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Abstract (English)

This thesis deals with the robustness of fresh self-compacting concrete (SCC). As no
external compaction is necessary, many problems caused by a poor compaction are
evaded and a denser reinforcement or more complex formworks can be applied
when using SCC. Although reduced construction times, less labour costs, and an
improved pumpability encourage the usage of SCC, an inferior robustness — the
capacity to tolerate small variations in the mix proportions, material properties and
procedures — limits the general use or SCC. A more severe quality control of all
constituent materials and a more experienced staff is needed.

SCC has a more complex mix design compared to vibrated concrete. Balancing in
between a sufficient flowability allowing air bubbles to escape and a loss of
cohesion due to segregation or bleeding, the impact of small changes on the fresh
properties is much larger. This thesis aims to investigate the physics governing the
robustness, and especially the role of the microstructure and particle clustering on
the robustness. Due to the large number of influencing factors, not every aspect
governing the robustness could be studied. By focusing on the fundamental
mechanisms involved during the analysis of the experimental results, the results
can be generalized to other situations or parameters. To study the particle
clustering in cement paste more directly, the potential use of new experimental
techniques such as ultrasound attenuation and Small Angle Light Scattering (SALS)
was evaluated.

A concise overview of the fundamental mechanisms and interactions governing the
microstructure of fresh SCC is given in the literature review (Chapter 3). The
chemical reactions during the first hours of hydration, the forces and interactions in
between particles, the working mechanisms of admixtures, and the impact of shear
stresses are explained in more detail in order to obtain a better understanding of
the microstructure.

Based on the experimental results, methods to improve the robustness of fresh SCC

were developed. Dependent on the mechanism providing stability in SCC, another
strategy should be used. As different applications have different workability
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demands, SCC with proper rheological properties customized to the application
should be used.

When the vyield stress is providing stability, the sensitivity of this yield stress to
small changes is determining the robustness of the mixture. Because such mixtures
generally have a low plastic viscosity, changes in this plastic viscosity due to small
variations have no major impact. Based on the experimental program and a
qualitative analyses using the yield stress model (YODEL), possible solutions to
enhance the yield stress robustness of SCC have been proposed. A higher maximum
packing density results in a more robust yield stress and can be achieved with a
higher superplasticizer dosage, which can be reached with a lower paste volume.
An alternative solution is the combination of a lower paste yield stress and a
slightly higher plastic viscosity, for example by adding a VMA combined with a
higher superplasticizer dosage.

In mixtures with a low or zero yield stress and the paste plastic viscosity providing
stability, the sensitivity of the paste plastic viscosity is determining the robustness
of the global mixture. A small decrease in the amount of water can result in an
unworkable, sticky mixture; a small excess in water can result in bleeding. The best
approach to improve the robustness of such a mixture is to enhance the robustness
of the paste plastic viscosity. Based on a set of experiments and considering the
Krieger-Doherty model, specific measures have been proposed. A first method is to
lower the paste packing density, for example by raising the water-to-powder ratio.
Also lowering the paste plastic viscosity helps to enhance the robustness against
small variations in the mix composition. Mixtures prone to an excessive stickiness
can be improved by reducing the thixotropic buildup, for example by increasing the
water-to-powder ratio, a cement replacement by fly ash, or reducing the content of
silica fume.

In case the risk of bleeding is limiting the applicability of SCC, a different approach
is needed. Bleeding is a result of an imbalance in the intermolecular forces. When
steric repulsion forces dominate over attractive Van Der Waals forces for small
colloidal particles, the colloidal network is broken and syneresis will manifest itself
as a layer of water floating on top of SCC. To eliminate the origin of bleeding, two
methods exist: reducing the steric repulsive forces by a reduction of the
superplasticizer dosage (higher water-to-powder ratio, higher paste volume), or
increasing the attractive Van Der Waals forces inside the fresh concrete, for
example by a replacement of cement by silica fume.

An attempt was made to investigate particle clustering and the structural buildup
more fundamentally using innovative experimental techniques. Due to the very
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broad particle size distribution and the non-transparent opaque nature of cement
paste, monitoring the flocculation and deflocculation of the individual cement
particles is not evident. Two techniques have been selected for a more thorough
examination of their applicability: ultrasound attenuation and Small Angle Light
Scattering (SALS).

When ultrasound amplitude losses are measured over a range of ultrasound
frequencies, attenuation spectra can be used to characterize an opaque dense
solution. As no evolution in the attenuation spectra was observed on samples of
cement paste at rest, the flocculation at rest cannot be evaluated using the
ultrasound attenuation technique. Different water-to-powder ratios caused
variations in the measured attenuation spectra. However, in an apparatus in which
the particle size distributions were calculated based on a theory taking into account
the viscous attenuation losses and the scattering attenuation losses, no realistic
particle size distribution could be generated. Using another apparatus, in which the
particle size distribution was calculated based on a calibration with a powder with
known properties, realistic particle size distributions were obtained. As paste
mixtures varying in water-to-powder ratio all generated similar particle size
distributions, no effects of differences of the water-to-powder ratio on the particle
clustering could be observed using ultrasound attenuation.

When Small Angle Light Scattering (SALS) was used on diluted samples of a solution
of cement in water, the influence of adding a superplasticizer on the scattering
patterns could be observed. Because the SALS images were independent on the
shear rate applied on the samples, the flocculation / deflocculation mechanisms in
cement paste subjected to shear cannot be studied more in depth using this
technique. A calculation of the particle size distribution based on the SALS images
was not successful. Although this technique is useful in polymer science, its
application on cement paste is less promising.
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Abstract (Dutch)

In deze thesis wordt de robuustheid van vers zelfverdichtend beton onderzocht.
Omdat geen externe verdichting van het verse beton nodig is, worden vele
problemen ten gevolge van een slechte verdichting vermeden bij het gebruik van
zelfverdichtend beton. Door de uitgespaarde arbeidskosten, een snellere
constructieduur, de betere verpompbaarheid en de mogelijkheid om toepassingen
met een dichter wapeningsnet of complexere bekistingen te produceren wordt
zelfverdichtend beton steeds meer toegepast. Echter, de inferieure robuustheid —
de capaciteit om kleine variaties in de mengverhoudingen, de
materiaaleigenschappen en procedures te weerstaan — belemmert het algemeen
gebruik van zelfverdichtend beton. Een doorgedreven kwaliteitscontrole van alle
bestandsdelen, voldoende toezicht en ervaren arbeidskrachten zijn noodzakelijk.

De samenstelling van zelfverdichtend beton is complexer dan deze van traditioneel
verdicht beton: het beton is een evenwichtsoefening tussen een voldoende
vloeibaarheid waardoor de lucht uit zichzelf kan ontsnappen en voldoende cohesie
om problemen zoals segregatie en bleeding te vermijden. Omwille van dit delicate
evenwicht zijn de gevolgen van kleine variaties op de verse eigenschappen veel
groter. Deze thesis onderzoekt welke fysische eigenschappen de robuustheid
beheersen en focust in het bijzonder op de rol van de verse microstructuur en het
clusteren van deeltjes. Gezien het grote aantal mogelijke invloedsfactoren kon niet
elk aspect van de robuustheid in detail bestudeerd worden. Tijdens de analyse van
de experimentele resultaten werd gefocusd op de fundamentele mechanismen
zodat de resultaten veralgemeend kunnen worden naar andere situaties of
parameters. Nieuwe experimentele technieken zoals ultrasound attenuation en
Small Angle Light Scattering (SALS) werden onderzocht op hun capaciteit om het
clusteren van deeltjes in de cement pasta te onderzoeken.

Hoofdstuk 3 is de literatuurstudie van deze thesis. In dit hoofdstuk wordt een
overzicht gegeven van de fundamentele mechanismen en interacties die de
microstructuur van vers zelfverdichtend beton beheersen. De chemische reacties
tijdens de eerste uren van hydratatie, de krachten en interacties tussen de deeltjes,
de werkingsmechanismen van admixtures en de impact van schuifspanningen
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werden in meer detail uitgewerkt om een beter begrip te bekomen van de
microstructuur van vers zelfverdichtend beton.

Op basis van een experimenteel programma werden methodes uitgewerkt om de
robuustheid van vers zelfverdichtend beton te verbeteren. Afhankelijk van het
mechanisme dat de stabiliteit in het zelfverdichtend beton garandeert, moet een
andere strategie toegepast worden. Omdat bij verschillende toepassingen andere
verse eigenschappen nodig zijn, moet een zelfverdichtend beton met de gepaste
reologische eigenschappen voor een bepaalde toepassing gebruikt worden.

Als de vloeispanning instaat voor de stabiliteit, is het de gevoeligheid van deze
vloeispanning die de robuustheid van de betonsamenstelling bepaalt. Omdat
dergelijke mengelingen een lage plastische Vviscositeit bezitten, hebben
veranderingen in deze lage plastische viscositeit een beperkte invioed. Op basis van
de experimentele resultaten en een kwalitatieve analyse op basis van het YODEL
model zijn procedures uitgewerkt om de robuustheid van de vloeispanning en dus
het globale mengsel te verbeteren. Een betere maximum pakkingsdichtheid helpt
en kan bekomen worden met een hogere dosis superplastificeerder, bijvoorbeeld
door het pasta volume te verlagen. Een alternatieve oplossing is de combinatie van
een lagere vloeispanning en een iets hogere plastische viscositeit van de pasta,
bijvoorbeeld door een VMA in de samenstelling op te nemen in combinatie met
een hogere dosis superplastificeerder.

Bij mengelingen met een lage vloeispanning waarin de plastische viscositeit de
stabiliteit garandeert is het de gevoeligheid van deze plastische viscositeit die de
robuustheid van de betonsamenstelling bepaald. Een klein tekort aan water kan
resulteren in een onverwerkbaar kleverig beton, een klein overschot aan water kan
leiden tot bleeding. De beste methode om de robuustheid te verbeteren is door de
robuustheid van de plastische viscositeit van de pasta te verbeteren. Op basis van
een reeks experimenten en de principes van het Krieger-Doherty model zijn
concrete maatregelen voorgesteld: een verlaging van de pakkingsdichtheid van de
pasta, bijvoorbeeld door de water-tot-poeder verhouding te verhogen. Ook een
verlaging van de plastische viscositeit van de pasta helpt om de robuustheid te
verhogen. In mengelingen die gevoelig zijn aan een hoge kleverigheid is het
aangewezen om de thixotropie te verminderen, bijvoorbeeld door het water-tot-
poeder verhouding te verhogen, een vervanging van cement door vliegas, of het
verminderen van de hoeveelheid silica fume.

Als bleeding de belangrijkste hinderpaal is bij kleine variaties, is een andere aanpak
nodig. Bleeding is een gevolg van een onevenwicht in de intermoleculaire krachten.

