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Preface

This study has been carried out within COIN - Concrete Innovation Centre - one of presently 14
Centres for Research based Innovation (CRI), which is an initiative by the Research Council of
Norway. The main objective for the CRIs is to enhance the capability of the business sector to
innovate by focusing on long-term research based on forging close alliances between research-
intensive enterprises and prominent research groups.

The vision of COIN is creation of more attractive concrete buildings and constructions. Attractiveness
implies aesthetics, functionality, sustainability, energy efficiency, indoor climate, industrialized
construction, improved work environment, and cost efficiency during the whole service life. The
primary goal is to fulfil this vision by bringing the development a major leap forward by more
fundamental understanding of the mechanisms in order to develop advanced materials, efficient
construction techniques and new design concepts combined with more environmentally friendly
material production.

The corporate partners are leading multinational companies in the cement and building industry and
the aim of COIN is to increase their value creation and strengthen their research activities in Norway.
Our over-all ambition is to establish COIN as the display window for concrete innovation in Europe.

About 25 researchers from SINTEF (host), the Norwegian University of Science and Technology -
NTNU (research partner) and industry partners, 15 - 20 PhD-students, 5 - 10 MSc-students every year
and a number of international guest researchers, work on presently eight projects in three focus areas:

. Environmentally friendly concrete
. Economically competitive construction
. Aesthetic and technical performance

COIN has presently a budget of NOK 200 mill over 8 years (from 2007), and is financed by the
Research Council of Norway (approx. 40 %), industrial partners (approx 45 %) and by SINTEF
Building and Infrastructure and NTNU (in all approx 15 %).

For more information, see www.coinweb.no

Tor Arne Hammer
Centre Manager




Summary

The importance of mix design is crucial in order to obtain self-consolidating concrete (SCC) that is
fluid enough to completely fill the form and simultaneously stable against segregation of aggregates
and bleeding. Stability of SCC can be achieved in at least two ways: By aid of fines and/or filler, and
by aid of chemical stabilizer. The main objective of this study is to investigate the influence the effect
fillers and chemical stabilizers have on rheological properties of concrete and matrix. The stabilizing
properties of two chemical stabilizers (polymer type and cellulose derivate) and three fillers (limestone
filler and two fillers sieved from sand) have been investigated. Two types of acrylate based
superplasticizers were used in order to investigate effect of dispersion and possible interactions
between these admixtures and the two groups of stabilizers.

The results showed that the effect of stabilizers depended on plasticizer type and dosage (i.e.
dispersion). However, for both superplasticizers, filler addition gave a stronger viscosity increase than
the chemical stabilizers.

Of the two chemical stabilizers, the polymer type had stronger thixotropic effect than the cellulose
type. However, for both superplasticizers, addition of filler gave a stronger viscosity increase than the
chemical stabilizers.

Matrix viscosity increased with increasing volume fraction of solids in line with the Krieger-
Dougherty equation. Viscosity and thixotropy of matrix dispersed with SP2 increased with increasing.

The report is concluded with suggestions for further work, including full-scale experiments in order to
investigate effect of stabilizing method and final surface quality of wall elements.
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1 Abbreviations

c.e. concrete equivalent
C08  Filler sieved from non-washed, crushed 0/8mm sand
LS Limestone powder

MR  Mass Ratio

SCC  Self-consolidating concrete

SF Slump flow

SP Superplasticizer

VMA Viscosity modifying agent

VSI'  Visual segregation index measured on the flow board

VSI™  Visual segregation index measured in the concrete mixer

W02  Filler produced crushed 0/8 mm sand (CO08). The sand is thereafter sieved to obtain the 0/2 mm
fraction and then washed.




2 Introduction

2.1 Principal objectives and scope

The importance of mix design is crucial in order to obtain self-consolidating concrete (SCC) that is
fluid enough to completely fill the form and simultaneously stable against segregation of aggregates
and bleeding. Stability of SCC can be achieved in at least two ways: by the aid of fines and/or filler, or
by the aid of chemical stabilizer.

This study has been made with a practical approach based on scenarios that could occur on an actual
building site for ensuring consistent stability and castability of fresh concrete, i.e. addition of filler or
stabilizers. Chemical stabilizers are added to concretes with low content of fines i.e. as a substitution
for filler. This project studies thus the rheological and fresh properties of concretes and matrices
stabilized by addition of fillers versus concretes stabilized with chemical admixtures, the latter
generally having a lower matrix content than the filler stabilized concretes. Special attention is given
to viscosity and thixotropy since these parameters are believed to influence stability, form-filling
ability, the migration and evacuation of entrapped air bubbles and thus the final surface quality of
hardened concrete elements.

2.2 Background

2.2.1 Importance of robustness and stability for SCC

Self-consolidating concrete (SCC), first developed in Japan during the mid-1980’s, has been described
as one of the most innovative developments in the field of concrete technology [De Schutter et al
2008]. Improved placing of the concrete and better work environment are two of the most important
benefits of using SCC compared with traditional vibrated concrete. Unfortunately, SCC cast in-situ in
Norway has stagnated at a low market share. Main reasons are probably low robustness against
fluctuations of the concrete production and that SCC relatively costly. Better control of robustness and
cost reduction will thus be of importance to eliminate the reluctance to use more SCC [Vikan 2008].

Robustness can be defined as the ability of fresh concrete to maintain its properties within narrow
limits when the proportions of constituent materials change significantly [De Schutter et al 2008].
Stability of fresh SCC defines the ability of a concrete mixture to retain its homogeneity through the
fresh phase, both at rest and subject to loads due to transport, form-filling and compaction [Daczko
2002]. Stability can be categorized as dynamic or static. Dynamic stability refers to the characteristic
of the concrete mixture to resist segregation during the production, transport and casting process.
Static stability refers to the ability of the concrete mixture to resist bleeding, segregation and
settlement once all placement and casting operations have been completed [Smeplass 2009].

2.2.2 Rheological description of SCC

Stability and robustness can be described by the rheological properties of the concrete. The behavior
of fresh concrete is often approximated by the Bingham model:

T=T,+ [, Y (1

where 1, is the yield stress, 7 is the shear rate, and , is the plastic viscosity.

The yield stress may be associated with filling capacity, more generally, with whether or not concrete
will flow or stop flowing under an applied stress. Plastic viscosity may be associated with the velocity
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at which a given concrete will flow once it is initiated. In the field of concrete casting, the applied
stress is mainly due to gravity. Yield stress is reported to be the most important parameter for
formwork filling: A purely viscous fluid (with zero yield stress) will self-level under the effect of
gravity. Gravity will then induce a pressure gradient in the fluid if the upper surface of the material is
not horizontal. This pressure gradient will generate a shear stress in the material that creates a shear
rate and forces the material to flow. The viscosity of the material will influence the time needed to
obtain a horizontal surface (i.e. rate of flow) [Roussel 2009].

Thixotropy is defined as the ability of a material to reduce its resistance to flow (apparent viscosity)
with increased flow (shear) or agitation and to regain its original stiffness when at rest. The process is
repeatable and reversible [De Schutter et al 2008]. Thixotropy has been found to strongly decrease the
formwork pressure of SCC [Billberg 2003, Khayat et al. 2005]. Thixotropy has moreover been related
to improved SCC stability [Roussel 2006, Lachemi et al 2004, Khayat and Guizani 1997, Rols et al.
1999]. However, highly thixotropic SCC may in specific conditions induce distinct-layer casting that
can generate lowered mechanical resistance of the final structure and lowered aesthetic quality of the
surface [Roussel and Cussigh 2008].

