and concrete 1
Measured values Mortar | Concrete
Yield stress (Pa) 43
Plastic viscosity (Pas) 141 From 4C-rheometer
Tsoo (s) 5.8
Flow (mm) 590
Air content (%) 4,2 1,3
Density (kg/1) 2252 2377.0
LCPC-box, L (cm) 28 52
LCPC-box, yield stress - 49

This mortar cannot in fact be called self-compacting
considering the bad flow-ability. The slump-flow was not
possible to measure properly, and the 4C-rheometer could not
give any values. The length of the flow in the LCPC-box was
outside of range for the graph to give a value. The mortar
might have been better behaving with the use of more super
plasticizer. This solution, however, is regarded irrelevant
considering the tests are based on constant values of

\Y
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everything but matrix volume and amount of fiber. And it is
assumed that a larger amount of super plasticizer would lead
to segregation for the mixes with a larger matrix volume.
However, considering this mix does not even have any fiber, it
was considered wise to increase the amount of SP somewhat. In
this mortar 0.35 % of cement weight is used. For the remaining
mortars, 0.4 $ of cement weight is used.

Further, after adding coarse aggregate and more SP, the
concrete was a lot better than the correlating mortar. It
behaved like a self-compacting concrete, and carried the
coarse aggregate all the way. However the concrete suffered
somewhat from matrix separation, see Figure B.b5.

Figure B.3 Mortar 1

Figure B.4 Concrete 1

Figure B.5 Concrete 1

VI



Results mix 2, 02.05.12

Appendix B

Materialer Resept| Sats Fukt® Korr. |Oppveid™ Volumkorre ijO n—
kg/m* kg % kg kg korr.luft korr.dens| Korrigert
Norcem Standard FA 4973 9,945 9,945 -15.4 -7.4 4745
Elkemn Microsilica 0.0 0,000 0 0,000 | 0,000 0.0 0.0 0.0
0,0 0,000 0 0,000 0,000 0.0 0.0 0.0
Fritt vann 2437 | 4873 48 3,832 75 36 2325
Absorbert vann 42 0,085 ;085 -0,1 -01 40
Ardal 0-8 mm nat. uvask. 14066 | 28,133 3,9 1,097 29 230 -43.5 -20.8 13423
Ardal 0-0,125 mm 48 0,096 0,0 0,000 0.096 -0.1 -0,1 46
Ardal 8-18mm 0,0 0,000 0,0 0,000 0,000 0,0 0,0 0,0
Ardal 16-22 mm 0,0 0,000 0,0 0,000 0,000 0,0 0,0 0,0
Ardal 8-11mm 0,0 0,000 0,0 0,000 0,000 0.0 0,0 0.0
Ardal 11-16mm 00 | oooo | 00 | o000 | 0000 0.0 0.0 0.0
00 | oooo | o0 | o000 [ 0,000 0.0 0.0 0.0
00 | oooo | 00 | o000 | 0000 0.0 0.0 0.0
00 | oooo | 00 | o000 | 0000 0.0 0.0 0.0
0,0 0,000 0,0 0,000 0,000 0.0 0,0 0,0
Sika Eco 20 1.7 0,035 82 0.035 0,1 0,0 1,66
0,0 0,000 100 0,000 0,0 0,0 0,00
00 | oooo | 100 0,000 00 0.0 0,00
0,0 0,000 100 0,000 0,0 0,0 0,00
Stalfiber 780 | 1560 1,560 5% Ry 74 4
PP-fiber 00 | 0000 0,000 0.0 00 00
Figure B.6 Proportioning mortar 2 66,8 32,0 2133
Measured values Mortar | Concrete
Yield stress (Pa) 193 37
Plastic viscosity (Pas) 25 89 From 4C-rheometer
Tsoo (S) 3,2
Flow (mm) 420 600
Air content (%) 7,5 5,2
Density (kg/1) 2135 2200
LCPC-box, L (cm) 37 50
LCPC-box, yield stress - 54

This mortar has low slump-flow.
from both fiber balling and matrix separation.