Als sterische repulsiekrachten domineren over de Van Der Waals krachten voor
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kleine colloidale deeltjes, wordt het colloidale netwerk verbroken wat leidt tot
syneresis: de vorming van een laagje water bovenop het betonoppervlak. Om de
oorzaak van bleeding weg te nemen bestaan twee mogelijke oplossingen: de
sterische repulsiekrachten verminderen door de dosis superplastificeerder te
verlagen (hogere water-tot-poeder verhouding, een hoger pasta volume), of de
Van Der Waalskrachten in het verse beton te verhogen, bijvoorbeeld door de
vervanging van een deel van het cement door silica fume.

Een poging was ondernomen om de structuuropbouw en clustering van deeltjes in
de cement pasta meer fundamenteel te onderzoeken met vernieuwende
experimentele technieken. Door de heel brede spanne aan deeltjesgroottes en de
ondoorzichtige structuur van cementpasta is het niet evident om de flocculatie van
individuele cement deeltjes te bestuderen. Twee technieken werden nader
onderzocht: ultrasound attenuation en Small Angle Light Scattering (SALS).

Een attenuation spectrum is een grafiek van de gemeten van de amplitude
verliezen in functie van een reeks ultrasound frequenties. De ultrasound golven
kunnen doordringen in voor licht ontransparante oplossingen. Omdat geen evolutie
van de attenuation spectra was waargenomen bij cement pastas in rust, kan de
techniek niet gebruikt worden om de flocculatie in rust te bestuderen. Metingen op
cement pastas met verschillende water-tot-poeder verhoudingen zorgden wel voor
verschillende attenuation spectra. In een apparaat waarin de deeltjesgrootte
verdeling bepaald wordt gebaseerd op een theorie van visceuze attenuation
verliezen en scattering attenuation verliezen, werden geen realistische verdelingen
berekend. In een ander apparaat waarin de deeltjesgrootte verdeling wordt
berekend met behulp van een kalibratie met een poeder met gekende
eigenschappen werden wel realistische maar ongeveer identieke deeltjesgrootte
verdelingen bekomen. Het effect van particle clustering kon dus niet worden
waargenomen in de berekende deeltjesgrootte verdelingen.

De invloed van superplastificeerder kon waargenomen worden op de beelden
gegenereerd door Small Angle Light Scattering (SALS) op sterk verdunde
oplossingen van cement paste in water. Omdat de SALS beelden onafhankelijk zijn
van de opgelegde afschuifsnelheid op de monsters konden de flocculatie en
deflocculatie mechanismen in cement pasta niet grondig bestudeerd worden met
de SALS techniek. Een berekening van de deeltjesgrootte verdeling gebaseerd op
de SALS beelden was niet succesvol. Hoewel de SALS techniek zijn nut bewezen
heeft in de polymeerwetenschappen, is de toepassing in cement minder
veelbelovend.
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Chapter 1: General Introduction

1. Self-Compacting Concrete (SCC)

Self-compacting concrete, also referred to as self-consolidated concrete or SCCis a
concrete type which is able to flow under its own weight and completely fill the
formwork, even in the presence of a dense reinforcement, without the need of any
vibration and maintaining its homogeneity under a wide range of shear stresses [1,
2].

The origin of SCC is located in Japan. During the postwar reconstruction of Japan in
the 1960’s, numerous building and infrastructure projects made use of vibrated
concrete. Many structures had a dense reinforcement because of the high risk of
earthquakes, especially in the joint of columns and beams. Two decades later,
many durability problems were discovered to be a result of a poor compactation of
the fresh concrete, resulting in high reparation costs. To avoid similar problems in
the future, H. Okamura and coworkers proposed to use concrete with a high
flowability and without the need for an external compactation, leading to the
development of self- compacting concrete [3, 4].

The use of SCC has many advantages [2, 5]:
e Less errors due to a poor external compactation, resulting in less repair costs.
e Less vibrations and energy consumption.
e Improved working conditions and less noise.
e Reduced construction times and labour costs.
e The possibility of a denser reinforcement network and a more complex
formwork.
e Improved pumping ability.
e Potential for further automation.
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However, the usage of SCC also has drawbacks, such as:

e Higher material costs.

o  Higher formwork pressures.

e SCCis more prone to plastic shrinkage cracking.

e Alower robustness: SCC is more sensitive to small changes in the mix
proportions, material properties, or the mixing procedure. Because of this
lower robustness, experienced staff and a more severe quality control of all
constituent materials is needed.

After 25 years of use and development, SCC has gained its status in the concrete
industry. Especially in the precast industry and in applications with a dense
reinforcement, a complex formwork, or containing large volumes of concrete, SCC
is already generally used. In order to extend the use of SCC even further, innovative
research is now focusing on predicting the rheology, a better understanding of the
microstructure and hence the durability, and reducing the environmental impact of
SCC.

An accurate prediction of the rheology of SCC is needed to simulate the flow in
applications with a complex formwork or a dense reinforcement and to further
automatize the casting process. In this context, it is not only needed to develop
accurate rheological models and simulation tools, but also to reduce the sensitivity
of the SCC rheology to slight perturbations.

2. Mix design of SCC

Compared to conventional vibrated concrete, SCC contains a higher powder
content, a high dosage of superplasticizers, and sometimes viscosity modifying
admixtures (VMA’s). This approach enables to combine a sufficient stability to
avoid segregation with a sufficient fluidity, allowing air-bubbles to escape and
ensuring a complete filling of the formwork.

Dependent on the application, other workability and strength requirements need
to be met. The EFNARC guidelines [1, 6] (Figure 1 [6]) or other guidelines (Figure 2
[7]) can be useful to determine the appropriate slump flow and V-funnel time
classes for several applications. However, often practical experience is the most
important guideline when setting the needed workability properties for a specific
application.
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Once the workability and strength requirements are known, the SCC mix
composition can be drafted. Many design methods exist in literature. Shi et al. [8]
established the following classification:

e Empirical design methods: Based on empirical data, an initial mix

composition is proposed, which should be optimized using trial batches.
The great advantage of these methods is its simplicity. A disadvantage is
the intensive laboratory testing, needed to be repeated when changing
one of the compounds. Examples are the general method of Okamura and
co-workers [9] and the UCL method of Domone [10].

e Compressive strength methods: In these methods, the required

compressive strength determines the content of cement, additions, water,
and aggregate. This straightforward procedure reduces the number of trial
batches. Only small adjustments to the proportions of components are
needed to reach an optimal mix proportion. An example is the method
proposed by Kheder and Al Jadiri [11].

e (Close aggregate packing models: After the aggregate packing is optimized

using a packing model, the required amount of paste is calculated needed
to fill the voids in between the aggregates. As a result, in general less
binder is needed. Different packing models coexist: Hwang and Tsai [12]
used the densified mixture design algorithm (DMDA), Su et al. [13] the
packing factor model (PF), and Sedran and de Larrard [14] the LCPL
compressible packing model.

e  Statistical factorial models: After intensive laboratory testing, statistical

relationships are established to correlate input mix design parameters
with output concrete properties. For mixtures within the constraints of the
statistical factorial models, an optimized mix composition for a specific
application can be generated. Intensive laboratory testing is needed in
order to establish the statistical models and needs to be updated in case
one of the material properties changes. An example of the application of
this approach is described by Khayat et al. [15].

o Rheology of paste models: In order to reduce the amount of laboratory

work, the paste rheology is optimized as a function of the average
aggregate diameter and aggregate spacing. An example of such a model is
the rheology of paste model of Saak et al [16].

The addition of fibers to the mix design of SCC has many advantages, but also

complicates the mix design methods. Many authors have established models to
obtain a proper mix composition for fiber reinforced SCC [17-20].
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3. Robustness of SCC

As described in the previous section, the mix design of SCC is more complex
compared to traditional vibrated concrete. SCC mixtures are balancing in between
a too high fluidity — resulting in segregation of the coarse aggregates or bleeding —
and a lack of fluidity — blocking the release of air bubbles in the fresh concrete and
thus eliminating the self-compacting nature of the concrete.

In addition, SCC generally contains more components, has a higher dosage of
superplasticizer, and is governed by more complex interactions between the
powders and admixtures (superplasticizers, VMA’s, retarders, ..) in the mix
composition compared to vibrated concrete. A lack of compatibility between
different admixtures might also induce problems. Unlike the rheology of vibrated
concrete which is mainly dominated by friction in between the aggregate particles,
the rheology of SCC is governed by hydrodynamic interactions [21]. No adjustment
of the intensity and duration of the vibration of the fresh concrete is possible.

Changes in the rheology can be caused by different types of variations:

e Changes in the mix proportions.

e  Changes in the chemical of physical properties of the components.
e Changes in the mixing procedure.

e Changes in the temperature.

In the literature survey, the origins and mechanisms of these variations will be
discussed in more detail. Often the robustness is only examined using empirical
tests. Only few authors have conducted in depth research on the robustness of
fresh SCC: Lowke investigated the robustness against segregation of the coarse
aggregates, Kubens [22] has performed thorough research on the effect of changes
in the material properties, the impact of variations in the temperature has been
investigated by Schmidt [23], and Lesage [24] has examined the influence of
combining different concrete admixtures on the robustness of SCC. In this thesis,
an attempt is made to explore the underlying mechanisms of the robustness
against variations in the water content.

4. Particle clustering inside SCC

When studying the sensitivity of the rheology to small variations, it is useful to
understand the wunderlying mechanisms of the rheology. Because the
macroscopically observed rheological behavior of SCC is determined by the
interaction between the particle size distribution, particle clustering and the impact
of admixtures and shear forces inside the mixture, an important part in this thesis
is dealing with the mechanisms of flocculation and deflocculation inside SCC.
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Next to a detailed literature survey, different possible measuring techniques have

been investigated:

Oscillatory reology: Applying a small amplitude oscillatory shear, the

storage G’ and loss modulus G” evolution in time can be monitored as a
measure of the respectively elastic and viscous response of the fluid [25].
In this thesis, the storage modulus evolution in time is used to quantify the
structural buildup of cement paste.

Small Angle Light Scattering (SALS): This technique, used in polymer

science and biology, investigates the scattered image generated by a
polarized laser beam on a dilute suspension of particles [26]. In this thesis,
an attempt was done to use this technique to study the flocculation and
deflocculation of cement particles in a dilute water suspension.

Ultrasound Acoustic Spectorscropy (UAS): By measuring the ultrasound

amplitude losses for different frequencies, the attenuation spectra of a
system can be determined. For colloid dispersions, emulsions, and dilute
systems without particle-particle interactions, changes in the particle
concentration and particle size distribution can be studied when the
predominant loss mechanisms are known [27-29]. In this thesis, the
application of acoustic spectroscopy on cement pastes has been
investigated.

5. Research objectives

The main goal of this research project was, as the title suggests, to study the

mechanisms involved in making SCC more robust and thereby facilitating the

production of SCC. In many onsite applications, the use of SCC is limited by its

inferior robustness, obstructing the use of this more durable, energy efficient, user-

friendly concrete. Due to the large number of influencing factors, not every aspect

governing the robustness of SCC could be investigated in depth in only one project.