Thixotropy can be measured as the area between the up- and down-curve for shear stress measured
over a shear rate range (hysteresis loop). This area is, however, depending on the shear history of the
material. Absolute area values can therefore not be regarded as material parameters [Barnes et al
1989]. Some examples of hysteresis loops shapes are given in Figure 1.
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Figure 1: Examples of possible shapes of hysteresis loops [Mewis and Wagner 2009]

The draw backs of the hysteresis loop method can be avoided by instead using stepwise changes in
shear rate or shear stress. By shearing the sample at a given shear rate until steady state is reached one
can achieve reproducible initial conditions. The shear rate is then dropped and the degree of viscosity
recovery recorded [Mewis and Wagner 2009]. The principle of the method is illustrated by Figure 2.

Positive thixotropy values indicate that structure is broken during flow and recovers during rest.
Negative thixotropy (rheopexy) indicates that structure builds during flow.




Shear rate

STEP CHANGE

Shear stress

Breakdown Equ“fbn'um
,/ levels of
stress

Rebuilding

Figure 2: Thixotropy measurements by the shear rate step function. Shear rate profile (above) and theoretical

Time

viscosity development (below) as a function of time [Barnes et al. 1989]

2.2.3 The particle-matrix model

A given concrete consist of a wide range of materials such as cement, water, powders, aggregates and
admixtures. These materials differ in properties such as particle size, shape and water affinity. The
particle-matrix model developed by E. Mertsell in 1996 is an attempt to simplify the understanding of
how the different components, alone or in combination with others, influence the workability of a
given concrete. The model assumes that fresh concrete consist of a particle phase (aggregates >
125um) dispersed in a fluid matrix phase (water, powders < 125um and admixtures). The matrix
consists thus according to the model of the fluid component that encloses the solid particle phase and

fills all voids [Smeplass and Mertsell 2003].

Properties of the
particle

Volume ratio
Matrix/particle

Workability

Properties of the

Figure 3: The particle-matrix model (based on the work of Mertsell, 1996)

matrix
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2.2.4 Material factors influencing robustness and stability

Segregation within fresh concrete is a phenomenon related to the plastic viscosity and density of the
cement paste. It is strongly linked to two assumptions: A solid denser than a liquid tends to sink and a
viscous liquid flows with difficulty around a solid [De Schutter et al 2008, Betancourt 1988].

Ways of ensuring stability of SCC include [Takada et al. 1998, Kim et al. 1996, Corradi et al. 2003]:

e Modify viscosity and/or yield stress of the matrix by aid of admixtures known as viscosity
modifying agents (VMAs) or stabilizers

e Mineral additions such as ultra-fine amorphous colloidal silica (UFACS), slags and fly ash

e Fillers (defined in Norway as fine aggregate with particle sizes < 125um)

e Use aggregates with the same density as the matrix (probably not an applicable solution with
today’s natural aggregates)

SCC stabilized with a combination of fines and admixtures have been reported to be more stable
against alterations of aggregate humidity than SCCs with either fines or admixture as the only
stabilizing component.

2.2.5 Influence of additional powder as stabilizer

Stabilizers in the form of powder can be [Khayat 1998].
e  Water swelling materials with high surface area that increases the capacity of retaining water,
such as bentonite and silica fume
e Powders with high surface area that increases the content of small particles in the paste and
thereby the thixotropy. Examples of this type of material are fly ash, hydrated lime, kaolin,
different types of rock dust, diatomaceous earth etc.

Particle symmetry influences both viscosity and particle packing. Deviation from spherical shape
results in increased viscosity when the phase volume remains constant. This effect is caused by
asymmetrical particles counteracting rotation within the paste to a stronger extent than spherical ones.
Correspondingly, particles with a rough surface and oblong shape needs more paste to obtain a given
workability than concrete containing spherical particles with a smooth surface. Fillers with
unsymmetrical and porous particle shape have also been reported to encapsulate more air than
spherical particles [Moosberg-Bustnes 2003].

2.2.6 Influence of chemical stabilizers

Chemical, stabilizing admixtures, also known as anti washout admixtures are added to concretes with
low content of fines and can be grouped as [Khayat 1998]:

e  Water soluble, synthetic or natural polymers that increases the viscosity of the mixing water.
Examples of this type include cellulose ethers, polyethylene oxide, polyacrylamid and
polyvinyl alcohol.

e  Water soluble flocculants that absorb on the cement surface and increase the viscosity due to
increased attraction between the particles. This group includes styrene copolymers with
carboxylic groups, synthetic polyelectrolytes and natural rubber.

e Emulsions of different chemical materials that increases the attraction between the particles
and supply small particles to the suspension. This group includes acrylic emulsions and clay
solutions.




Frequently used stabilizers for cementitious systems have been water soluble polysaccharides such as
cellulose-ether derivates and welan gum. These bind some of the mixing water and increase thereby
the viscosity of the matrix [Khayat 1998].

Chemical stabilizers based on cellulose and welan gum have been reported to retard the setting time of
cement. This retarding effect has been explained by the polymer chains adsorbing on the cement
surface and thus affection the hydration [Lachemi et al. 2004, Gupta et al 2005, Cooper et al 2005].

Stabilizers have also been reported to result in reduced air content in SCC due to increased viscosity of
the paste and thereby increased inner pressure of the air bubbles [Khayat and Assaad 2002].

2.2.7 Influence of superplasticizers

Polycarboxylate based superplasticizers have become popular admixtures for SCC due to their good
water reducing properties and ability to maintain flow over time. Polycarboxylate is a generic term for
a group of compounds that can be split into the groups acrylate based (A), methacrylic based (B) or
maleat based (C) depending on the main chain (see

Figure 4) [Pellerin et al 2005].

Stabilizers can through synthesis be integrated into the superplasticizer. Incompatibility between the
two admixtures is then avoided [Ghezal and Khayat 2001].

Thixotropic properties of the concrete have been reported to depend on the type of polycarboxylate
applied as superplasticizer [Toussaint et al 2001].

L L]

sy HetCHyC CHy-C H
L B R Chy ’
C=0H = | ﬁ%:(’ H-t~CH—C—CH—oC H
o |, R CHy COOK COOM J
{4 .Hz n

R=H, CH
(A) Polycarboxylic acid 0 :

(Acrylate 1) (B) Copolymer of acrylic acid (C) Copolymer of olefin-maleic acid
and acrylic ester (Acrylate 2)

Figure 4: Chemical structure of polycarboxylate based polymers [Pellerin et al 2005].




3 Experimental

3.1 Materials

EN 197-1-CEM II/A-V 42,5 R Portland fly ash cement was used for all experiments. The cement had
a Blaine fineness of 450 m*/kg and density of 3010 kg/m’

Gneiss/Granite aggregates of following fractions were used:
e (/8 mm sand, 111-curve, Ardal
e 8/16 mm stone, Ardal
Grading curves are given in Appendix 1
Filler (< 0.125 um) sieved from the 0/8 mm sand was used to prepare concrete equivalent matrix.

Three powdered materials have been used as stabilizers. Sieve curves are given below:

e Limestone powder (Norcem) of density 2700 kg/m® and Blaine 360 m*/kg. Abbreviation:
LS

e Filler sieved from non-washed, crushed 0/8mm sand from Ardal, NorStone. Filler density
was 2730 kg/m’. Abbreviation: “C 08"/ “Crushed 08"

e Filler produced from the same material as crushed 0/8 mm sand. The sand was thereafter
sieved to obtain the 0/2 mm fraction, washed and sieved once more to obtain the filler.
Filler density was 2730 kg/m’. Abbreviation: “W02” / “Washed 02”;

100 ——o—Limestone
90 !