The concrete suffers slightly

However, it is

homogeneous enough to give useable values for calculation.
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Figure B.7 Mortar 2

Figure B.8 Concrete 2

Figure B.9 Concrete 2
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Results mix 3, 03.05.12

Appendix B

Materialer Resept| Sats Fukt* Korr. |Oppveid™] Volumkorre ijO n==
kg/m* kg % kg korr.luft korr.dens| Korrigert
Morcem Standard FA 497.3 9.945 207 -15.2 4613
Elkem Microsilica 0.0 0,000 0 0,000 0.0 0,0 0.0
0.0 0.000 0 0,000 0,0 0,0 0,0
Fritt vann 2437 | 4873 0,634 4,120 -10.2 1.5 226.0
Absorbert vann 4.0 0,081 -0,2 -0,1 3,7
Ardal 0-8 mm nat. uvask. 13356 | 26,712 3.0 0,801 -55.6 410 1239.0
Ardal 0-0,125 mm 9.6 0,19 0.0 0,000 -0.4 -0,3 89
Ardal 8-16mm 0,0 0,000 0.0 0,000 0,0 0,0 0,0
Ardal 16-22 mm 0.0 0,000 0.0 0,000 0,0 0,0 0,0
Ardal 8-11mm 0,0 0,000 0.0 0,000 0,0 0,0 0.0
Ardal 11-16mm 0.0 0,000 0.0 0,000 0,0 0,0 0,0
0,0 0,000 0.0 0,000 0,0 0,0 0,0
0,0 0.000 0,0 0,000 0,0 0,0 0.0
0,0 0,000 0.0 0,000 0.0 0.0 0,0
00 | o000 | 00 | o000 0.0 0,0 0,0
Sika Eco 20 20 | 0.040 82 0.1 0.1 185
0,0 0,000 100 0,0 0,0 0,00
0.0 0,000 100 00 0.0 0.00
0.0 0.000 | 100 0.0 0,0 0,00
Stalfiber 156.0 3,120 6.5 -4 8 144 7
PP-fiber 0.0 | 0.000 0,0 0.0 0.0
Figure B.10 Proportioning mortar 3 87,2 -64.1 2084
Measured values Mortar | Concrete
Yield stress (Pa) 502 71
Plastic viscosity (Pas) 0 5 From 4C-rheometer
Tso0 (S) - -
Flow (mm) 330 520
Air content (%) 10 11
Density (kg/1) 2090 2175.9
LCPC-box, L (cm) 29 31
LCPC-box, yield stress - -

The mortar is not at all flow able as self-compacting concrete

should be.

There was serious fiber balling in the concrete,

tendancy to bleeding.
satisfactory.

IX

as well as

This concrete is not at all
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Figure B.11 Mortar 3

Figure B.13 Concrete 3



Results mix 4, 03.05.12

Appendix B

Materialer Resept| Sats Fukt* | Korr. |Oppveid™| Volumkorreksjon—
kg/m* kg o kg kg korr.luft korr.dens| Korrigert
Morcem Standard FA 552 6 11,052 11,052 8,2 10,0 570.8
Elkem Microsilica 0.0 0,000 0 0,000 0.000 0,0 0,0 0.0
0.0 | 0,000 0 0,000 | 0.000 0.0 0.0 0.0
Fritt vann 270.8 5415 RTE ] 4.699 40 4.9 279.4
Absorbert vann 4.1 0,081 g 0,1 0,1 472
Ardal 0-8 mm nat. uvask. 13356 | 26.712 3.0 0,801 27.513 19,7 241 13800
Ardal 0-0.125 mm 205 | 0410 0,0 0.000 | 0410 0.3 0.4 212
Ardal 8-16mm 0.0 0,000 0.0 0.000 | o0.000 0,0 0.0 0,0
Ardal 16-22_mm 0,0 0,000 0,0 0.000 | 0.000 0,0 0,0 00
Ardal 8-11mm 00 | oooo [ o0 | oooo [ o000 0.0 0.0 00
Ardal 11-16mm 0.0 0.000 0.0 0.000 0.000 0.0 0.0 0.0
0.0 0,000 0.0 0,000 0,000 0,0 0,0 0,0
0,0 0,000 0,0 0,000 0.000 0,0 0,0 0,0
0.0 0,000 0,0 0,000 0.000 0.0 0.0 0.0
0.0 0,000 0.0 0.000 | o0.000 0.0 0.0 0,0
Sika Eco 20 2,2 0,044 82 0,044 0.0 0.0 2.00
0.0 0,000 | 100 0,000 0.0 0.0 0,00
0,0 0,000 [ 100 0,000 0.0 0.0 0,00
0.0 0,000 | 100 0,000 0.0 0.0 0.00
Stalfiber 0.0 0,000 0,000 0.0 0.0 0.0
PP-fiber 0.0 0,000 0.000 0.0 0.0 0,0
Figure B.14 Proportioning mortar 4 i LoD L et
Measured values Mortar | Concrete
Yield stress (Pa) 50 14
Plastic viscosity (Pas) 24 22 From 4C-rheometer
Tsoo (8) 1.5
Flow (mm) 565 720
Air content (%) 1.5 0.6
Density (kg/1) 2255.6 2358.5
LCPC-box, L (cm) 42 70
LCPC-box, yield stress - 22
(Pa)