All important choices regarding the direction of the research were made with the

following research objectives in mind:

A fundamental understanding of the mechanisms governing the
robustness of fresh SCC. Up to now, SCC is known to be less robust than
vibrated concrete, but it is not understood yet why. It is also unclear why
some SCC mixtures are more or less robust than other mixtures. This
thesis aims to investigate the physics governing the robustness, and
especially the role of the microstructure and particle clustering on the
robustness.

In literature, several approaches are used to evaluate the robustness of
SCC. Some authors describe the robustness as the probability of failure,
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others as the variations induced by certain changes. In this thesis, the best
approach to define the robustness during experiments on concrete level,
mortar level and on paste level will be evaluated.

The development of certain practical measures enhancing the robustness
of fresh SCC. Obviously, the conversion of fundamental research into
useful applications for the concrete industry should never should never be
overlooked. By implementing the theoretical knowledge of the
mechanisms governing the robustness of SCC into practical guidelines,
concrete producers can optimize SCC mix compositions in terms of the
robustness.

A fourth goal of this project is the evaluation of the potential use of new
techniques to study the particle clustering and structural buildup inside
fresh cement paste.
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Chapter 2: Literature Review

1. Introduction

In order to understand the mechanisms governing the robustness of fresh concrete,
it is necessary to study the microscopic origin of macroscopic changes occurring
due to small variations in the mix composition. In such a context, a sound
knowledge of the fundamental mechanisms and interactions governing the
microstructure of fresh SCC is indispensable. An entire chapter of this thesis is
devoted to a literature study summarizing the current state-of-the-art concerning
the robustness of fresh SCC. Besides the robustness of fresh concrete, also the
microstructure of fresh SCC, flocculation and deflocculation mechanisms, the
working mechanisms of superplasticizers and VMA's, and the impact of the mixing
procedure and shear forces are explored.

2. Robustness of fresh concrete
Until now, the fundamental mechanisms governing the robustness are still not
clear. A lot of practical experience exists about which mixing parameters of the mix
design affect robustness and what aspects of the mixing and casting process
produce large variations.

2.1. Concept of robustness

The robustness of fresh concrete is defined as the capability of a mixture to
tolerate small changes and variations inevitable with the production of concrete on
any significant scale [2]. Examples of variations which can occur are weighting
errors, other variations in the mix proportions, modifications in properties of the
constituents, deviations of the mixing and casting procedures, and variations of the
environment temperature. The robustness of self-compacting concrete depends on
the mix composition, the mixing history and the application of the mix.

In order to compare the robustness of several concrete mixtures, a more
guantitative approach is needed. Several approaches have been used in literature:
e Nunes et al [30] expressed the robustness as the probability that a mix
fulfills the acceptance criteria for a certain application.
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e Billberg and Westerholm [31] use the coefficient of variation (C.V.) of
several workability parameters as the robustness value. Changes are
induced by varying mix composition parametersl.

e Billberg [32] and Kwan and Ng [33] defined the robustness value as the
interval in which mix composition parameters can vary while still a
satisfying mix is produced

e Billberg [31, 32] also proposed to express the robustness as the measured
variation of a workability parameter due to a change of a certain mix
composition parameterz. Most often, the workability / rheology area in
workability box / rheogram is used as robustness value (Figure 3 [32]). The
rheology area does not include the effect of variations on the stability of
fresh SCC.
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Figure 3: The rheology area as a measure of the robustness [32]

Compared to vibrated concrete, SCC is more sensitive to changes. Due to a more
complex mix design, a lower yield stress, more stringent requirements, and the lack
of possible adjustments to the intensity and duration of vibration [34-38], a decent
quality control and skilled staff is mandatory for the production of SCC.

2.2. Origin of variations

Changes in the material properties, for example due to a new batch of one of the
ingredients, can result in variations in the rheology. Although changes in the
particle shape, void content and grading curve of aggregates affect the fluidity [39-

! According to this definition, the robustness of a mix composition increases as the
C.V. of the workability parameter is smaller.
2 According to this definition, the robustness of a mix composition increases as the
C.V. of the workability parameter is smaller.
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42], a proper quality control can avoid major problems [42]. Small quantities of clay
present in the sand can have a large impact on the fluidity of SCC [43, 44]. The
impact of fluctuations in the cement properties of constituent batches has been
investigated in detail [22, 45-50]. The inclusion of superplasticizers enhance the
sensitivity towards variations in the cement properties [45, 46, 48]. Mainly
variations in the C;A content, cement fineness, sulfate content, and Na,O
equivalent induce large changes in the fluidity of the produced concrete [46, 47, 51,
52] as these parameters are determining the adsorption equilibrium and ratio of
adsorbed superplasticizer to cement surface area [53-56]. Differences in the
chemical purity, physical properties, and molecular sizes of superplasticizers and
VMA'’s in between different deliveries probably also have a major impact on the
fresh properties of SCC, but less information about this subject is available in
literature.

Another source of variations in the rheology are measuring inaccuracies [57, 58].
Rigueira et al. [59, 60] have examined which measuring inaccuracies cause the
biggest fluctuations in the workability of SCC. Because the amount of admixture
and cement are most often measured very precisely and the usual variations in the
amount in sand and gravel only have a little influence, mainly variations in the
amount of water cause problems with the workability [31, 32, 59-62]. Table 1
summarizes the allowed tolerances according to the standards ACI 117-90 [63],
ASTM C94 [64], EN 117-90 [65] and the common errors in concrete factories based
on an investigation of Rigueira et al. [59, 60]. A good mix design can withstand a
variation of 5to 101/m3 in water content without falling outside the specified
classes of performance [6, 66].

. Limits Usual range
Limits ACI 117- Limits EN 206-1 | comprising 90% of errors
Component 90 [63] and .
ASTM €94 [64] [65] of the cases in the cases
studied in [59] studied in [60]
Cementitious 1% 3% 0.8% 0.79
materials
Sand 2% 3% 1.5% 1.62
Gravel 2% 3% 3.5% 2.75
Water 3% 3%
Admixture 3% 5% 0.8% 0.61

Table 1: Allowed measuring inaccuracies according to
ACI 117-90, ASTM C94, and EN 117-90

Even small changes in temperature can induce severe problems in the workability
of SCC. A raise in the temperature accelerates the hydration speed (reduces
workability), slows down the sulfates dissolution (reduces workability), accelerates
the PCE adsorption (improves workability), and increases the water absorption rate
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of aggregates [34, 53, 54, 67-71], which can result in a higher or lower fluidity of
the obtained SCC [68, 70, 72-76]. An accelerated growth of ettringite provides
more adsorption sites for superplasticizers, which can improve the workability of
SCC. Low temperatures cause a delay in the adsorption of superplasticizer and
therefore enhance the workability retention [34, 77].

The charge density of the PCE molecules and water-to-powder ratio of the SCC
mixture have a major impact on the robustness against temperature changes [34,
35]. SCC mixtures with PCE molecules with longer side chains or higher water-to-
powder ratios are more sensitive to cold temperatures [23, 34, 35, 78]. SCC with a
high charge density PCE or a low water-to-powder content is more sensitive at high
temperatures [23, 34, 78]. It is unclear whether the inclusion of a VMA in the mix
design can help to improve the robustness against changes in the temperature.
According to Yurug et al. [79] welan gum can help to improve the robustness
against changes in the temperature. Schmidt et al. [23, 78] state that diutan gum
does not help to improve the robustness against changes in the temperature.

Alterations or deviations from the mixing procedure or casting methods also have
an impact on the workability and workability retention. As described in Section 8 of
this chapter, a different mixer or changes in the mixing time, speed or addition
sequence will affect the mixing energy and therefore result in differences in the
particles clustering and hydration kinetics. Differences in cement composition,
superplasticizer type or environment temperature can lead to other influences
from changes in the mixing procedure on the workability [80-83]. According to
Asghari et al. [84], the robustness against changes in the mixing procedure depends
on the mixing composition. SCC mixtures with a higher water-to-cement ratio are
more sensitive to changes in the mixing procedure compared to changes in the
water content and mixtures with a lower water-to-cement content were more
sensitive to changes in the water content compared to changes in the mixing
procedure.

2.3. Mix design parameters affecting the robustness

Most research concerning the robustness of SCC focusses on the sensitivity against
changes in the water content. The focus on variations in the water content is
normal, as measurement errors in this component cause most problems in practice
[59, 60]. Below, a literature review is given on the mix design parameters affecting
the robustness. Chapter 3 of this thesis will explain why certain parameters are
important. Based on the literature review and additional experiments, a more
fundamental theory concerning the robustness of fresh SCC will be developed.

40



2.3.1. Water content

When studying the impact of the water content of SCC mix designs, a distinction
should be made between the filling water and the excess water in the mixture [85]:
the filling water fills the voids in between the solid particles and the excess water
forms a film on the surface of the solid particles. Mixtures with a higher water
content or in which the solid particles have a larger maximum packing density, have
a larger amount of excess water lubricating the mixture.

According to the Krieger-Doherty model describing the viscosity as a function of the
packing density for suspensions of rigid spheres [86], mixtures with a higher water
content should be more robust against small changes in the water content. As the
amount of free water increases, the packing density decreases, which corresponds
with lower inclinations of the Krieger-Doherty curve (Figure 4), indicating a lower
sensitivity to changes in the amount of free water.
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Figure 4: The Krieger-Doherty model of suspensions of rigid spheres [86]3

The predicted higher robustness with a higher amount of free water is confirmed
by experiments [87-89] showing an increase of the robustness when higher water-
to-cement ratios and less water demanding powders are used. Also Eco-SCC, with
an extremely high water-to-powder ratio and low paste volume has an
exceptionally high robustness against small changes in the water content [90].

Kwan and Ng [33] investigated the robustness against variations in the
superplasticizer content. The robustness decreases as the water-to-cement ratios
increases.

® The numbers in the chart are merely indicative
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2.3.2. Powder content and composition

Many authors report that an increase of the paste volume enhances the robustness
against water variations [39, 91-94]. A higher paste volume separating the
aggregates, allows the paste to be more viscous (in order to keep a similar concrete
flowability), and therefore lowering the needed superplasticizer content [91-93].
Such a paste appears to be less sensitive to changes in the water content. A more
viscous paste also enhances the robustness of the segregation resistance, as can be
illustrated using the static segregation rate equation (Equation 1 and Table 2) [91,
95]. A higher paste volume also reduces the negative impact of bad aggregates
grading curve or the use of crushed aggregates on the robustness [39, 94].