30 =—Crushed Unwashed 08
70 |-= Crushed Washed 02

60
50
40
30
20
10

0 &

Passing [%]

Sieve [mm]

Figure 5: Sieve curves for powdered materials used in the study as stabilizers.

The following chemical stabilizers have been used for the experiments:

e S1: Based on a polymer with high molecular weight. Dry solids: 2.2%. Active ingredients:
5.5%. Normal dosage: 1-4 1I/m’ concrete corresponding to 0.3-1.2% of cement weight.
Initial dosage used for the experiments: 0.4% to avoid over dose of superplasticizer

e S2: Based on cellulose derivate that according to the producer produce thixotropic
properties of the concrete. Normal dosage: 1-2 litre per 100 kg powder (d < 0.125 mm)
corresponding to approximately 1-2% of cement weight. Initial dosage used for the
experiments: 1% to avoid over dose of SP.
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The following superplasticizers were used:

e SP 1: Acrylic polymer with 30% dry solids. Splitting type admixture (i.e. no stabilizing
properties). Normal dosage: 0.3-1.2% of cement weight

e SP2: Acrylic polymer with 20.5% dry solids. Splitting type admixture with short open

time.
SP2 has lower molecular weight, longer side chains and higher charge density than SP1.
These properties result in higher degree of sterical hindrance (i.e. long side chains) and
rapid slump loss (adsorbs quickly on the cement particles due to high charge density and
relatively low molecular weight).

e SP3: Acrylic polymer with 19.5% dry solids. Normal dosage: 0.4-1.5% of cement weight.
The admixture is tailored for ready mix construction with long transport time (long open
time). Preliminary experiments showed that the concrete did not respond to increased
dosages within the mixing time (up to 20 minutes after water addition). This admixture
was thus not suitable for this test series since and therefore excluded from further tests.

Saturation curve of the two supeplasticizers SP1 and SP2 are given in Figure 6. The curves were
determined by altering the admixture dosage of the reference mixture (without any form of stabilizer
addition) and measuring the viscosity of the rheological down curve. The rheological measurement
set-up is given in section 3.3.3. The figure show that a somewhat higher SP2 dosage is needed in order
to obtain the same viscosity as for matrices with SP1.

1,8
16 — —4-5P2
1,4 AVAN SP1

2 AN
AR RN
0:4 A

D e S

0 o1 02 03 04 05 06 0,7 08 05

Viscosity [Pa*s]

SP [% of cement weight]

Figure 6: Saturation curve for SP1 and SP2

A set retarder based on Gluconat was added to all concretes at a dosage of 0.4% in order to eliminate
the effect of hydration on the rheological measurements. Note that this product has a water reducing
effect.

3.2 Concrete experimental set-up

3.2.1 Recipes

The basis of the test matrix is a low grad concrete (M60 according to NS-EN 206-1) with an aimed
slump flow of 675 + 15 mm. The reference concrete is designed in order to be on the verge of
separation (i.e. instability).




The mineral fillers were added in two dosages, namely 40 kg/m’ (filler-cement ratio 0.12) and
80 kg/m’ (filler-cement ratio 0.24) while adjusting the superplasticizer dosage in order to keep the
slump flow unchanged.

The chemical stabilizers were added according to recommended dosage given by the producer while
adjusting the superplasticizer dosage in order to keep the slump flow unchanged.

The concrete mix design is given in Table 1. The superplasticizer was dosed in order to keep the
slump flow within a slump flow range of 675 + 15 mm. The resulting dosages and final experimental
matrix are given in Table 2.

Table 1: Concrete mix design

Reference 40 kg/m’ Filler 80 kg/m’ Filler
wic 0.58 0.58 0.58
wip 0.46 0.44 0.40
f/c (%) - 12 24
Matrix (I/m®) 325 338 352
Paste (I/m°) 300 314 328
Cement (kg/m’) 326 326 326
0/8 mm (kg/m’) 1089.6 1067.1 1043.8
8/16 mm (kg/m") 725.0 711.4 695.9

Table 2: Experimental matrix and superplasticizer dosages added in order to obtain a concrete slump flow of
675+ 15 mm

Stabilizer Superplasticizer
Type Dosage Type Dosage
(% of cement weight)
0 — Reference - SP1 0.86
Limestone powder 40 kg/m’ SP1 0.67
Limestone powder 80 kg/m’ SP1 0.83
Crushed 08 mm 40 kg/m’ SP1 0.77
Crushed 08 mm 80 kg/m’ SP1 0.94
Washed 02 mm 40 kg/m’ SP1 0.79
Washed 02 mm 80 kg/m’ SP1 0.90
S2 1.0 % of cem. weight SP1 1.00
S1 0.4 % of cem. weight SP1 0.97
0 — Reference - SP2 0.53
Limestone powder 80 kg/m’ SP2 0.60
Crushed 08 mm 80 kg/m’ SP2 0.72
Washed 02 mm 80 kg/m’ SP2 0.78
S2 1.0 % of cem. weight SP2 0.71
S1 0.4 % of cem. weight SP2 0.66




3.2.2 Mixing procedure
A forced pan mixer with a volume of 50 litres from Eirich was used to prepare the concretes. The
volume of the concretes batches was 40 litres. The concretes were prepared by:
e | minute dry mixing of powders and aggregates
e 2 minutes while adding mixing water and half the amount of superplasticizer (previously
intermixed with the water) and retarder
e 2 minutes pause/rest
e 2 minutes mixing with addition of remaining superplasticizer until aimed slump flow value
was reached

3.2.3 Measurements

Air content and fresh concrete density was measured according to NS-EN 12350-7, 10 minutes after
water addition.

Slump flow and Tsoy were measured according to EN 1235080: 2010 10 and 60 minutes after water
addition. Tsyo is measured as the time needed for the concrete to reach a diameter of 500 mm as the
slump cone is lifted. Slump flow and Tsy are popular methods since they are quick, simple and can be
performed simultaneously. The concrete was remixed for 1 minute before the 60-minutes
measurements.

The slump flow was related to yield stress according to the equation derived by Roussel (2007):
_ 225pgV?
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where R is the spread radius and V is the sample volume (6 liters)
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Visual Segregation Index (VSI) was also determined 10 and 60 minutes after water addition. VSI was
measured on fresh concrete within the mixer (VSI™) and on the flow board (VSI®) after determination
of slump flow. Table 3 shows the VSI rating within the mixer. Table 4 shows correspondingly the VSI
rating on the flow board. A castable concrete should have a VSI™ between 0 and 0.4/0.5 and a VSI'
between 0 and 0.5 — 0.6.

Table 3: VSI™ measured directly after end of mixing in the concrete mixer

0/0.1 Stable and homogenous concrete
0.2/0.3 Creamy surface and formation of small air bubbles, but still stable.
0.4/0.5 Incipient separation, lots of small air bubbles/pores, tendency of sludge layer,

formation of black film on the surface.

0.6/0.7 Clear signs of separation, strong “boiling”, sludge layer, black film, coarse
aggregates sinking towards the bottom of the mixer.

0.8/0.9 Strong boiling, clear water layer, 5-20 mm sludge layer, aggregates lying at the
bottom of the mixer.

1 Complete separation.




Table 4: VSI' measured on concrete on the flow table directly after a slump flow measurement

0/0,1 Stable and homogenous concrete. Aggregates and paste flow towards the rim of
the sample.