This mortar is visually homogeneous,

completely satisfactory for a self-compacting concrete,
the 4C-rheometer could not give a value for Tspp.

suffers from bleeding,

XTI

but the slump-flow is not

and
The mortar

but is otherwise satisfactory.
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Figure B.15 Mortar 4

Figure B.16 Mortar 4

Figure B.17 Concrete 4
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Results mix 5, 30.04.2012
Materialer Resept| Sats Fukt® Korr. |Oppveid™
kg/m* kg % kg kg
Morcem Standard FA 5521 11,041 11,041
Elkem Microsilica 0,0 0,000 0 0,000 | 0,000
0,0 0,000 0 0,000 | 0,000
Fritt vann 2705 5410 0,732 4,755
Absorbert vann 3,9 0,077
Ardal 0-8 mm nat. uvask. 12645 | 25,201 28 0,701
Ardal 0-0,125 mm 258 0,516 0.0 0,000
Ardal 8-16mm 0,0 0,000 0,0 0,000
Ardal 16-22 mm 0,0 0,000 0,0 0,000
Ardal 8-11mm 0,0 0,000 0.0 0,000
Ardal 11-16mm 0.0 0,000 0,0 0,000
0,0 0,000 0.0 0,000
0,0 0,000 0,0 0,000
0,0 0,000 0.0 0,000
0.0 0,000 0,0 0,000
Sika Eco 20 272 0.044 72
0,0 0,000 100
0,0 0,000 | 100
0.0 0,000 100
Stalfiber 78.0 | 1.560
PP-fiber 0,0 0,000
Figure B.18 Proportioning mortar 5
Measured values Mortar | Concrete
Yield stress (Pa) 159 26
Plastic viscosity (Pas) 28 62
Ts00 (s) - 2,8
Flow (mm) 443 048
Air content (%) 3,4 4,4
Density (kg/1) 2255 2265
LCPC-box, L (cm) 40,5 47-60
LCPC-box, yield stress - >34

Volumkorreksjon=-
korr.luft korr.dens| Korrigert
6.0 92 5674
0,0 0,0 0,0
0.0 0,0 0,0
29 45 278,0
0,0 0,1 4.0
13,8 21,1 1299 1
03 04 26,5
0,0 0,0 0,0
0,0 0,0 0,0
0.0 0,0 0,0
0.0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0.0 0,0 227
0.0 0,0 0,00
0.0 0.0 0.00
0,0 0,0 0,00
08 13 801
0,0 0.0 0,0
23,1 35,4 2256

From 4C-rheometer

The mortar has a slump-flow of under 500 mm and has thus not a

value for Tso0 -

concrete suffers from separation and fibre balling;

values are not completely reliable.

XIIT

The value for yield stress is very high.

The
hence the
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Figure B.19 Mortar 5

Figure B.20 Concrete 5
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Results mix 6, 04.05.12