5.18 M-TO -d 5.18
ua=us-(1—%) =%( —ﬁ) (Eq. 1)
Symbol Explanation

U, Segregation rate of the entire set of aggregates
Ug Segregation rate of a single representative particle
[0) Volume fraction of aggregates
bm Packing density of aggregates
Ds Density of aggregates
oL Density of paste
g Gravitational acceleration
d Diameter of the representative aggregate
To Paste yield stress
Np1 Paste plastic viscosity

Table 2: The symbols used in the static segregation rate equation (Eq. 1)

Besides the water-to-powder ratio, also the composition of the powder has an
impact on the robustness of SCC mixtures. Low alkali cement, which contains less
sulfates and C;A content and producing less heat of hydration, is less robust than
high alkali cement [96]. When a part of the cement is replaced by powder additions,
a higher resistance against changes in the water content [6, 97] and
superplasticizer dosage [66] is observed. Some authors suspect a possible link
between the thixotropy and robustness [36, 98], but more research on this field is
needed.

2.3.3. Superplasticizer type and dosage

The optimum dosage superplasticizer to obtain a maximum robustness differs from
the optimum dosage to obtain a maximum slump flow without segregation [33, 66].
Lowering the superplasticizer dosage with an increase of the water-to-powder ratio
or increasing paste volume helps to reduce the sensitivity against changes in the
water content [87-89, 91-93].
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Certain superplasticizer types result in a more robust SCC compared to others [37,
89, 96, 99-102]. Lignosulfonate [102], polynaphthalene sulfonate (PNS) [37, 99] and
polyphosphonic (PPh) [101] based superplasticizers are reported be more robust
against changes in the water content compared to polycarboxylate ether (PCE)
based superplasticizers which are reported to be more robust against variations in
the superplasticizer dosage compared to polysulfonate based superplasticizers [96].
A combination of multiple types of superplasticizers might be able to enhance the
robustness [103]. However, care should be given to avoid unexpected interactions
between different types of superplasticizers.

2.3.4. Viscosity Modifying Admixtures (VMA’s, defined in
Section 5.3.)

In literature, the robustness enhancing method most often mentioned is the
addition of VMA’s in a mix composition. VMA’s are reported to enhance the
robustness against variations in the water content, superplasticizer dosage,
aggregate grading curve, and cement characteristics [31, 38, 79, 88, 93, 104-116].
The higher the water-to-powder ratio, the greater the robustness can be increased
using VMA's, although the required dosage of VMA also increases [107]. In order to
maintain the same fluidity, the superplasticizer dosage needs to be adjusted when
using a VMA.

Nevertheless, as the definition of a VMA covers a wide range of products, not all
VMA'’s will have a similar effect on the robustness [31, 37, 88, 105, 106, 117, 118].
Some VMA's are even reported to reduce the robustness of SCC [31, 88].

Explanations for these differences will be discussed in the next chapter, discussing
the experimental results gathered in this project. Shindoh and Matsouka [115]
suggested that the robustness enhancing effect of VMA’s is caused by the
improved segregation resistance. When using a VMA, higher dosages of
superplasticizer can be added without static segregation of the coarse aggregates,
meaning a broader range of superplasticizer dosages still leads to acceptable SCC
mixtures. A more detailed explanation about the positive or negative impact of
VMA'’s on the robustness will be discussed in the Chapter 3 of this thesis.

2.3.5. Aggregates grading curve

A proper aggregate grading curve is needed to obtain an acceptable segregation
stability [2, 119]. The grading curve can be optimized to obtain a higher robustness
[33, 91, 93-95] by increasing the ratio of fine-to-coarse aggregates [33, 91],
decreasing the maximum size of the coarse aggregates [91, 93], and the use of
rounded aggregates instead of crushed aggregates [94]. All measures lead to a
decrease of the packing density of the aggregates and thus increased the paste
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content available to lubricate the aggregates [120]. As the ratio of fine to coarse
aggregates decreases, less superplasticizer is needed.

3. Hydration of fresh cement paste

During the first hours after mixing, different complex hydration reactions are
occurring in fresh concrete, leading to an evolution of the rheology of fresh self-
compacting concrete in time. In this section, a short summary of the main
hydration reactions and their impact on the microstructure during the first two
hours of hydration is described. Because the influence of admixtures will be
discussed after describing their chemical en physical properties, only cases without
admixtures are considered in this section. The presence of mineral fillers in SCC will
also affect the hydration kinetics, depending on the morphology of the filler [121].
As this is not within the focus of the current research, it is not discussed in detail.

3.1. Early hydration chemistry

Cement powder consists mainly of two mineral phases and gypsum:

e The silicate phase, consisting of alite, an impure form of tricalcium silicate
Si0, . 3 Ca0 (hereafter abbreviated as CsS), and belite, an impure form of
dicalcium silicate SiO, . 2 CaO (hereafter abbreviated as C,S).

e An interstitial phase composed of two more or less crystalized phases:
tricalcium aluminate Al,O;.3 CaO (hereafter abbreviated as C;A) and
tetracalcium aluminoferrite 4Ca0 . Al,O; . Fe,05 (hereafter abbreviated as
C,AF).

e Dependent on the type of grinding, part of the gypsum is dehydrated into
calcium hemihydrate or completely dehydrated into anhydrite [52].

Immediately after contact of cement and water, the hydration reaction starts
(Equation 2 and 3). The phases resulting from this dissolution — precipitation
process can be predicted using a combination of thermodynamics and kinetics
[122]. The hydration rate depends on thermodynamics, the chemical composition,
the fineness, and the amount of reactive phases.

C,S / C3S + water = CSH + portlandite (Eq. 2)
C3A |/ CLAF + CaS0, + H,0 = ettringite + monosulphoaluminate (Eq. 3)
The hydration process of cementitious materials is divided into five stages as
illustrated in Figure 5 [52]. The first liberation of heat and the dormant period will
be discussed in more detail because of their impact on the workability and

rheology of concrete.
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Figure 5: Five stages of the hydration process [52]
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A fast dissolution of the anhydrous phases and the initial hydration of C;A provokes
a large exothermic peak. This first liberation of heat is considered as Stage | of the
hydration reaction, also referred to as the initial dissolution period. During this
stage, ettringite precipitates due to high reactivity of aluminates and availability of
calcium sulfate.

After the first liberation of heat, a longer period of low chemical activity follows,
manifested as a period of low heat release in Figure 1. During this period, referred
to as the dormant period or induction period, the processes of Stage | continue:
ettringite and C-S-H nuclei are formed and grow slowly [52, 71, 123]. The origin of
the slowdown of dissolution rate is still a point of discussion [52, 122, 124]:

e Metastable barrier hypothesis.

According to this hypothesis, a thin protective membrane of calcium silicate
hydrates on the cement grains is assumed to block further dissolution and
thereby slowing down the reaction. The barrier restricts the access to water
and limits the diffusion of detached ions away from the surface of the clinker
phases [125].

However, the morphology of ettringite (needles) and C-S-H (precipitates as
isolated clumps) differs fundamentally from C;A and is unlikely to form a
dense impermeable barrier layer blocking dissolution of an otherwise smooth
or pitted surface [122, 124]. Moreover, no direct proof for this protective
membrane hypothesis has been observed yet [52, 122, 126, 127]. Nuclear
resonance reaction analysis (NRRA) results for hydrating triclinic C5S has
shown a thin continuous hydrated layer [128], but the necessary passivizing
influence of this layer to effectively block the diffusion is unclear.
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e Slow dissolution step hypothesis.

Another theory assumes the slowdown of the reaction rate at the end of
Stage | is a result of dissolution control of C;A and C5S [52, 126, 127, 129].
Dissolution is the detachment of molecular units from the surface of the
cement grains in contact with water. The rate of dissolution depends on the
undersaturation with respect to the dissolving phase. According to the
dissolution step hypothesis, the high rate of dissolution is dominated by the
formation of etch pits at dislocations of the clinker surface during Stage I.
When the level of undersaturation decreases, the rate of dissolution is slowed
down because the driving force is insufficient to activate etch pits openings.
As a result, dissolution happens by the slower step retreat mechanism [124,
127, 129] during Stage Il, explaining the rapid decrease in reaction rate when
the undersaturation decreases.

The formation of etch pits in Stagel has been confirmed by imaging
techniques [127, 130, 131] and makes the presence of a barrier layer unlikely
[127]. Studies of dissolution rates of C3S in stirred suspensions also confirmed
the slow dissolution step hypothesis [132]. Measurements of the activation
energy of C3S indicate the rate controlling step remains the same during early
hydration [133]. The dissolution process of C;A is slowed down by the
adsorption of sulfates on active sites of C;A [122].

At the end of the dormant period, two things happen almost simultaneously and
mark the beginning of Stage Ill, the acceleration period: a rapid growth of CSH and
precipitation of calcium hydroxide (Portlandite). According to the protective
membrane hypothesis, the end of the dormant period is caused by a rupture of the
protective membrane layer [71, 134] but cannot explain the precise and repeatable
timing of the end of the dormant period [124]. The slow dissolution step hypothesis
explains the onset of the acceleration period by a continuous increase of the
concentration of ions during the dormant period up to the level of supersaturation,
triggering the precipitation of Portlandite [52]. The formation of Portlandite
increases the degree of undersaturation and therefore accelerates the dissolution
of C3S, inducing an acceleration of the CSH precipitation [52]. Nucleation and
growth of CSH control the rate of hydration during the acceleration period [129].
The increase of the dissolution rate of CsS results in a strong increase of the heat
flow rate as illustrated in Figure 5 [52].
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3.2. Morphology of early hydration products

The anisotropic growth of the hydration products depends on the rate of hydration
and of the content of ions and admixtures in the pore water, resulting in different
morphologies of ettringite and CSH. Hydrated lime Ca(OH), is created in the
crystalline form of Portlandite. The formed crystals are shown in Figures 6 to 9,
originally from Aitcin and Flatt [52].

Coulis B14d
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-

Figuré 9: Hydrated tetracalciuma.lur-ninate
crystals (Afm) [52]

CSH has two macroscopic morphologies: a fibrous and directional morphology on
the surface of cement grains growing towards the pore space, and a more compact
and homogeneous morphology formed in volumes of the cement grains originally
filled by the anhydrous phase. The CSH precipitates formed on the cement grains
during the dormant period are small sheets with dimensions 60x30x5 nm [135-137].
Several minutes after mixing, the CSH particles start building up a network inside of
the fresh concrete [138, 139]. Because the network has a very low critical strain
(10™), the cohesion is most probably a result of short range forces such as ion-ion
correlations between the strong negative charge density of CSH particles in the
presence of many counter ions [136]. At the end of the dormant period, CSH
needles start to grow out from the disorganized CSH precipitates on the cement
grains [140] as illustrated in the SEM pictures shown in Figure 10 [129, 141].
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Figure 10: SEM observations of the growth of CSH at
a) 1h30m, b) 3h, c) 6h, and d) 9h [129, 141]

CsA is the most reactive clinker material and strongly influences the initial rheology.
Dependent on the degree of supersaturation, ettringite presents different
morphologies: from short hexagonal prisms to long needles [52]. Also the presence
of Na' ions inside C;A affects the reactivity of the C;A and the crystal structure of
the formed ettringite: Na® ions induce an orthorhombic crystal structure of
ettringite, without Na® ions a cubic crystal structure occurs. As a result, less Na*
ions result in more cubic C;A and hence a more reactive C;A [52].