02/0.3 Stable and homogeneous concrete that flows well, but has become a shiny
surface with possible black spots (usually unburned coal residue liberated from
the fly ash when the hollow spheres are crushed upon grinding).

04/0.5 Has additionally a hint of a paste rim at the outer edge of the spread, but the
aggregates follow the flow towards the edge. Still stable.

0.6/0.7 Clear rim of paste at the outer edge of the spread. Coarse aggregates tend not to
flow towards the edge of the spread (are left in the middle of the spread).

0.8/0.9 Additionally separation of water/paste at the outer rim of the spread.

1 Complete separation

Torque (T) was measured simultaneously with the slump flow (10 and 60 minutes after water
addition) by aid of a ConTec Rheometer-4SCC. The measurement setup is given in Table 5 and the

rotary vane illustrated by Figure 7.

Figure 7: Rotary vane of the ConTec Rheometer-4SCC

Table 5: Setup for ConTec Rheometer-4SCC

Rotational speed,

rps

0.47 0.40 0.33 0.27 0.20 0.13 0.07

Duration (s)

10 5 5 5 5 5 5

Measurement
points

40 20 20 20 20 20 20

By making a linear regression of the measured torque values the rheological properties G (A) and H
(A-s) were obtained as the intersection with the ordinate and the slump of the line respectively. These
values can theoretically be translated into the Bingham parameters yield stress (ty) and plastic

viscosity (1) by the aid of the Reiner-Riwlin equation:
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were R; and R, is the inner and outer radius of the rheometer as illustrated by Figure 8, h is the height
of the immersed part of the sensor measuring torque, and f, is the rotational frequency.

Equation (2) shows that plastic viscosity and yield stress are functions of the rheometer geometry. The
rotary vanes of the ConTec Rheometer-4SCC have a complicated geometry making use of the Reiner—
Riwlin equation in the given form impossible. There are thus currently no equations or programs
available for the conversion of G and H to t, and ,. Values of G and H are therefore used throughout
this report.

X3

Figure 8: Principle of equation (2). o, is the angular velocity and equals 2=nf, [Wallevik 2003]

Cubes (100x100x100mm) were cast 60 minutes after water addition for determination of compressive
strength. The cubes were all cast in one pour without compaction or vibration. The forms were
covered with plastic and cured in laboratory atmosphere for 24 hours. The samples were thereafter de-
moulded and cured in water bath until time of testing. Compressive strength was measured according
to NS-EN 12390-3:2009 after 7, 28 and 90 days of curing.

3.2.4 Repeatability

Repeatability of fresh concrete measurements was measured by producing the SP2-reference mix three
times and thereafter measuring the fresh concrete properties.

3.3 Matrix experimental set-up

3.3.1 Recipes

The water-cement ratio was 0.45 for all mixes. All pastes were added 0.4% gluconate per cement
weight in order to limit effects of early hydration. Total paste volume was 200 ml.

The mixes were designed as concrete equivalent matrices. The pastes were thus added filler sieved
from the 0/8 mm sand. Some mixes were also added filler stabilizers. The basis for the matrix recipes
are given in Table 6. Experimental matrix is given in Table 7.

Concrete equivalent (abbreviated c.e.) superplasticizer dosages were used for the main test series. In
order to eliminate the effect of variable superplasticizer dosage within the test series, additional test
series were made for which it was kept constant (see Table 6).




Table 6: Basis of matrix recipees

Reference Stabilizer 1 Stabilizer 2 | Filler dosage 1 | Filler dosage 2
Cement (g) 184.7 184.7 184.7 175.5 167.2
Water (g) 73.9 73.9 73.9 70.2 66.9
Filler (matrix) (g) 37.0 37.0 37.0 345 32.1
Filler (stabilizer) (g) 0.0 0.0 0.0 21.1 40.1
Gluconate (%) 0.4 0.4 0.4 0.4 0.4

S1 (%) _ 0.4 - - -

S2 (%) j - 1.0 } i}

SP1 (%) ce*, 08,09 | ¢e* 08,09 | ce* 08,09 | ce* 08,09 | ce* 08,09

SP2 (%) c.e*, 04,05, | ce* 04,05, | ce* 04,05 | ce* 04,0.5 | ce* 04,0.5,

0.7,0.8 0.7,0.8 0.7,0.8 0.7,0.8 0.7,0.8

*c.e. = concrete equivalent superplasticizer dosage as given by Table 2

Table 7: Superplasticizer dosages of concrete equivalent matrices

Superplasticizer Stabilizer Filler
Dosage Dosage Dosage
Mixture no. Type (%) Type (%) Type (filler/cement)

Ref SP1 0.86 -

1 SP1 0.67 LS 0.12

2 SP1 0.83 LS 0.24

3 SP1 0.79 W02 0.12

4 SP1 0.90 W02 0.24

5 SP1 0.77 Co08 0.12

6 SP1 0.94 C 08 0.24

7 SP1 0.97 S1 0.4 - -

8 SP1 1.00 S2 1.0 - -

9 Sp2 -

10 Sp2 LS 0.24

11 Sp2 W02 0.24

12 Sp2 C 08 0.24

13 SP2 0.97 S1 0.4 - -

14 Sp2 1.00 S2 1.0 - -

3.3.2 Mixing procedure

The matrices were blended in a high shear mixer from Braun (MR5550CA). The blending was
performed by adding solids to the water and liquid admixtures (superplasticizer, retarder and
stabilizer), mix for %2 a minute, rest for 5 minutes and blend again for 1 minute.
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Rheological measurement sequence

The rheological parameters of the paste were recorded by a parallel plate (1 mm gap, upper plate and
lower plate serrated) rheometer MCR 300 from Physica. The rheometer temperature control was set to
20°C. The following measurement sequence started 10 minutes after water addition:

1 minute pre-shearing with constant shear rate () of 60 s to produce uniform initial
conditions
1 minute rest without shearing
Flow curve (hysteresis):
o Stress (1) — shear rate () curve with linear sweep of 7 from 1 up to 100 s™ in 30
points lasting 6 seconds each
o Stress (1) — shear rate () curve with linear sweep of 7 from 100 down to 1 s in
30 points lasting 6 seconds each
Thixotropy:
o ¥ =0.1in 10 measuring points each lasting 12 seconds (level 1)
o ¥ =250 in 5 measuring points each lasting 6 seconds (level 2)
o ¥ =0.1 in 50 measuring points each lasting 3.6 seconds (level 3)
10 seconds rest
Shear rate () - stress (1) curve with logarithmic sweep of T from 0.5-250 Pa in 28 points each
lasting 5 seconds in order to measure the gel strength
1 minute rest
Static yield stress: 7 = 0.02 s-' in 60 points each lasting 2 seconds
Static yield stress: 7 = 0.02 s-' in 60 points each lasting 1 second (sequence not used for

analysis)

The thixotropy value is calculated as structure build up by substracting minimum viscosity
(equilibrium value) in thixotropy level 2 from the maximum/peak viscosity (equilibrium value) in
thixotropy level 3.

Full mixing and measurement sequence applied on the matrices are illustrated by Figure 9.
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Figure 9: Mixing and measurement sequence of matrix

3.3.4 Repeatability

Repeatability of the rheological measurements was determined by measuring the rheological
properties of three identical matrices, all with 0.60% SP2 of cement weight and limestone-cement
mass ratio of 0.24. All pastes were stable.
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4 Results

4.1 Repeatability

4.1.1 Measured fresh concrete properties

Results of the reproducibility experiments are given in Table 8. The standard deviation of the slump
flow experiments are found to be satisfactorily as the basis of the test matrix is a concrete with an
aimed slump flow of 675 £ 15 mm. Correspondingly the reproducibility of the calculated yield stress
was considered to be satisfactorily. Note however, that the yield stress values are extremely low as the
concrete is on the verge of separation.