Appendix B

Materialer Resept| Sats Fukt® Kerr. |Oppveid™ Volumkorre ijO n=
kg/m kg % kg kg korr.luft |kerr.dens| Kerrigert
Norcem Standard FA 5526 | 11,051 11,051 11,3 3.3 538.0
Elkem Microsilica 0,0 0,000 0 0,000 0,0 0,0 0,0
0,0 0,000 0 0,000 0,0 0,0 0,0
Fritt vann 2708 | 5415 0,752 4736 | 55 16 2636
Absorbert vann 3,7 0,073 0,1 0,0 36
Ardal 0-8 mm nat. uvask. 11935 | 23,870 3.0 0,716 24 4 71 1162 1
Ardal 0-0,125 mm 30,1 0,602 [ 00 0,000 -0.6 0,2 293
Ardal 8-16mm 0,0 0,000 0.0 0,000 0,0 00 0,0
Ardal 16-22 mm 0.0 0,000 0.0 0,000 0.0 0.0 0.0
Ardal 8-11mm 0,0 0,000 0,0 0,000 0.0 0,0 0.0
Ardal 11-18mm 00 | oooo | 00 0,000 0.0 0.0 0.0
0,0 0,000 0.0 0,000 0,0 0,0 0,0
0,0 0,000 0,0 0,000 0,0 0,0 0,0
00 | o000 | 00 0,000 0.0 0.0 0.0
00 | o000 | 00 0,000 0.0 0.0 0.0
Sika Eco 20 2.2 0,044 82 0.0 0.0 215
00 | ooo0 [ 100 0.0 0.0 0.00
00 | o000 | 100 00 00 0.00
00 | oooo | 100 0,0 0.0 0,00
Stalfiber 156.0 3,120 -3.2 -0,9 151.9
PP-fiber 0.0 | 0,000 0.0 0.0 0.0
Figure B.21 Proportioning mortar 6 -41,9 -12.2 2149
Measured values Mortar | Concrete
Yield stress (Pa) 438 06
Plastic viscosity (Pas) 0 16l From 4C-rheometer
Tsoo (S) - 95,95
Flow (mm) 350 530
Air content (%) 8 7,5
Density (kg/1) 2152 2225
LCPC-box, L (cm) 27 -
LCPC-box, yield stress - -

Both mortar and concrete suffers from serious fibre balling.

In addition,

the concrete suffers from matrix separation.

The

results for these measurements are not reliable.
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Figure B.22 Mortar 6

Figure B.23 Concrete 6
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Results mix 7, 04.05.12

Appendix B

Materialer Resept| Sats | Fukt® | Korr. |Oppveid** Volumkorreksjon—
kg/m kg %o kg korr.luft [korr.dens| Korrigert

MNorcem Standard FA 6079 12,158 10,8 11,6 6305

Elkem Microsilica 0,0 0,000 1] 0,000 0,0 0,0 0,0
0.0 0,000 0 0,000 0.0 0.0 0,0

Fritt vann 2979 5,857 -0,780 53 57 308.7

Absorbert vann 3.7 0,074 01 01 38

Ardal 0-8 mm nat. uvask. 119356 | 23,870 31 0,740 211 22 8 1237 .8

Ardal 0-0,125 mm 410 | 0820 [ 00 | 0000 0.7 0.8 425

Ardal 8-16mm 0.0 0,000 0.0 0.000 0,0 0,0 0,0

Ardal 16-22 mm 0,0 0,000 0,0 0,000 0,0 0,0 0,0

Ardal 8-11mm 0.0 0,000 0,0 0,000 0.0 0.0 0,0

Ardal 11-16mm 0,0 0,000 0,0 0,000 0,0 0,0 0,0
0.0 0,000 0.0 0.000 0,0 0,0 0,0
0,0 0,000 0.0 0,000 0.0 0,0 0.0
0,0 0,000 0,0 0,000 0,0 0,0 0,0
0,0 0,000 0,0 0,000 0,0 0,0 0,0

Sika Eco 20 2.4 0,049 g2 0.0 0.0 2,21
0,0 0,000 100 0.0 0.0 0,00
0,0 0,000 | 100 0.0 00 0,00
0.0 0,000 100 0,0 0,0 0,00

Stalfiber 0.0 0,000 0.0 0.0 0,0

PP-fiber 0,0 0,000 0.0 0.0 0.0

38,0 41,1 2224

Figure B.24 Proportioning mortar 7

Measured values Mortar Concrete

Yield stress (Pa) 74 17

Plastic viscosity 19 59 From 4C-rheometer

(Pas)

Tsoo (8) 4,1 2,3

Flow (mm) 518 705

Air content (%) 1,2 0,8

Density (kg/1) 2223,7 2347

LCPC-box, L (cm) 52 70-86

LCPC-box, yield 49 12-22

stress

The mortar was stable,

concrete however was the opposite.

satisfactory,
B.26.

but it was separating,

XVIT

but not as flowing as expected.