The reaction rate of C;A is also controlled by the adsorption of sulfates on C3A,
which slows down the dissolution process of C;A [122]. When no more sulfate ions
are available in the solution, a second sharp exothermal peak due to fast C;A
dissolution and faster precipitation of ettringite happens. The reactive ettringite
and C;A forms monosulphoaluminate. The morphology and composition of the
formed aluminate phases and length of the dormant period is determined by the
amount and origin of the sulfates in the cement [71].

Using high pressure freezing, Focused lon Beam Nanotomography (FIB-nt), and a
Scanning Electron Microscope (SEM), the evolution of the hydrating microstructure
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of fresh cement pastes has been studied [142-145]. The high pressure (2 kbar)
prevents phase transformations and the formation of artifacts inside of the fresh
cement pastes during freezing, preserving the original particle arrangements. The
impact of early hydration on the microstructure of unhydrated cement [143] is
illustrated in Figure 11 [142]. The unhydrated cement contains almost no particles
smaller than 500 nm. After 6 minutes, numerous submicron hexagonal prismatic
crystal shaped ettringite particles are well dispersed in the interstitial phase [142,
143]. The increase of the amount of sub-micron particles is a result of the
nucleation and precipitation of small crystal seeds and the fragmentation of
particles containing fractures into distinct subgrains due to dissolution [143]. The
early precipitations triple the specific surface of the cement paste during the first 6
minutes [142, 143].

Once the first liberation of heat (Stage I) is over, no large changes happen to the
microstructure until the end of the dormant period [142, 144]. At the end of the
dormant period, small interstitial grains will create bridges in between the larger
particles and create a long range particle network [146].
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Figure 11: Impact of hydration on the particle size distribution [142]
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4. Forces acting on particles inside fresh SCC
The complex interactions in between particles inside fresh concrete, ranging from
fine fibrous early C-S-H phases of 20-40 nm up to coarse gravel particles of several
centimeters, are governed by several interaction forces: Brownian motion, colloidal
interactions, contact forces, hydrodynamic forces, and gravity of the earth [25, 52,
147, 148]. Dependent on the particle size, volume fraction, and external forces, one
or two of these forces will dominate the others [149, 150].

Table 3 provides an overview of a rough estimate of the order of magnitudes of the
various interaction forces on particles of a different size. The energy of most forces
depends strongly on the surface properties and presence of admixtures for the
smaller particles, and the shear rate for the larger particles.

Tvoe of interaction Energy for particles of a given size [Nm]

yp 10 nm 100 nm 1um 10 um 100 pm 1 mm 10 mm
Brownian motion 10" 10" 10" 107 % 107 % 107 * 107 %
Colloidal forces:
Van Der Waals 107 10" 10" 10" 1072 * 101 * 100 *
Electrostatic 0-10" | 0-10Y | 0-10" | 0-10" | 0-10™* | 0-10%* | 0-10%*
Steric repulsion 107 107 10" 10" 107 * 1077 * 107 *
Contact forces 107 * 107! * 107 * 107 10™° 10™ 10°
Hydrodynamic forces
Viscous drag forces 10720 * 10 * 10™ * 10t 10% 10° 102
Inertia forces 1070 * 107 * 10 * 10™ 10°® 10° 10”
Gravity 107 * 10" * 10 * 10" 10° 10° 10°

*) The interaction energy is negligible compared to other forces for this particle size
Table 3: Order of magnitude of the various interaction forces

4.1. Brownian motion

Brownian motion is the thermal movement in random directions (translational and
rotational) of particles in a suspension. The energy associated with Brownian

motion E =§ kg T (with k; representing the Boltzmann constant and T the
temperature) is rather small compared to other particle interactions and only of
importance for the microsized particles in the cementitious system.

4.2. Colloidal interactions
Three types of colloidal interactions are important in cement: Van Der Waals forces,
electrostatic forces and steric repulsion forces.

4.2.1. Van Der Waals forces

Van Der Waals forces are weak short-range electrostatic attractive or repulsive
forces between uncharged molecules arising from the interaction of permanent or
transient electric dipole moments. The magnitude of Van Der Waals forces depends
on the packing density, particle size and geometry, species adsorbed onto the
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particle surface, and the nature of the liquid medium [151]. According to their
origin, three types of Van Der Waals forces are distinguished: Keesom forces (two
permanent dipoles), Debye forces (a permanent dipole and an induced dipole), and
London-dispersion forces (two instantaneously induced dipoles).

The potential energy associated with Van Der Waals interactions is given in
Equation 4, in which A is the Hamaker constant, R; and R, are the particle
diameters, and r is the interparticle distance. During the calculation of the order of
magnitude for all particles in Table 3, a Hamaker constant of 1.7 . 10") [55] and an
interparticle distance of 0.1 um was assumed.

R1 Ry

E=-A G s

(Eq. 4)

4.2.2. Electrostatic forces

Electrostatic forces are attractive or repulsive forces between particles with a
respectively opposite or similar charge. The dissociation of surface groups and the
adsorption of ions or ionic polymers in water provide a charge on the surface of the
cement grains. This surface charge rearranges the ions present in the pore water
into a specific ion distribution described by the double layer model of Goiy-
Chapman: a Stern layer consisting of counter ions immobilized by the charged
surface, and a diffuse layer of mobile ions, most of them with the same charge as
the surface [52]. This ion arrangement results in an exponential decreasing electric
potential as given in Equation 5 in which W, is the surface potential and k™1 is the
Debye length, the thickness of the diffuse layer. The associated potential energy is
given in Equation 6 in which k, is the Coulomb constant, g and Q are the point
charges, and r is the interparticle distance.

Wgs = W, - exp(—kx) (Eq.5)

E =k (Eq. 6)
The high repulsive potential over the Debye length (typically a few nm) is a result
from the overlap electric double layers, inducing a strong osmotic pressure. For
suspensions with a high ionic strength, such as cement suspensions, the Debye
length decreases and electrostatic repulsion is only felt at a very short distance,
where the attractive Van Der Waals forces are predominant [52].

51



4.2.3. Steric hindrance

Steric hindrance is a force of entropic origin which prevents the flocculation of
cement particles by adsorbing polymer molecules with long side chains. Particles
are prevented to come too close together, as an overlap in electron clouds would
result in a strong increase of the potential energy as the adsorbed polymers would
have to distort from their preferred conformation. The steric repulsion depends on
the thickness of the adsorbed layer (a few nm) and increases sharply once a
particle enters the geometrical barrier created by the adsorbed polymer [152]. The
steric repulsion potential can be determined using Equation 7 [153] or Equation 8
[154], using the symbols listed in Table 4.

E =T oy — k) (6~ d)? - (3R +25 +9) (Eq.7)
392-f, 2
E= kpTTS ((2)2.25 3 (1)0.75) (Eq. 8)
J1/T d 2:8
Symbol Definition Value used for Table 1
E Steric repulsion potential
ky Boltzmann constant 1.381.10" m2kgs K’
T Temperature 293.15K
Cy Concentration of the adsorbed polymer
9 Molecular volume of the solvent molecules
fa Density of the adsorbate
2 Entropy
K Enthalpy
) Adsorbed layer thickness 3nm
d Distance between two adsorbate particles 0.1 um
R Radius of the adsorbate
r number of adsorbate molecules per unit area of 0.5nm”
the surface

Table 4: Abbreviations used in Equation 7 and 8

4.3. Hydrodynamic forces

During shear flow, viscous drag forces result in energy dissipation. The order of
magnitude of the hydrodynamic forces depends on the concentration of rigid
particles, the particle size distribution, the shape of the rigid particles, the viscosity
of the medium, and the density difference [151]. The drag force exerted by the
paste on an aggregate with a certain size can be calculated using Equation 9, the
associated kinetic energy using Equation 10, with symbols summarized in Table 5
[155, 156].

FA=abc<9np1AV (Z—lz+ﬁ+:—3;)+ nzrog(ﬂ+ﬂ+z—i)> (Eq.9)

22 4 \r?2 ' np?
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E= é m v? (Eq. 10)

Symbol Definition
ab,c Dimensions of the concrete sample (height, with, and length)
To Paste yield stress
N1 Paste plastic viscosity
AV Difference in velocity between aggregate and paste
b1, D1, 1 Volume fractions of different aggregates

T1,72,T3 Radii of the aggregates
E Kinetic energy
m Mass
v Velocity

Table 5: Abbreviations used in Equation 9 and 10

For most particles, the inertia forces are negligible compared to other forces acting
on the particle. Only for particles with a Reynolds number Re, above 0.1
(Equation 11 [157]), the inertia is important. The symbols used in Equation 11 are
summarized in Table 6. The inertial energy summarized in Table 3 corresponds with
a flow speed of 5 m/s.

D2
Rep =2 (Eq. 11)
Symbol Unit Definition
Re, - Is the particle Reynolds number
Ds kg/m?3 Is the density of the suspending medium
y 1/s is the shear rate
D m Is the particle diameter
Ns Pas Is the apparent viscosity of the suspending medium

Table 6: Abbreviations used in Equation 11

4.4. Contact forces

In dense particle suspensions such as SCC, direct contact interactions between the
larger particles are happening. Contact forces can be continuously applied or
delivered in a short impulse. Examples of contact forces are hard sphere collisions,
friction, normal forces, and tension.

4.5. Bouyancy

Gravity forces can result in segregation of the coarse aggregates.
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5. Admixtures

5.1. Introduction

When a polymer is added to a cement suspension, several mechanisms might occur

[25]:

e Neutral interaction: The polymer does not interact with the particles and
therefore does not affect the flocculation of the particles. The polymer might
thicken the liquid phase.

e The flocculation of the particles can decrease when parts of the polymers
adsorb onto the particle surface and other parts protrude into the liquid
phase.

e  Bridging flocculation: High molecular weight macro polymers anchor particles
by attractive Van Der Waals forces. Most often bridging flocculation leads to
relative strong agglomerates which can resist high shear stresses.

o Depletion flocculation: because large polymers are excluded from the small
gaps in between particles, an osmotic pressure pulls all water out of these
small gaps and brings particles closer together. The agglomerate strength is
generally relatively small.

In this section, the influence of superplasticizers and Viscosity Modifying
Admixtures (VMA’s) on the hydration and particle forces in a fresh SCC is discussed.
Although many other superplasticizer types can be used to make SCC, this section
only deals with polycarboxylate (PCE) superplasticizers, the most commonly used
superplasticizer type in SCC. Also discussing lignosulphonates, polynaphthalene
sulphonates (PNS), polymelamine sulphonates (PMS), or other types of
superplasticizers would result in a too expanded discussion.