A major draw back of Tsyy measurements are short flow times (only a few seconds) for very flowable
concretes and thus relatively low degree of accuracy [De Schutter et al. 2008]. The standard deviation
of these Tsop measurements is, however, satisfactorily (only 3.4%).

The standard deviation of G and H are very high, corresponding to 19% and 37% respectively. This
result is to be expected since the mixes are on the verge of separation and a homogeneous sample is of
utmost importance for a reliable result. The low reproducibility of the G and H measurements indicate
that these measurements are indicative and should not be used to quantify absolute differences within
the test matrix.

Table 8: Repeatability of fresh concrete properties measured on SP2-reference mix 10 minutes after water
addition

SP dosage | Air Slump flow | tys¢ | Tsoo G H VSI S
(%) (%) (mm) (Pa) (sec) A) (A-s) mixer
0.52 2 662 1.2 1.23 0.71 4.7. 0.75 0.3
0.53 2 645 1.4 1.16 0.94 3.30 0.75 0.3
0.53 1.5 658 1.2 1.19 0.66 2.23 0.75 0.4
Average 655 1.3 1.19 0.8 3
STDEV 9 0.1 0.04 0.2 1

*Calculated by aid of equation (2)

4.1.2 Measured fresh matrix properties

Results of the reproducibility experiments are given in Table 9. The negative yield stresses are
artefacts of the Bingham model that occur due to curvature of the flow curve. Such matrices could in
effect be evaluated to have yield stress values approximately equal to zero. The repeatability of
viscosity, thixotropy value and static yield stress is considered to be satisfactory. Gel strength values
are linked to considerably higher uncertainty than the other parameters.
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Table 9: Repeatability of fresh matrix properties measured on three identical matrices, all with 0.60% SP2 of
cement weight and limestone-cement mass ratio of 0.24. All pastes were stable.

Yield stress Viscosity Thixotropy | Gel strength | Static yield
(Pa) (Pa-s) value (Pa-s) (Pa) stress (Pa)
-3.7 0.81 233 3.9 3.1
-2.7 0.74 233 4.8 3.3
-3.7 0.81 22.7 39 3.5
Average -3.4 0.79 23.1 4.2 3.3
STDEV 0.6 0.04 0.3 0.5 0.2

4.2 Correlation between fresh properties measured on matrix and concrete

All viscosity related parameters, namely H and Tsop measured on concrete as well as plastic viscosity
measured on matrix are shown in Figure 10. All viscosity parameters are clearly interrelated in spite of
the high standard deviation of H and low degree of accuracy for the Tsoy measurement technique. This
means that trends found in matrix can be expected to occur also in concrete and vice versa.

0,70 - y=0.4x-0.3 *sP1 700 1y _38¢+3.0 *5P1
060 - Ri=0.56M HSP2 R*=0.64 mSP2
_. 6,00 - *
B w
F 0,50 *E,
& 040 = 500 -
£ 030 S 400
£ 020 T
=
0,10 - 3,00
000 T T 1
! 2,00 T T T T T T 1
1 1,5 2 2,5

000102030405 06 0,7

T500 10 min [sec.] W matrix [Pa.s]

7,00
y=2.1x+0.9 ¢ 5Pl

600 | RI=065 e | WSP2
5,00 [}
= %
£ * o
£ 4,00 -
o .
-l
T 300 o8

2,00

1 1,5 2 2,5

T500 10 min (sec.)

Figure 10: Relationship between viscosity related parameters measured in matrix and concrete

The flow spread diameter correlated with the yield strength (here measured as G). A similar relation
between slump flow and yield stress was has been reported by Wallevik [2003]. Roussel [2007]
reports on the other hand that the thickness of the concrete sample at flow stoppage must be at least
five times the size of the largest particle size in order for fluid dynamic principles to apply. Assuming
a slump flow diameter of 680 mm and maximum aggregate size 16 mm results in a sample volume of
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29 liters for the principles of fluid dynamics to apply. In response to high sample volumes dictated by
these principles, Roussel suggests the LCPC box as an alternative method of measuring fresh concrete
properties.

There were only vague correlations between yield stress parameters measured on matrix and concrete.
Remember that all mixes are designed in order to obtain the same slump flow. Yield stress related
parameters are thus varying in a narrow range which can result in a relatively large scatter of results
and no clear relationship between the yield stress parameters. Another, and maybe the most important
reason, is unreasonable results given for matrix by the Bingham model. As seen by the matrix
measurements, very fluid and shear thinning pastes render negative yield stress values without
physical meaning.
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Figure 11: Relationship between yield stress related parameters measured in matrix and concrete
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4.3 Fresh concrete properties

4.3.1 Concretes plasticized with SP1

Fresh properties and rheological properties of concretes plasticized with SP1 are given in Table 10 and
Table 11 respectively. Yield stresses calculated from the slump flow measurements vary within a very
narrow range which is natural considering the concretes being proportioned in order to obtain slump
flow of 675 £ 15 mm.

G decreased with the addition of the two chemical stabilizers, probably due to the increased
superplasticizer dosages that were added in order to obtain constant slump flow.

G decreased also with addition of fillers. For these mixes, however, the alteration of superplasticizer is
probably not the main reason as the dosage in fact decreased by the lowest filler addition. This effect
may thus be caused by increased matrix content and “dilution”/dispersion of cement particles.

Loss of slump flow was observed 60 minutes after water addition. The reduction was within the range
of 0-6%. No distinction between fillers or stabilizers could be made. Correspondingly, no trends could
be found for the development of G over time.
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Table 10: Fresh properties of concrete plasticized with SP1

SP Stabilizer Matrix Slump flow (mm) Ty,s; Ts00
dosage I/m>) (Pa) (sec)
(%) 10 min 60 min A 10 min 60 min A
(%) (%)
0.86 - 325 675 650 -4 1.1 1.2 1.8 50
0.97 0.4 S1 325 675 670 -1 1.1 1.5 2.2 47
1.00 1.0 S2 325 685 660 -4 1.0 1.4 1.8 29
0.67 0.12LS 338 675 635 -6 1.1 1.2 1.8 50
0.77 0.12 c08 338 680 680 - 1.0 1.4 1.6 14
0.79 0.12 w02 338 690 655 -5 1.0 1.3 2.0 54
0.83 0.24LS 352 668 665 -0 1.1 1.9 24 26
0.94 0.24 c08 352 695 665 -4 0.9 2.0 1.8 -10
0.90 0.24 w02 352 687 690 0 1.0 1.9 2.0 5
*Calculated by aid of equation (2)
Table 11: Rheological properties of concrete plasticized with SP1
SP Stabilizer | Matrix G @A) H (A*s)
dosage (l/m3) 10 min 60 min A 10 min 60 min A
(%) (%) (%)
0.86 - 325 0.6 0.5 -18 3.0 34 13
0.97 0.4 S1 325 0.5 0.4 -14 3.6 4.5 24
1.00 1.0 S2 325 0.4 0.5 19 4.0 3.6 -9
0.67 0.12LS 338 0.5 0.6 36 4.5 43 -4
0.77 0.12 c08 338 0.2 0.5 145 4.5 4.1 -7
0.79 0.12 w02 338 0.4 04 -7 3.5 4.1 18
0.83 0.24LS 352 0.3 0.3 12 5.0 4.7 -6
0.94 0.24 c08 352 0.5 0.1 -78 6.1 6.3 3
0.90 0.24 w02 352 0.3 0.1 -55 4.7 6.6 39

The flow time, Tsq, increased with the addition of chemical stabilizer or filler. The Tsoo measurements
indicated that highest viscosity was obtained for the highest filler dosage. A differentiation between

the effect of the different fillers was, however, not possible.