The

The slump-flow is
as you can see in Figure
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Figure B.25 Mortar 7

Figure B.26 Concrete 7
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Results mix 8, 07.05.12

Appendix B

Materialer Resept| Sats Fukt® Korr. |Oppveid™
kg/m® kg % kg kg

Norcem Standard FA 6079 12 158 12,158
Elkem Microsilica 0.0 0,000 1] 0,000

0,0 0,000 1] 0,000
Fritt vann 2979 5,957 -0,738 5,292
Absorbert vann 25 0,070
Ardal 0-8 mm nat. uvask. 11225 | 22 449 3 0,696
Ardal 0-0,125 mm 458 | 0916 0,0 0,000
Ardal 8-16mm 0,0 0,000 0,0 0,000
Ardal 16-22 mm 0,0 0,000 0,0 0,000
Ardal 8-11mm 0.0 0,000 0.0 0,000
Ardal 11-16mm 0.0 0,000 0.0 0,000

0,0 0,000 0,0 0,000

0,0 0,000 0,0 0,000

0.0 0,000 0.0 0,000

0.0 0,000 0.0 0,000
Sika Eco 20 2.4 0,049 g2

0,0 0,000 100

0,0 0,000 100

0.0 0,000 100
Stalfiber 78.0 | 1560
PP-fiber 0,0 0,000
Figure B.27 Proportioning mortar 8
Measured values Mortar Concrete
Yield stress (Pa) 94 18
Plastic viscosity (Pas) 21 49
Tsoo (8) (2,9) 2,77
Flow (mm) 495 64 - 74
Air content (%) 2,2 1,8
Density (kg/1) 2291,5 2374,7
LCPC-box, L (cm) 48 58 - 80
LCPC-box, yield stress 60 15 - 38

Volumkorreksjon-

korr.luft korr.dens| Korrigert
13,7 25,1 6466
0,0 0,0 0,0
0,0 0,0 0,0
6.7 12,3 316,8
0,1 0,1 3,7
25,2 46,3 1194,0
1,0 1,9 48,7
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,1 0,1 2,59
0,0 0,0 0,00
0,0 0.0 0,00
0,0 0,0 0,00
18 32 830
0,0 0,0 0,0
456 8 85,7 2293

From 4C-rheometer

Serious fiber balling and matrix separation occurred in both

mortar and concrete.
calculations.

XIX

The values are not reliable for
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Figure B.28 Mortar 8

'.

Figure B.29 Concrete 8
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Appendix B

Results mix 9, 07.05.12

Seeing that both the mortar and the concrete in mix 8 suffers
from fiber balling and has a significant halo, a decision is
made not to go through with testing of mix 9 as this one has
the same properties other than the amount of fiber. Increasing
the amount of fiber from 1 % to 2 % is guaranteed to cause
even more serious fiber balling, thus known not to give useful

results for the research.

Materialer Resept| Sats Fukt® Korr. |Oppveid™
kgm* kg
Norcem Standard FA 6079 | 12,158
Elkem Microsilica 0,0 0,000
0,0 0,000
Fritt vann 2979 5957 5332
Absorbert vann EIE) 0,066
Ardal 0-8 mm nat. uvask. 10514 | 21,028
Ardal 0-0,125 mm 50,6 1,012
Ardal 8-16mm 0,0 0,000
Ardal 16-22 mm 0,0 0,000
Ardal 8-11mm 0,0 0,000
Ardal 11-16mm 0,0 0,000
0,0 0,000
0,0 0,000
0,0 0,000
0,0 0,000
Sika Eco 20 24 0,049
0,0 [ 0000
0,0 0,000
0,0 0,000
Stalfiber 156,0 3,120
PP-fiber 0,0 0,000

Figure B.30 Proportioning mortar 9
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Sources of error

The measurement of the density of the mortar and concrete is
not guaranteed to be representative. The fibers are relatively
long compared to the size of the shovel used to move the
concrete; hence the fibers may be cumbersome to move to get a
representative test. The fiber density is much larger than
that of the other components in the concrete, thus the
variation in amount of fiber gives large effect on the overall
density.