5.2. Polycarboxylate (PCE) superplasticizers

5.2.1. Working mechanism

Polycarboxylate ethers, polycarboxylate esters, polycarboxylates or also called PCE
molecules are superplasticizers consisting of a main chain (referred to as the
backbone) bearing carboxylic groups to which non-ionic side chains made of
polyethers are attached (Figure 12 [52]). The carboxylic groups give a negative
charge to the backbone, required for adsorption onto the positively charged
cement particles. A great diversity of chemically different PCE products are
available on the market: MPEG-type PCE’s, APEG-type PCE’s, VPEG-type PCE’s,
HPEG-type PCE’s, IPEG-type PCE’s, XPEG-type PCE’s, and PAAM-type PCE’s [158].
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Figure 12: The molecular structure of PCE superplasticizers [52]

Two effects contribute to the working mechanism of PCE molecules: negatively
charged carboxylate groups adsorb onto positively charged surface areas of
hydrating cement while the non-adsorbing polyethylene glycol side chains intrude
in the interstitial pore space and provide the steric hindrance onto the surface of
the cement particles [52, 71, 159]. As a result, the effectiveness of PCE
superplasticizers is determined by the amount of adsorbed molecules and the
conformation in their adsorbed state [160]. Both effects depend on the properties
of the cement grains and the molecular architecture of the PCE molecules [23, 53,
55, 56, 142, 161-166].

The adsorbed amount of PCE molecules onto the cement surface depends on the
dosage of superplasticizer, the available surface of cement, competitive adsorption,
the anionic charge of the backbone, and the flexibility and stiffness of the backbone
[53-56, 160]. The adsorption happens preferentially onto the interstitial phases of
the cement grains, ettringite and monosulphate [167, 168]. A part of the PCE
molecules can be lost due to the formation of organo-aluminate phases during
hydration or by adsorption onto clay minerals [44]. The competitive adsorption
with sulfates, hydroxyls, retarders or other molecules is governed by their relative
affinity for cement surface and their relative concentrations [53, 160].

The thermodynamic condition for adsorption is given in Equation 12 [169], in which
AG, is the Gibbs free energy [J], needed to be negative to allow adsorption
spontaneously, AH, the reaction enthalpy [J], T the temperature [K], and AS, the
reaction entropy [J/K]. Langmuir isotherms can be used to describe the adsorption
of PCE superplasticizer [169].

AG, = AH, — T -AS, < 0 (Eq. 12)
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The spontaneous adsorption of superplasticizers is a result of four energy
contributions [169]:
e  Attractive energy AH,. < 0

The attractive energy between the carboxyl groups (COOH) and the cement

surface decreases with higher anionic charge densities [169] and decreases
when more counter ions such as chlorides or sulfates are present in the pore
solution [53, 55, 56, 170]. The release of enthalpy due to this lower energy
state is the driving force of the adsorption of PCE molecules with short side
chains.

e Entropic gain from the release of counter ions AS,. > 0

The release of counter ions from the cement surface into the pore solution
results in an entropic gain [169]. This contribution decreases with higher
anionic charge densities of the PCE molecules and increases with increasing
concentration of Ca>* ions in the pore solution [169]. For PCE molecules with
long side chains, the entropic gain from the release of counter ions
determines the adsorption equilibrium.

e  Electrostatic repulsion by PCE adsorbed on the cement surface AH,. > 0

Adsorbed PCE molecules on the cement surface induce an increase of the
electrostatic repulsion towards PCE molecules still in solution [169], resulting
in an increase of the enthalpy in the system.

e  Entropic loss due to a reduced mobility after adsorption AS, < 0

PCE molecules loose part of their mobility by being absorbed onto the cement
surface, resulting in an entropic loss.

Because PCE molecules only have a low electrostatic charge and the pore solution
has a high ionic strength, the electrostatic contribution can be ignored compared to
the dispersing effect of steric repulsion [56]. The steric repulsion force depends on
the amount and thickness of the layer of adsorbed PCE molecules [171], which on
itself depends on the side chains length of the PCE polymers [172, 173].

5.2.2. Impact on rheology and workability retention

PCE superplastizers are the perfect example of how small changes on nanoscale
can have an immense impact on the macroscopic rheological behavior of concrete:
the increase in repulsive forces results in a lower yield stress of the cement paste
[174, 175] (Section 6.1). The influence on the plastic viscosity and shear thickening
is less clear [174-180].

In order to explain why different types of PCE superplasticizers have another
influence on the plastic viscosity and thus stickiness of SCC [176, 177, 179], a better
understanding of the mechanisms governing the energy dissipation in flowing
concrete is needed. Krieger and Dougherty [181] suggested in 1959 energy
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dissipation during flow concentrates in strongly sheared fluid layers between
neighboring particles in mixtures with a high solid volume fraction.
Superplasticizers can therefore affect the plastic viscosity in two ways: modify the
thickness of the fluid layers which are sheared, and modify the viscosity of the
sheared fluid layers. More recently, several mechanisms have been suggested by
various authors:

e Larger fluid layers in which shear concentrates [177]:

According to Hot et al. [177], more free water is available in the mixture when
superplasticizer disperses the cement particles. As a result the thickness of
the fluid layers of interstitial fluid in which shear concentrates increases,
reducing the viscous dissipation of energy during flow. This mechanism does
not explain the different impact of various PCE superplasticizers.

e PCE molecules increase the viscosity of the pore water [177].

Hot et al. [177] observed that highly adsorbent PCE types result in a lower
plastic viscosity compared to weakly adsorbent PCE types for the same
dispersion state and proposed the following hypothesis: for a similar
dispersion state, more weakly adsorbing PCE molecules would be present in
the pore water, increasing the viscosity of the pore water, and thereby
increasing the plastic viscosity of the cement paste.

e  PCE molecules as lubricant in the pore solution [182-184]

The lubricating effect of non-adsorbing polymers present between densely
packed cement particles has been suggested as a possible mechanism to
explain the reduction of stickiness observed when non-adsorbing non-ionic
polymers such as di-ethylene glycol and polyether amine were used in SCC
with low water-to-cement ratios [182, 183]. Perhaps similar mechanisms
reduce the viscosity when PCE molecules are present in the mixing water.

e Polymers with a higher grafting ratio increase the local viscosity in the shear

zones [177].

PCE superplasticizers with a higher grafting ratio will induce a higher density

of side chains in the gap between grains, leading to higher local viscosities in
this gap and thus a higher plastic viscosity of the cement paste.
e Changing the anionic charge of the pore solution [185]

To explain why phosphate polymers reduce the plastic viscosity of concrete
with a low water-to-cement ratio, Stecher and Plank [185] have suggested
that phosphate groups with a high affinity towards calcium ions might reduce
the anionic charge of the pore water solution.
e Superplasticizers affect the surface tension of water [142].

Different types of superplasticizers will affect the surface tension of the pore
water and therefore influence the air bubble size distribution. A more
hydrophobic superplasticizer will result in a lower surface tension and reduce

57



the air bubble size. At high shear forces (in a sticky SCC), the small air bubbles
become deformable and their size affects the macroscopic observed plastic
viscosity.

e  The hydrophilic — lipophilic balance (HLB) value [158, 186, 187]
When the hydrophilic-lipophilic balance (HLB) value of a PCE molecule is

above 18.5, the PCE molecules are very hydrophilic resulting in a much lower
plastic viscosity of the produced SCC [158, 186, 187]. The actual mechanism
causing a reduction in the plastic viscosity is still unknown. Both the influence
of PCE on the surface tension of the interstitial water [188] and weak
hydrophobic Van Der Waals interactions in between the polymers absorbed
on the cement surface [186] have been suggested as possible mechanisms.

The workability evolution in time depends on the superplasticizer type and dosage.
Both the increase of the surface area, the amount of PCE polymers in solution and
the decrease of the sulfate content of the pore water in time determine the
evolution of the main parameter determining the workability evolution: the ratio of
adsorbed PCE molecules to the surface area of the solid phase [53, 54, 162]. The
evolution of the surface area of the solid phase depends on the particle size
distribution of the powders and the hydration reactivity of the cement during the
first hours. Polymers with a lower amount of charges on the backbone (lower initial
adsorption) and short side chains provide an extended workability in time [162,
164]. Because a high dosage of superplasticizer is added to SCC, significant amounts
of PCE do not adsorb immediately after mixing but upon the formation of ettringite.
As a result, the formation of ettringite — which reduces the workability of systems
without superplasticizer — can enhance the flowability of SCC [34].

5.2.3. Superplasticizer and early cement hydration

PCE superplasticizers retard the hydration of the silicate and aluminate phases of
cement [159, 161, 189-198]. The induction period is prolonged more with
increasing charge density, also resulting in more adsorbed PCE molecules. After an
extended dormant period, ettringite and portlandite precipitate almost
simultaneously in presence of PCE superplasticizer — which does not happen when
no superplasticizer is added [190, 191]. Due to the dispersive action of
superplasticizer, the acceleration phase has a faster hydration rate [196].

58



Up to now, the mechanism by which superplasticizer prolongs the dormant period

is not clear. The following hypotheses have been proposed in literature [159]:

Complexation of calcium ions in the pore solution:

As a result of the formation of chelates of PCE molecules and calcium ions, the
concentration of calcium ions in the pore solution decreases [190-192, 196,
198], which slows down the buildup of supersaturation needed for hydrates
nucleation. Many authors doubt the existence of the calcium-PCE chelates
[161, 189, 193].

Absorbed PCE molecules slow down dissolution of the anhydrous phases

[189-191, 196]:

Some authors claim the adsorbed PCE also induces changes in the ionic

composition of the aqueous phase, affecting as well phase diffusion,
nucleation and growth of the hydration reaction [161, 190-193]. Others claim
the PCE has no influence on the pore solution [189]. This hypothesis explains
why PCE which adsorbs best (higher charge density) slows down the most
[199], but does not explain why both the hydration of C;A and CsS is retarded
to the same extend, as C3A sites with a higher opposite charge have a
preferred adsorption of PCE [191].

Changes in the nucleation, growth, and shape of the hydrate phases [161,
193, 196, 200]:

Adsorbed PCE alters the morphology and therefore growth kinetics of nuclei

[142, 194, 195]. Because the rate determining mechanism during the dormant
period is the dissolution of anhydrous phases and not the growth of hydrates,
this hypothesis cannot explain the observed extension of the dormant period.

The shape and size of the early hydration products is affected by the presence of
superplasticizer (Figure 13 [144]). When a mixture contains no superplasticizer

(Figure 14b [142]), most of the smaller hydration products (< 500 nm) are attached

to the surface of the unhydrated clinker grains (2-5 um) and create irregularly
shaped hydration rims around the clinker particles [142, 144]. Ettringite particles
form agglomerates (1-3 um), bridging the larger clinker particles and creating an

interconnected particle network. Few submicron particles remain in the interstitial
pore space [142-144].
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Figure 13: Impact of PCE superplasticizers on the hydration of cement [144]
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Figure 14: Influence of superplasticizer on the cryo-FIB images [142]
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Figure 15: Enlargements of cryo-FIB images of superplasticized cement [142]
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The appearance of a superplasticizer slows down the ettringite precipitation [145]
and disperses the hydration products in the interstitial pore space, preventing the
precipitation of ettringite crystals onto the clinker surface (Figures 14 and 15 [142]).
Because the small hexagonal and short-prismatic ettringite particles in the pore
space (100-500 nm) do not create agglomerates, no flocculation of the larger
clinker particles is happening [142, 144]. A second type of hydration products are
fine fibrous early C-S-H phases, agglomerated and partially intergrown with
ettringite crystals, forming a rim (0-20 nm) of small fibrous crystals embedded in a
gel-like mass on the clinker particles [142]. The inclusion of a superplasticizer
increases the precipitation of ettringite and reduces the size of the ettringite
crystals, resulting in a 6 times higher specific surface area of the ettringite particles
[145].