H increased correspondingly with the addition of chemical stabilizer or filler as illustrated by Figure
12. Filler and thus increased matrix content had generally a stronger effect on H than the addition of
chemical stabilizers. Filler from crushed sand obtained the highest H for mixtures dispersed with SP1.

Tseo increased generally with time (5-50% except for mixture with highest dosage of “crushed 08” that
obtained a reduction of 10%). The mixture with S2 had the lowest Tso and H increase. Of the fillers
“washed 02 had the highest increase of H with time. No distinctions could, however, be made for Ts
measurements due to different response with different filler dosage.
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Figure 12: G and H measured on concretes with SP1. Dashed line marks the reference value. No correlations
were found for G and H.

The visual segregation indices of mixes with SP1 are illustrated by Figure 13 while the tabulated data
are given in Appendix 3. The VSI is generally higher in the mixer than on the flow board, probably
since it is easier to evaluate the segregation of aggregates in the mixer. The concretes are, moreover,
rated differently when VSI is evaluated in the mixer or on the board. VSI™ indicates that only mixes
with limestone powder and “washed 02” are deliverable concretes. VSI' illustrates on the other hand
that all mixes except reference, S2 and lowest dosage of “crushed 08 are deliverable. Summarized
results from the two indices are that mixes with limestone filler, “washed 02” and lowest dosage
“crushed 08” are considered deliverable.

The VSIs do not directly correlate to the other parameters measured on the fresh concrete. Note how
the VSI seems difficult to apply on concretes with chemical stabilizers, resulting in contradicting
indices for concrete in the mixer (VSI™) and on the flow board (VSI'). It appears thus that this method
is difficult to use in order to evaluate relative differences of concrete mix design.
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Figure 13: VSI measured on mixes with SP1 in the concrete mixer (left) and on the flow board
(right). Dashed line indicates maximum VSI for deliverable concrete.
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4.3.2 Concretes plasticized with SP2

Concretes dispersed with SP2 experienced a marked slump loss 60 minutes after water
addition in spite of the hydration being retarded as seen by the reference mixture. As a result,
the concrete was no longer self-consolidating. The molecules of the superplasticizer seemed
thus to be “deactivated” within 60 minutes, an effect that can be attributed to this polymer
having lower molecular weight and longer side chains than S1. As a consequence of the
slump loss, fresh concrete properties were only measured 10 minutes after water addition.

Both Tso and H increased with addition of chemical stabilizers or additional filler. The
strongest effect was, however, found, for the addition of fillers. Concretes dispersed with
SP1 obtained a stronger viscosity increase with addition of chemical stabilizers than
concretes with SP2. The saturation curves given in Figure 6 indicate that the SP1 dosages
exceeded saturation, while the SP2 dosages are on the verge of saturation. The higher effect
of chemical stabilizers on concretes with SP1 could thus be related to more bleeding water
being available for the stabilizers.

Table 12: Fresh properties of concrete plasticized with SP2.

SP Stabilizer Matrix Slump flow 'ry,SF* Ts00
dosage (l/m3) (mm) (Pa) (sec)
(%) 10 min 60 10 min 10 60
min min min
0.53 - 325 662 415 1.3 1.23 -
0.66 0.4S1 325 670 - 1.1 1.31 -
0.71 1.0 82 325 680 - 1.0 1.32 -
0.60 0.24 LS 352 670 - 1.1 1.59 -
0.72 0.24 c08 352 700 - 0.9 2.19 -
0.78 0.24 w02 352 710 - 0.8 1.78 -

*Calculated by aid of equation (2)

Table 13: Rheological properties of concrete plasticized with SP2

Sp Stabilizer Matrix GA) H (A-s)
dosage (/m®) 10 min 60 min 10 min 60 min
(%)
0.53 - 325 0.8 1.57 34 4.9
0.66 0.4Sl1 325 0.5 - 3.6 -
0.71 1.0 S2 325 0.6 - 32 -
0.60 0.24 LS 352 0.5 - 4.5 -
0.72 0.24 c08 352 0.4 - 5.0 -
0.78 0.24 w02 352 0.3 - 5.0 -

None of the stabilizers had any marked effect on the VSI as illustrated by Figure 14. This
finding is in line with the low response of H to the addition of these admixtures. “C08”
rendered the most stable concrete according to VSI'. None of the concretes were, however,
deliverable when both VSI™ and VSI' are taken into account. The results are not consistent
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with VSIs measured on concretes dispersed with SP1. Tabulated VSI can be found in
Appendix 3.

1 - B VSI Mixer
m VS| Flow Board

A

REF LS2 w2 (C2 S1 S2

Figure 14: VSI measured on concretes dispersed with SP2

4.4 Fresh properties of matrix

Rheological properties measured on concrete equivalent matrix plasticized with SP1 are
given in Table 14. The yield stress increased with the addition of organic stabilizers in
accordance with other reports [Khayat et al. 2010]. The yield stress is on the other hand
reduced by increasing filler addition. Negative yield stress is an Bingham model artefact
caused by curvature of the flow curve [Vikan 2005].

Table 14: Rheological properties of matrices with concrete equivalent SP1 dosage

Bingham values

SP Stabilizer | Plastic Yield Static yield Gel Thixotropy | Hysteresis
dosage viscosity stress stress 2sec | strength value area

(Pa-s) (Pa) (Pa) (Pa) (Pa-s) (Pa/s)
0.86 - 0.06 0.42 0.26 1.2 3.1 79
0.97 0.4 S1 0.19 4.73 0.64 22 20.7 -4
1.00 1.0 82 0.24 1.45 0.61 34 15.7 23
0.67 0.12LS 0.23 0.52 0.35 1.5 8.2 40
0.77 0.12 c08 0.34 0.45 0.23 22 12.0 -92
0.79 0.12 w02 0.25 0.79 0.53 1.5 7.8 13
0.83 024 LS 0.46 -2.20 0.56 1.8 6.0%* -319
0.94 0.24 c08 0.46 -1.51 0.15 1.8 5.1% -389
0.90 0.24 w02 0.41 -1.01 0.28 1.2 3.4% -267

*Equilibrium values in section 3
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Static yield stress increased by the addition of chemical stabilizers, indicating a build up of
structure. The effect of the two stabilizers were comparable. No consistent trends could be
found for matrices where filler was added as stabilizer.

The gel strength values were not affected by the addition of chemical stabilizers or filler.

Plastic viscosity increased with the addition of chemical stabilizers and by adding filler. The
effect of the lowest filler addition was in the same range as found for the chemical
stabilizers. This result corresponds with measurements done on concrete. The viscosity
increased with increased filler addition, probably due to adsorption of free water in the mix.
The differences in plastic viscosity for pastes with w02, c08 and limestone filler were too
small to make any distinction between them.