After running tests on the mortar it is taken back in the
mixer and reused for the concrete. Naturally some of the
mortar remains in the test instruments. This causes
uncertainties in the relationship between the components in
the concrete. However, the tests are carried out in the same
way and by the same people for all mixes so it is assumed that
it is somewhat the same loss of mortar for all mixes, and the
variation will not be critical.

The content of moisture in the aggregate can vary. The
moisture has to be calculated for when planning the mix. For
these tests a certain amount of aggregate 0-8 mm is put away
in a sealed container and measured for moist before using. For
the moisture in the aggregate to remain as measured it is
provided that the container actually is tight enough to keep
the moist from evaporating.

The fines in the aggregate 0-8 mm can vary somewhat and will
affect the matrix volume accordingly. This uncertainty is
accounted for in the reports chapter O.
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C. Worksheet for proportioning: ‘Proporsjonering’

Initialparametre Yerdi k
wifz+Zkp) 043 -
=i [silikastou] [] 0,0 1,00
Hz [Filler, Fiyweaske] [%] 0,0 [
Luftinnhold [3] 45 -
Tilsetningsstoff avl | Xavhs
Sika Eco 20 040 0,00
0,00 0,00
0,00 0,00
0,00 000
Fiber Yol 5
Stalfiber 10
FP-fiber [TN]
Moatriks Yerdi |
Onsket matriksvolum [Iim®] ]
Oppnidd matrikswalum™ [Iim?] 500
W olum sementlim [Iim*] 458
wip 041

“Tiipess mariswoia; Ol M

Proporsjonert betong

| Urfart aw [Firma | Dato |
| Suerre Smeplass | Skanszkahlorge A5 Betonqaud 02122004 |
Materiale Densite Tarrsto Alkaliey Klorider
[katm?] { [x] ] [#]
MNorgem Standard F A 2950 100,00 0,00 0,00
Elkem Microsilica 2200 00 0,00 0,00
2660 00 0,00 0,00
SikaEco 20 1100 28 0,00 0,00
100 a 0,00 0,00
1200 a 0,00 0,00
000 i 0,00 000
Stalfiber Ta00 - - -
PP -fiber 1000 -

“For semant, porrolaner of filiers onils darsns oy Sarsaol

For TSS ooogls vt dermbet

@nsket Oppnadd

Fersk betong

|—‘JJ i komelesjor Tl K |

Volumkorreksjon---

Materialer kg kg
Forcem Standard F A 1,0 1.0
Elkem Microsilica 0,0 nn
0,0 1]
Fritt wann 5.4 54
Shbsorbert vann 01 01
Ardal 0-8 mm nat. uvask. 28,3 263
Ardal 0-0,125 mm 05 [
Erdal 3-16mm 0.0 ]
Erdal 15-22 mm 0.0 ]
Erdal 8-1Tmm 0,0 0,0
Erdal N-16mm 0,0 00
0,0 0,0
0,0 1]
0,0 0,0
0.0 JIA1]
Sika Eco 20 0,04 0,04
0,00 0,00
0,00 0,00
0,00 000
Stalfiber 16 18
FP-fiber 0,0 o0

Frop. betongdens. [kaim®]

XXITT

Egenskap korrluftorr.deng orrigert
_|@nsket volum [:X1] EE hE7 4
Inreid walum (1] 0,0 [1N1] 0,0
Luftinnhold (3] 00 0,0 00

Il betongdensitet [kgf 243 45 2ve0
Effektivt u[c+Lkp] 0,0 01 4.0

13,8 211 1294,1

ST 03 | o4 | 265
_________ 0.0 0.0 0.0
_|Aggqressiver 0.0 0.0 0.0
Eloridinnkald [ av cem. 0,0 [1N1] 0,0
Alk.alier [kaim’] 0,0 0,0 0,0
Andel reakt. bergarter [54 0,0 0o 0,0
) 0.0 ] 0.0
0,0 0,0 0,0
0,0 0,0 0,0

00 0,0 227

0,0 0,0 0,00

0,0 oo 0,00

] oo 0,00

02 13 a0
00 TN 00

23,1 204 2206
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D. Worksheet ‘Amount constituents