5.2.4. Incompatibilities

Incompatibilities between cement and PCE superplasticizers can lead to early
stiffening or slump loss. An unexpected insufficient dispersion — related to an
insufficient PCE adsorption — is caused by either PCE consumption by organo-
mineral phases [161, 170, 193, 201-206], competitive adsorption with sulfates [53,
54, 206-208], or adsorption of PCE on clays [44].

The amount of sulfates determines how much superplasticizer will be adsorbed or
intercalated by aluminate hydrates. Below a certain threshold, the formation of
organo-mineral phases will easily consume a large part of the PCE molecules,
making them unavailable for cement dispersion. When sufficient sulfates are
available, part of the PCE intercalates. However, most PCE molecules adsorb onto
the cement grains and disperse properly. An excess of sulfates dominates in
competitive adsorption with PCE and therefore blocks the adsorption of PCE,
preventing a proper dispersion.

Part of the superplasticizer is consumed by intercalation, the formation of new
organo-mineral phases which fix part of the superplasticizer [201, 202, 204, 205].
Less intercalation is occurring with PCE molecules with larger side chain lengths and
a higher side chain density as more steric hindrance is occurring [161, 190, 193, 203,
204]. An excessive steric size of PCE molecules can prevent intercalation [205].
Delayed addition of the superplasticizer during the mixing procedure can reduce
the amount of lost superplastizer [198, 206, 209, 210].

Certain PCE types suffer from a lack of robustness. Small changes in the C;A or
alkali sulfate content of cement should not result in excessive changes of the
fluidity [53, 142, 203, 208]. PCE molecules with longer backbones or side chains are
more resistant to changes in the sulfate content [53]. The sensitivity of PCE to
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competitive adsorption with sulfates depends on the architecture of the PCE
molecules: polymers with small side chains and larger grafting degree are less
sensitive PCE molecules [207, 211].

The last problem discussed is a lack of fluidity retention. When only little
unabsorbed superplasticizer is present in the pore solution after mixing, the
workability of the mixture will decrease rapidly [53]. As the specific surface area of
the mixture continuously increases during hydration, more and more
superplasticizer should be adsorbed to maintain the same fluidity. The competitive
adsorption of PCE with sulfates helps to keep more superplasticiser in the pore
solution.

5.3. Viscosity Modifying Admixtures (VMA's)

Viscosity Modifying Admixtures (VMA'’s), also referred to as Viscosity Enhancing
Admixtures (VEA’s), can be added to enhance the cohesion of concrete, shotcrete,
underwater concrete, and cement grouts. In SCC, VMA’s are mainly used to provide
stability against segregation or to improve the robustness of SCC [212]. In this
section, the classification of different types and working mechanisms of VMA's are
clarified together with their interaction with superplasticizers or the cement
hydration reaction.

5.3.1. Classification

A wide range of materials can enhance the cohesion of concrete and therefore be
considered as a VMA [213]. Because the working mechanisms of the different types
of VMA’s are still a matter of debate, a classification based on the molecular
structure has been used in this chapter, similar to the ones proposed by [52, 214,
215]. Other authors have proposed classifications based on the assumed working
mechanisms [216-218].

A.  Natural polymers
i. Starch
ii. High molecular weight microbial polysaccharides
B.  Semi-synthetic polymers
i Cellulose ether derivatives
ii.  Modified starch
iii.  Guar gum derivatives
C.  Synthetic polymers
i Polyethylene oxide
ii.  Polyacrylamides
iii.  Polyacrylate
iv.  Polyvinyl alcohol
D. Inorganic powders
i High specific surface area inorganic powders
ii.  Swelling clays
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5.3.2. Working mechanism

Different mechanisms may contribute to the increase of the plastic viscosity of SCC:

5.3.2.1. Fixing part of the mixing water [115, 216, 219-222]

According to this hypothesis, hydrophilic parts of the polymers could adsorb and
immobilize part of the mixing water by hydrogen bonds. As a results, less free
water is available and VMA molecules inside the mixture swell, leading to an
increase of the interstitial solution viscosity and consequently also the macroscopic
viscosity. This mechanism is sometimes referred to as part of the viscosity
increasing action of welan gum and diutan gum.

5.3.2.2. Association and intertwining between polymers [25, 160,
216, 220, 223-225]

At low shear rates, polymer chains might interact with each other and build a three
dimensional network of associated polymers, blocking motion of the interstitial
water and thus increasing the macroscopic observed viscosity of the mixture. Also
polymer entanglement at higher concentrations can enhance the viscosity. Under
shear, the three dimensional network is broken and polymers align with flow,
resulting in a decrease of the apparent shear rate. No polymer adsorption onto the
clinker surface is necessary for this mechanism.

Association and intertwining between polymers is most commonly mentioned as
the working mechanism for welan gum and diutan gum [2, 23, 105, 106, 216, 223,
226]. Some authors suggest cellulose ether derivatives [216-218, 225, 227-231],
modified starch [218, 225, 232] and certain types of synthetic polymers [217, 218,
225] obtain their viscosity enhancing effects due to this mechanism.

53.2.3.  Bridging flocculation [2, 25, 160, 216, 220-222, 225, 233-
235]

The bridging flocculation mechanism occurs when hydrophilic high molecular
weight macropolymers adsorb onto the cement surface and physically hold two or
more cement particles together by attractive Van Der Waals forces, increasing the
flocculation of cement particles in the concrete. Bridging flocculation leads to
relative strong agglomerates and therefore a significant increase of the
macroscopic observed yield stress [25]. Competitive adsorption between adsorbing
VMA molecules and the superplasticizer might also lower the superplasticizer
efficiency [2, 233, 236-238].

Cellulose ether derivatives [2, 216, 233, 236-240] and synthetic polymers [2, 225]

are often mentioned as examples of polymers causing bridging flocculation. Some
authors also assume high molecular weight microbial polysaccharides [217, 218,
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225, 234, 235, 241] and clays [217, 218, 225, 232, 234, 235] adsorb and favor
flocculation

5.3.2.4. Depletion forces [23, 25, 160, 222, 242, 243]

Non-adsorbed polymers with a large size are depleted from a “volume exclusion
shell’ around larger cement particles, inducing a concentration difference in
polymers and therefore osmotic pressures. According to the depletion forces
hypothesis, this osmotic pressure is responsible for an increase in the flocculation
of cement particles.

Some authors suggest depletion forces are the working mechanism for cellulose
ether derivatives [243] or high molecular weight microbial polysaccharides [222].
However, because the dosage of VMA is always much too low to generate
depletion forces [23], it is unlikely depletion forces are the real viscosity enhancing
mechanism inside SCC. The steric hindrance forces from PCE superplasticizer
molecules are also much stronger than the osmotic pressure generated from
depletion forces [52].

5.3.2.5. Summary

It is still a matter of debate which mechanisms induce the viscosity enhancing
effects of VMA'’s. Most probably, different types of VMA’s are controlled by other
mechanisms. In many cases, the stabilizing effect of VMA is affected by the use of a
superplasticizer [244].

It is unclear whether high molecular weight microbial polysaccharides such as
welan gum and diutan gum can still adsorb on the cement surface in the presence
of PCE superplasticizers: some authors argue they adsorb and provide attractive
forces in between the cement particles [217, 218, 241], others claim the
superplasticizer will win the competitive adsorption for cement surface and the
increase in viscosity is solely due to the increase in the viscosity of the interstitial
water [23, 105, 106, 226].

Several working mechanisms are mentioned to explain the viscosity-enhancing
effect of cellulose ether derivatives. Most authors advocate bridging flocculation [2,
216, 231, 233, 236-240], others association and intertwining between polymers
[217, 218, 227-230]. Recently, it has been suggested that a critical concentration
exists below which the viscosity-enhancing effects are mainly due to the increase of
the viscosity of the interstitial solution, and above which the associative nature of
cellulose ether molecules induces cellulose ether aggregates of a few um which
further increase the viscosity of the interstitial fluid [229, 230].
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5.3.3. Impact on hydration

Most polysaccharides used as a VMA induce a retardation of the hydration reaction,
manifesting itself as an extension of the induction period [219, 221, 227, 245-252].
The precipitation and growth of hydrates are more affected than the dissolution of
anhydrous particles [245, 251]. The impact on the acceleration period depends on
the used VMA.

Several possible causes have been explored.

e Poisoning of the hydrate products:
This hypothesis claims the retardation of VMA polysaccharides is caused by

similar mechanisms as for the retardation induced by sugars: poisoning of the
hydrate products prevents them to grow despite the accelerated initial
dissolution of ions, resulting in a homogeneous nucleation of small nucleates
instead of the attachment of ions to existing poisoned sites (heterogeneous
nucleation) [245, 252-254]. When no more sugar is available to poison the
nucleation sites, future sites are no longer poisoned and an accelerated
hydration starts due to an excess of ions in the pore solution [255].
e Incorporation of VMA’s into the crystal structure of hydrates:

According to this hypothesis, the growth of hydrates is slowed down by the
incorporation of admixtures into their crystal structure [256].
o Formation of a less permeable coating on the cement surface:

Adsorbing VMA’s are assumed to form a diffusion barrier on the surface of the
first hydrates, preventing the transport of ions necessary for hydrate growth
[248, 257]. The assumption of a diffusion barrier induced by VMA’s is
considered as very improbably by Pourchez et al. [250].

e Complexation of the rate controlling alkalis:

Complexation between VMA’s and calcium ions is assumed to decrease the
level of saturation in the pore solution and therefore to slow down the growth
of hydrates [258]. However, the amount of VMA molecules is far too low to
have an impact on the high concentration of calcium ions [221] and the
complexation of calcium ions by cellulose ethers is negligible [252, 259].
Therefore, this hypothesis is probably not at the origin of the observed
retardation of the hydration reaction.
e Additional nucleation sites:

Inorganic powder VMA's, such as microsilica and nanosilica slurries provide
additional nucleation and growth surfaces consuming ions and therefore
accelerating the cement hydration [117].
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6. Particle clustering

The macroscopic rheology is a culmination of several complex interactions: effects
from the packing density, the particle size distribution, the particle shape, the
surface properties for all constituents, and the presence of admixtures in the
concrete mixture. As a result, some understanding of particle packing [260, 261],
the physics of granular media [149, 150], hydration chemistry [262], colloidal
chemistry, and polymer chemistry is needed in order to understand the rheological
behavior of concrete [148]. The dispersion of fines is of major importance and will
be explored in more detail in this section.