Addition stabilizers resulted in both positive and negative hysteresis areas. Figure 15
indicates that the prefix of the hysteresis area depends on the plastic viscosity: Low
viscosities resulting in positive hysteresis and vice versa. A negative hysteresis area may be
related to structure build up during flow. However, no conclusions on stabilizing effect can
be drawn based on the calculated hysteresis areas.
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Figure 15: Relation between hysteresis area and plastic viscosity

Thixotropy values measured on matrices plasticized with SP1 are given in Table 15 while
the thixotropy curves are illustrated in Appendix 4. Both chemical stabilizers resulted in
increased thixotropy values compared to the reference mix. The stabilizer of polymer type,
S1, produced the strongest effect of all stabilizers tested within the study. The thixotropic
property of this admixture was, however, unstable resulting in structural breakdown with
time. This property could result from alignement of the polymer in the direction of flow. The
cellulose based stabilizer, S2, produced matrices with stable thixotropic property. The
thixotropic effect of the chemical stabilizers increased with decreasing superplasticizer
dosage. This illustrates that increased dispersion is linked to decreased structural buildup in
form of thixotropy .

In case of the addition of filler as stabilizer combined with the concrete equivalent
superplasticizer dosages, maximum thixotropy value was found for the lowest filler dosage.
Results obtained on matrices with constant superplasticizer dosage showed, however,
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increased thixotropic value with increasing filler dosage. The lowest filler dosage rendered,
however, lower thixotropic values than the reference when constant superplasticizer dosage
was applied. This effect may be caused by filler dispersing the paste. Increased filler dosage
will thereafter absorb more of the free water that again can be the cause of increased
thixotropy as seen by the results.

Table 15: Thixotropy values for matrices with SP1

Concrete equivalent SP Constant SP dosage
dosage
Stabilizer [%] Thix. Value [%] Thix. Value

[Pa-s] [Pa-s]
- 0.86 3.1 0.8 92
0.4 S1 0.97 20.7 0.8 38.5
1.0 S2 1.00 15.7 0.8 19.5
0.12LS 0.67 8.2 0.8 4.9
0.12 c08 0.77 12.0 0.8 10.9
0.12 w02 0.79 7.8 0.8 3.1
0.24LS 0.83 6.0%* 0.8 6.7
0.24 c08 0.94 5.1% 0.8 19.5
0.24 w02 0.90 3.4% 0.8 16.1

*Equilibrium values in section 3

Thixotropy values and Bingham parameters measured on matrices plasticized with SP2 are
given in Table 16 and Table 17 while the curves are given in Appendix 4.

The following effects of stabilizers were found for matrices with concrete equivalent SP2
dosages: Yield stress increased by addition of S1 (polymer type) despite of increasing SP2
dosage. No such effect was found for S2 (cellulose type), an effect that can be explained by
the SP2 dosage being increased even more than for the matrix with S1 addition. No effect
was found on viscosity or thixotropy by addition of S1 and S2.

Addition of filler resulted in decreased yield stress. Filler addition resulted moreover in
increased viscosity and thixotropy. The increase seemed to relate directly to the filler
fineness; limestone producing the highest values and filler from crushed 08 mm (c0S8)
producing the lowest. Increased viscosity by increased volume fraction of solids is in line
with the Krieger-Dougherty equation [1959].

Following effects of stabilizers were found for matrices with constant SP2 dosages within
the series:

Yield stress increased by addition of S1 (polymer type) and S2 (cellulose type). The
strongest effect was found for the polymer type. The highest filler dosage resulted in
increased yield stress when 0.5% SP2 was added. No filler effect was found on the yield
stress when the SP2 dosage increased to 0.7%. Addition of chemical stabilizers had no effect
on the viscosity. The thixotropy increased, however, by the addition of these admixtures. The
strongest effect was found for the polymer type.
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Table 16: Thixotropy and Bingham parameters for concrete equivalent matrices with SP2

Concrete equivalent
Stabilizer SP | Yield stress | Viscosity Thix.
[%o] [Pa] [Pa-s] Value
[Pa-s]
- 0.53 0.43 0.14 32
0.4 S1 0.66 291 0.20 1.2
1.0 82 0.71 0.21 0.05 32
0.12LS - - - -
0.12 c08 - - - -
0.12 w02 - - - -
0.24LS 0.60 -3.49 0.80 19.3
0.24 c08 0.78 -5.01 0.65 0.0
0.24 w02 0.72 -4.90 0.64 53

The fillers had a stronger effect on the rheological results than the chemical stabilizers.
Addition of filler resulted in decreased yield stress for the lowest dosage, followed by
increased yield stress for the highest dosage. Yield stress values of the lowest filler dosage
are rated according to the filler fineness, the finest filler giving the highest yield stress value
and vice versa. Viscosity increased with addition of filler. No distinctions between the filler
types could be made in respect to viscosity.

The thixotropy value increased by filler addition and increased filler fineness. The thixotropy
value decreased markedly with increasing superplasticizer dosage (i.e. dispersion). The
highest filler dosage had a much stronger effect on thixotropy for these mixes contrary to the
findings made for matrices with S1.

Table 17: Thixotropy and Bingham parameters for matrices with constant SP2 dosages

0.5% SP 0.7% SP
o Yield Viscosity Thix. Yield Viscosity Thix.
Stabil
abrhizer stress [Pa-s] Value stress [Pa-s] Value
[Pa] [Pa-s] [Pa] [Pa-s]
- -1.10 0.41 8.5 -1.73 0.26 0.0
0.4 S1 4.76 0.47 433 0.87 0.33 6.8
1.0 S2 3.92 0.43 37.8 0.19 0.18 2.0
0.12LS -2.16 0.63 23.1 -3.65 0.37 0.1
0.12 c08 -0.76 0.43 18.2 -3.47 0.37 1.0
0.12 w02 -0.47 0.54 19.9 -1.56 0.27 0.0
0.24 LS 14.39 0.91 189.0 -1.34 0.76 28.5
0.24 c08 6.66 0.89 107.2 -4.35 0.54 7.1
0.24 w02 1.87 0.71 50.3 -4.75 0.53 1.4
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4.5 Concrete compressive strength

Compressive strengths of concretes plasticized with SP1 and SP2 are illustrated in Figure 16
and Figure 17 respectively. The polymer type stabilizer had a positive effect on the
compressive strength while no effect can be found for addition of the cellulose type
stabilizer. Khayat et al. [2010] has similarly found that adding viscosity enhancing
admixtures increased the concrete compressive strength. The effect varied with type of VEA
and superplasticizer. The authors regarded, however, the differences to be minor.

“Crushed 08 and “washed 02” resulted in an increase of compressive strength (8-11% at 28
days). The effect was close to identical for the two fillers and seemed independent of filler
dosage.

Addition of limestone powder increased the compressive strength notably: 28 days
compressive strength was increased by 16 and 21% for dosage 1 and 2 respectively.

Limestone powder has previously been found to have a positive effect on the compressive
strength of SCC [Petersson 2001]. This effect has been related to the limestone particles
functioning as nucleation sites for the hydration products which accelerate the early cement
hydration [Ye et al. 2005]. This effect will, however, probably not affect the 28 days strength
much. Some studies conclude that limestone powder do not take part of the cement
hydration, while other report formation of carboaluminate. Carboaluminate formation
reportedly boosted by fly ash giving more carboaluminate hydrate to the system [De Weerdt
2011]. Improved particle packing by addition of filler has, moreover, been reported to
increase the density of the matrix phase and the transition zones within cured concrete
[Bosiljkov 2003].
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Figure 16: Concrete compressive strength for mixes with SP1. Each value is calculated as an average
and standard deviation of 3 cubes
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5 Conclusions

All concretes were designed in order to obtain a slump flow of 675 £ 15 mm. The slump
flow was adjusted by altering the SP1 and SP2 dosages. The superplasticizer saturation
curves indicated that the SP1 dosages selected for concrete and concrete equivalent matrix
exceeded saturation, while the SP2 dosages were on the verge of saturation. The test series
with SP1 consisted thus of concretes that were more unstable than the series with SP2. This
finding is supported by SP2-concretes generally, apart from the reference mixes, showing
higher visual stability in the concrete mixer than the SP1-conceretes. No distinctions could,
however, be made on basis of visual segregation index measured on the flow board.