Fa't £2'5 367 L6 02l P98’ 8AEL s WL AEb000 l8k00 | 820 o' £E'0 B0l 7l ¥ SO50'0 025D I
ie's 255 s Wz 0951 296'S  83kEl 8822 AIB'D Ask00 ASRO0 | SED 0eE'r 450 B0OL £ 20 G000 0AED I
0g's FE'G 35 ¥Z'2 o000 Z96'G 89LEL BGR'SZ 023 3RO’ Ask0D | LED 0F's 080 BO0L 30 0 G000 0AED 1
0E's ¥E'S ' ¥2'2 0EL'E 0EF'S 230 BSE'SE W90 ZERO0 ZER00 | £270 0F's 090 ME FA ¥ SO50'0 025D ok
£FE EZ'3 35 L8 0851 025 290 BLE'SE GOS0 ZRRO0 20D | BHD DE's  #8'0 A E'D 20 G080 OAED ok
65 £33 L' 15'2 000 0EF'S 290l BRISE OW'D ZEROD SvR00 | S0 05 230 B a0 ] SO50'0 025D 0k
9’5 93 L' 152 021 2L 95E'E BE9'SZ OBL'0 2SBS0 SES00 | A0 0¥ 290 528 A ¥ G000 02D g
B0 on'sL 3B ¥a'e 0a5'l  8£8'% A%E'E BWAZ SRO0'D BBE0'0 8BZ0'D | 0D 0E'e L0 §2'8 E'D z'0 G000 OAED B
Z0L Lrer) 'y L2 0000 gAE¥F 956’6 BESEZ 000 8BS0 S6C0'0 | 000 oF'0l G20 G2 20 0 SO50'0 025D G
(6] (6] ] ] [E4) (By) [64) (B) (B4) (6] |(qoueqy) (yoeeqn) yoxeqy yareqy ] [youeg) [yueg) LS00 39 OIN0HE
ELR T 3 T kg Hely B LTI ] L HTT] HEHTT] G R *'5aH I .._:.._._. "y ._.1____.1“2..._._. =i 1.__.1_.
[ayBram Juail s jo =] I_E_Eu_.__uu Ul 45 unoweyBiam juawad o ) I;m:_uE Ul ds .EEIH WIIE] 0 JUNOY
TEE 132 £t BE (95} BEZ 203 1501 PE0S  PEFE 9LEZ | L0BE 0'0LE 992 FFOS G000 02D
BlF BLE a4t 01 (8L BEE #03 il UG PEEE ACERE | L2 OGRS FBEZ FHO0S G000 0AED
St 26T g3l (0 BET #03 Ll 20k FEFE  9ELFE | S¥SL 0'09F TS vOS SOE0'0 025D
Stk LBE g3l P T 211 1z £55 Lel £one 227 fAZE | L2W 002k Z'0S §eht G000 0AED
i e gl BlIL (82 142 £55 ¥zl 17'62 e FAZT | LGB 0'Sk+ 028 §'8GF G000 0AED
26 7eL fal 521 |0 17 £55 52E1 15"z A7 FRATE | wLL 0oLy g'5E GESE GOE0'D 02D
f6F 7L gal 521 |94l L BEF 5281 258 BBl ZIERL | BE'E 0oLy 85 LT G080 OAED
575 05E fEl el (8L FE BEF anfl al'y IBET  ZIEE 113} I'SeF S5 L9 SOE0'0 025D
155 238 202 BEl |0 L BEF L%l oo IBET  ZIEE'L [ o0 nozs  £e LA G000 0AED
[unBy) (i) ) ] (unB) [uyey) [pwgbiy]  [pugfiy)  [pugfey) (B ] Gwal Gl Gl oyl Gl L) LSO 33 d1n0HS
LU T LLA T __.._._..___. _._..-.___. e T ] ™y ! [11] .:1.1-..-E UTT] _...au_n_u_ m._au_n_._ B+ -.um_.-._._. LY ___“_._._. ._-..-.___.mum_..-._._. l.___.mn ..-.__..._. .__
[papnpzu) 100 saem pue uopdiosqe Babbe JuauoaEn AINIEILPE "SInEIUpE] Jygan
[ugEry) fisuap 1aqy ([IZE)] fyisuap-4g
[ugbiy) fiysuap Juawan [(ugbiy) fiysuap pues [=-ww] I“mw_._“_ » 1L pUES =i

[[FEifElpue 11-3 1218 A- pue "sqy "Baibbe "1a1eA “wWpE "2INMTIWPE “[2UI 0] PAPUIEa 34 01] Jeuow jo suoiiodoad jeanaloay )



Appendix E

E. Excerpt from the worksheet ‘CPM-regneark’
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Appendix E

Ardal 8-11 | Ardal 11- | Ardal 11- | Yolumandel fiber ar tilslagsfiber
steimare | 16 steim | 16 wazket |10 10% 191% 11% 11% 11% 182% 1.8% 182 %
40% B0 0% 043% 05% 052% 053% 054% 055% O057% 055% 053%
SE % T 0% 054% 055% O057% 0O55% 053% 061% 062% OE3% 065X
0% 45 % 0% 053% 0B0% 0G2% 063% O65% 066N 067X 063% o070y | S
25 % 40% 0% 063% 0BEY 0BEX 0BEY 070% 01X O73% 074% OTEX|E
24 % 6% 0% 067% 063X O70% 072% 074% 075% 07T 073N 080%| =
20 % 0% 0% O70% 0% 07E% O 075% 076N 0TS 050% 081% 053%| =
16 % 24 % 0% o7 072% 074% OVER O75% 073N 051% 083X 085%| o
12% 15 % 0% O71% 073% 075% O76% 076% 0&0% D@20% 033% 086%| 5
g% 12 % 0% O71% 072% 074% OT6% OTSN 073X O51% 083% 055% |0
4% % 0% O70% 072% 073% 075% 07T 073X 050% 082% 054%
0% 0% 0% DE3% O71% 072% 074% OTEN OTTX O79% O08% 083 %
tykkels¢ ruandt Fiber
Ardal &-11 | Ardal 1- | Ardal 11- | ¥olumandel fiber ar tilslagsfiber
steimare | 16 steim | 16 razket |10 10% 11% 14% 11% 11% 12% 12 % 1°0%
40 % K 0% 054 051 073 077 075 073 071 063 06T
G6 % B4 % 0% 077 074 0f2  0f0  0FE 066 06F 063 06
0% 45 % 0% 072 070 0ET 06 0F4 062 060 055 057
T 40% 0% 063 0OET  06E  0OF%  0E] 053 055 056 055
24 % SE % 0% 053 057 OGS 0OF%  0El 053 055 056 055
20% 0% 0% 072 070 0RS  0fE  0OF4  0OFE2 0K 053 0&8f7 | =
16 % 24 % 0% 075 076 0fF 07 0E3 06T 0OES  0f64 06D
12% 15 % 0% 0E5W 055 0F0  Od8We OT6 074 0OT2  0T0 06
g% 12% X Ogid | OGdme 0G5 OGE 0S4 0F 073 0F7 075
4% % 0% 1,050 {00 Tost o5l o052 053 087 054 0g
0% 0% % 112 0 40F o6 405 D400 0@7T 085 082 080
—1
Ardal &-11 | Ardal 11- Ardal 11- | Yolemandel Fiber ar tilslagsFfiber
cteimare | 16 cteim | Ihwacker |OOE 10X 10X 11 11% 11% 11 12T 17% EER
40% B0 0% 433 507 07 E0§  G05  G0F 508 503 505 50
GE % T 0% 473 434 454 435 455 435 436 436 436 437
0% 45 % 0% 472 486 486 48T 45T 455 485 485 4853 483
oF % 40 0% 473 4SBT 48T 48T A& 48% 486G 483 453 4&3
24 % 6% 0% 455 453 453 453 500 500 500 SO0 B0l 509
20 % a00% 0% E1E a4 524 584 5@ =5 35 3 T
16 % 24 % 0% EEd ER0 550 5ARQ) EEd EEd EEd & T
12 % 15 % 0% B33 G03 GO0 B0 G04 EO4 EO4 EO4 EO4 B4
g% 12% 0% B47 GBS0 GED BEO BEO BEO BEO BEO BEO BEQ
4% % 0% B35  B3T  B3T  B3T BT BT BAT BA%  BAS 635
0% 0% 0% T43  T4S 745 745 TG TG 745 745 T4E  T4S
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