Thus, direct comparison of the two test series was difficult as the SP2-test series were
somewhat more stable than the SPI-test series. For instance, higher effect of chemical
stabilizers on concretes with SP1 could be related to more bleeding water being available for
the stabilizers.

5.1 Visual Segregation Index as a means for evaluating stabilizing effect

The VSI does not directly correlate to other rheological properties measured on concrete
namely slump flow, Tsq, G or H.

VSI measured in the mixer (VSI™) and on the flow board (VSI') did not always give
consistent results: The concrete is generally rated more unstable (higher VSI) in the mixer
than on the flow board, probably since it is easier to evaluate the segregation of aggregates in
the mixer.

The VSI seems difficult to apply on concretes with chemical stabilizers, resulting in
contradicting indices for concrete in the mixer (VSI™) and on the flow board (VSI'). It
appears thus that this method is difficult to use in order to evaluate relative differences.

5.2 Fresh and rheological properties of concrete and matrix

Consistent rheological results were obtained in concrete and concrete equivalent matrix.

5.2.1 Yield stress parameters

For both superplasticizers, SP1 and SP2, addition of chemical stabilizers resulted in
increased matrix yield stress. The polymer based admixture resulted in a stronger yield stress
increase than the cellulose based admixture.

Addition of filler resulted in no matrix yield stress trends, which was to be expected since the
concretes were composed in order to obtain slump flows of 675 £ 15 mm. Comparison of
slump flow and G gave correspondingly little information about the stabilizing properties of
the fillers.

5.2.2 Viscosity parameters

Viscosity parameters measured on concretes and matrices with either SP1 or SP2 increased
with the addition of chemical stabilizer.
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Matrix viscosity increased with increasing volume fraction of solids in line with the Krieger-
Dougherty equation. The viscosity increase of matrices and concretes with SP2 related
directly to powder fineness; the finest producing the highest viscosity. Corresponding results
were found for concrete equivalent matrices with SP1, but the differences between the
concretes were too small to make any distinctions between them.

Concretes and concrete equivalent matrices with chemical stabilizers and SP1 produced
viscosity parameters in the same range as the lowest powder dosages.

In case of SP2, however, the effect of powder on viscosity was much stronger than the effect
of the chemical stabilizers.

5.2.3 Matrix thixotropy — Structural buildup

Both S1 and S2 increased the matrix thixotropy values independently of superplasticizer
type. Generally, the polymer type, S1, produced higher thixotropy values than the cellulose
type, S2. The thixotropic effect decreased, moreover, with increasing superplasticizer dosage
(i.e. increased dispersion). The thixotropic rating of stabilizers depended however upon
plasticizer type:
e SP1: The polymer based admixture, S1, had the strongest influence on thixotropy of
all stabilizers tested within the study.
e SP2: Matrices with powder addition produced the highest thixotropy values. This
finding coincides with the viscosity measurements.

As for the viscosity measurements, there were no clear trends of powder type and thixotropy
when SP1 was applied as superplasticizer. In case of matrices with SP2, the thixotropy
values increased with increasing powder fineness.

5.3 Concrete compressive strength

Powder addition resulted in increased compressive strength. The effect was largest for
concretes with limestone powder for which the 28 days compressive strength was increased
by 16 and 21% for dosage 1 and 2 respectively.

“Crushed 08 and “washed 02” resulted in a slight increase of compressive strength (8-11%
at 28 days). The effect was close to identical for the two fillers and seemed independent of
filler dosage.

The polymer type stabilizer had a positive effect on the compressive strength. No effect
could be found for addition of cellulose based stabilizer.
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6 Suggestions for further work

The Visual Segregation Indices gave contradictory results. Further studies should therefore
include a stability test, for instance as sieve segregation test, electrical conductivity or
bleeding in order to better evaluate stability of the concretes.

Effect of chemical stabilizer dosages should be studied.

An additional type of superplasticizer (for instance SX-600 that has longer open time than
SP2) could be of interest.

Combinations of chemical stabilizers and powders (fillers, silica fume, fly ash, slag etc)
could be of interest.

Effect of cement type and batch on stability and robustness could be studied. Field
experience has for instance shown that production and casting of concrete with white cement
can be difficult in respect to stability and final surface quality.

Finally, a few concrete mixes shall be selected for full-scale experiments were wall elements
shall be cast in laboratory conditions in order to evaluate castability and final surface quality.
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APPENDIX 1 - Grading curve aggregates 116-kurve 0/8-fraction
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APPENDIX 2 - Influence of aggregates from the 116-curve
(0/8 mm) on the concrete mix design

Preliminary mixes were made with aggregates with too high filler content of the 0/8 mm
fraction for the purpose of the experiments. The grading curve is given below. It was

consequently very difficult to design SCC compositions on the verge of separation. Table A1l
shows the resulting matrix content as additional filler is added to the mixture as stabilizers.

Table Al: Influence of filler from 116-curve (too high filler content) 0/8 fraction on

32

concrete composition
Basis/Reference 40 kg/m’ Filler 80 kg/m’ Filler
w/c 0.58 0.58 0.58
w/p 0.46 0.43 0.39
fic (%) - 12 24
Matrix (I/m’) 340 355 370
Paste (1/m’) 308 324 340
Cement (kg/m’) 335 336 336
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APPENDIX 3 — Measured Visual Segregation Index

Visual segregation index for concretes plasticized with SP1

SP Stabilizer | Matrix VSI™® vsI'
dosage (/m*) | 10 min | 60 min | 10 60
(%) min | min
0.86 - 325 0.75 0.85 | 0.55 | 0.80
0.97 0.4 S1 325 0.70 0.55 | 0.35 | 0.40
1.00 1.0S2 325 0.55 080 | 0.80 | 0.35

0.67 0.12LS 338 0.50 0.45 0.20 | 0.15

0.77 0.12 c08 338 0.70 0.55 0.55 | 0.40

0.79 0.12 w02 338 0.50 0.45 0.40 | 0.25

0.83 0.24 LS 352 0.50 0.50 0.30 | 0.15

0.94 0.24 c08 352 0.70 0.65 0.35 | 0.30

0.90 0.24 w02 352 0.50 0.50 0.30 | 0.30

Visual segregation index for concretes plasticized with SP2

SP Stabilizer | Matrix vSI® vSIf
dosage (Um*) | 10 min | 60 min | 10 60
(%) min min
0.53 - 325 0.75 - 0.30 -
0.66 0.4 S1 325 0.80 - 0.40 -
0.71 1.0 S2 325 0.80 - 0.40 -
0.60 0.24LS 352 0.75 - 0.35 -
0.72 0.24 c08 352 0.75 - 0.25 -
0.78 0.24 w02 352 0.70 - 0.40 -
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APPENDIX 4 — Thixotropy Curves
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Figure A4.1: Thixotropy curves for matrices plasticized with concrete equivalent dosages SP1
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Figure A4.2: Thixotropy curves for matrices plasticized with 0.8% SP1
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Figure A4.3: Thixotropy curves for matrices with concrete equivalent SP2 dosages
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Figure A4.4: Thixotropy curves matrices plasticized with 0.5% SP2
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