6.1. Equilibrium of forces

Due to the broad poly-dispersity of SCC, several interactions happen within the
particles in suspension (described in Section 4 of this chapter). Dependent on the
volume fraction and external forces, one of these forces dominates the flow
behavior of a particle with a certain size [149, 150, 263]. Figure 16 [149]
summarizes the predominant interactions governing the macroscopic observed
yield stress of non-plasticized cement paste [149]:

e  Brownian motion forces are always dominated by Van Der Waals forces.

e Above the percolation volume fraction ¢, direct contacts or distance
interactions occur between the cement particles. The suspension has a
yield stress governed by Van Der Waals forces. The percolation volume
fraction ¢perc is the critical solid fraction below which the suspension has
no vyield stress. Above this volume fraction (20-40% for cement
suspensions), the material has a network of colloidal interactions resisting
deformations up to a certain yield stress [149].

e As the solid volume fraction increases, the soft repulsive interactions
between cement particles become less capable of resisting the normal
forces and direct contact forces between the rigid cement grains.

e At the transit volume fraction of about 0.8 ¢,;,,, the yield stress becomes
dependent on a direct contacts network instead of the Van Der Waals
forces. The transit volume fraction of about 0.8 ¢;,, is the volume fraction
at which direct contacts network forces dominates the Van Der Waals
forces.

e Above a divergent volume fraction ¢, the yield stress and viscosity rise
sharply. A very high shear stress is needed in order to deform the network
of rigid grain to grain contacts. The divergent volume fraction ¢ ;, is the
volume fraction at which the yield stress becomes dominated by rigid
grain to grain contact forces.
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Figure 16: Impact of the shear rate and volume fraction on the rheological behavior of
cement paste [149]

In non-plasticized concrete mixtures, Van Der Waals forces dominate and will
create a contact network by particles flocculation some seconds after mixing [264].
Especially the fraction of particles with sizes smaller than 1 um — which is about
10% of the cement weight — are flocculating and form a three-dimensional network
in the fresh concrete mixture, macroscopically manifesting itself as the yield stress
of the concrete mixture [21, 149, 265-270]. When a PCE superplasticizer is added,
steric repulsion forces will oppose the attractive Van Der Waals forces, resulting in
a lower yield stress. When too much superplasticizer is added, the repulsive forces
can start dominating over the attractive forces for the smallest colloidal particles,
destroying the colloidal network and thereby leading to syneresis, more often
referred to as bleeding [271].

As the energy dissipation during flow concentrates mostly in strongly sheared fluid
layers in between neighboring particles [181], the plastic viscosity of concrete is
mainly dependent on the volume fraction of solid particles and how densely they
are packed [270], modifying the thickness of the fluid layers which are sheared.
Admixtures might have an impact on the viscosity of the sheared fluid layers, as
described in Section 5.2.2. of this chapter.
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6.2. Structural buildup at rest

Flocculation of colloidal cement particles at rest manifests itself as a macroscopic
structural buildup of the fresh concrete and can be monitored using static yield
stress measurements or oscillatory rheology. The structural buildup inside fresh
concrete consists of two contributions: a reversible part which will rebuild itself
after breaking, also referred to as thixotropy, and a non-reversible part which
cannot recover after being ruptured, referred to as a loss of workability. The
differences in the characteristic time of thixotropy (10 — 100 sec) and loss of
workability (> 1000 sec) allow to study the two phenomena separately from each
other [147, 149, 272, 273].

As shown in Figure 17 [274], two static yield stresses can be studied: the onset of
viscoelasticity ending the linear elastic behavior 7,5, and the peak yield stress
Ty(d) [274]. After breaking down the structural network interactions between the
particles, the measured shear stress reduces to an equilibrium level and the sample
is sheared.

Shear Stress

Time
Figure 17: Two approaches to define the static yield stresses

Possible mechanisms resulting in thixotropic behavior of a material have been
resumed by Mewis [275]: a balance between attraction and repulsion forces in a
colloidal dispersion, chemical bonds which can be ruptured reversibly by
mechanical action, hydrogen bonds, the entanglement of molecules, and the
buildup of cardhouse-like structures.

Roussel et al. [264] investigated the mechanisms governing the thixotropy of
concrete. A small critical strain of a few 107% is assumed to be associated with
strong short range interparticle forces associated with the growth of early hydrates
at the contact points between cement grains [139, 264, 276] and a larger critical
strain of several % is associated with the buildup of a network of colloidal
interactions (Figures 18 and 19) [264]. Although in strict sense the nucleation and
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rupture of early hydrates on contact points is an irreversible process, the CSH links
made up by short-range forces (ionic correlation) are weak enough to be broken
and can be rebuilded generating a reversible macroscopic behavior [265].
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Figure 18: Linear behavior before two critical strains corresponding with different
mechanisms of structural buildup [264]
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Figure 19: Two critical strains corresponding with different mechanisms of structural
buildup [264]

Colloidal forces result in a short term flocculation / deflocculation behavior
(characteristic time of several seconds), explaining why nonreactive powders such
as a paste of limestone powder and water also possess thixotropic properties [113].
As the colloidal network is not evolving anymore after several seconds, the
thixotropic behavior of practical interest (characteristic time of several minutes) is
most probably solely due to the formation of C-S-H bridges in between particles at
rest [264]. Despite the very low degree of hydration during the dormant period, the
effect of nucleation on macroscopic level is not negligible as it preferentially
happens at the pseudo contact zones between the cement grains which are the
most crucial zones of the interacting particle network [264, 276].
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The hypothesis of CSH nucleation being the main mechanism is confirmed by:

e Acalculation of the time needed to build a CSH linkages [264].

e Cement with a higher heat generation leads to more structural buildup [277,
278]. The structuration rate is proportional to the heat rate [24, 278].

e Increased temperatures result in increased structural buildup rates [265].

e The addition of accelerators increases the rate of structural buildup [265, 279].
Set retarding agents reduce the rate of structural buildup [278, 279].

e The addition of fine particles such as silica fume with strong nucleation
properties results in a higher rate of structural buildup [265, 277, 280]. The
addition of limestone powder provides more nucleation sites and thereby also
increases the rate of structural buildup [281].

e The substitution of cement by fly ash slows down the hydration rate and
results in a reduction of the rate of structural buildup [282].

e A reduction of the water-to-cement ratio leads to a higher amount of
neighboring particles and a faster rate of structural buildup [265, 279, 281-
284]. The addition of superplasticizer reduces the nucleation rate and the rate
of structural buildup [265, 283-287].

A small dosage of clays added to SCC provides a large increase in the structural
buildup [277, 280, 284, 288-297]. Several contributions can explain the increased
structural buildup induced by clays: (1) electric charges on surfaces create a stable
network of clays in the microstructure which breaks down under shear [295]; (2)
attractive forces between clay particles and other particles in the cementitious
suspension promote flocculation and thus increase viscosity [284, 289, 291, 295]; (3)
small clay particles act as a nano filler, filling the gaps in between the cement
particles and thereby providing more contact points [294, 295]; and (4) the
adsorbion and absorption of water reduces the distances among particles in
suspension [294, 295].

6.3. Impact of shear stresses

Shear forces can break down agglomerates by surface erosion (i.e. the rupture of
small particles from the surface of the agglomerate) or by large-scale
fragmentation (i.e. the rupture of agglomerates into several large particles due to
tensile stresses perpendicular to the agglomerate surface) [298]. In the low shear
rate range, Van Der Waals forces dominate the macroscopic behavior, at
intermediate shear rates, hydrodynamic forces dominate, and at high shear rates,
the flow behavior is determined by particle inertia [149].

Experiments using Focused Beam Reflection Measurements (FBRM) have shown
the kinetics of flocculation is much slower than the kinetics of deflocculation when
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a paste is subjected to shear flow [235]. When aggregation dominates, small flocs
(< 1 um) form intermediate sized flocs (1 —22 um) and intermediate sized flocs
aggregate until larger flocs. Because larger flocs become weaker and less stable, a
limiting floc size of 250 um was observed. The disaggregation process under shear
mainly affects the largest particles (95-250 um), resulting in an increase of the total
amount of particle counts. Larger flocs are ruptured first because of an increased
possibility of flaws, a more porous floc structure, and higher velocity gradients at
the flocs surface [235, 299].

Coagulation of the cement particles is happening at low shear rates (smaller than
10 s'l), especially in the 80 to 150 um range. At higher shear rates (above 100 s'l),
deflocculation is occurring [299]. As illustrated in Figures 20 and 21 [299], the
observed decrease in viscosity is related with an increase in packing density,
calculated using the compressible packing model of de Larrard [260] using the
measured particle size distribution [299]. The evolution of the rheology of the
mixture follows the same trend as the evolution of the packing density under a
constant strain rates. The measurements shown in Figures 21 appear to contradict
the predicted increase of the viscosity with increasing packing density expected
according to the Krieger—Dougherty equation valid for monodisperse spheres [86]
as the equilibrium packing density was also lower at a strain rate of 10 st (78%)
compared to the equilibrium packing at a strain rate of 1 s™* (81%) or 100 s™ (80%).
However, the maximum packing density in the Krieger — Dougherty equation might
also be affected by the differences in shear rate. Further research on the influence
of particle density models and their impact on the rheology of cement pastes is
necessary. The higher specific surface corresponding with the strain rate of 100 s™
also has an impact on the observed viscosity.

Strain rate 1 s™

0.8 — Strainrate 10s™" |
Strain rate 100 s™"

Viscosity (Pa.s)

0 5 10 15
Time (min)
Figure 20: Viscosity evolution under a constant strain rate [299]
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Figure 21: Packing density evolution under a constant strain rate [299]

Addition of a superplasticizer leads to a more dispersed state, a cellulose based
VMA has no influence, and clays result in a more flocculated structure of the
cement paste [235]. The clays are acting as micro fillers with high surface charges
connecting the network structure and might also interact with the superplasticizers,
leading to stronger, larger, and more stable flocs which are less sensitive to
dynamic disturbances.

The population balance model of Thomas [300] and Negro [301] (shown in
Equation 13 and 14 [235], abbreviations summarized in Table 7) assumes the
flocculation is governed by orthokinetic aggregation, the aggregation by collision of
cement particles above 0.1 um during shear, and the disaggregation of flocs is
governed by pressure differences at the surface of the flocs. This model might
serve as a basis to establish a relation in between the microstructure and rheology
observed during shear flow if the flocculation mechanisms are adapted as
aggregation by collision is unlikely for particles smaller than 50 um. However,
because the relation between the interparticle forces and the rheology of concrete
is still unclear and the cement chemistry during early hydration is complicated, the
model is mainly usefull to describe observed experimental results and not to
predict the concrete rheology.

dn

E=—k1-n2+k2-n (Eq. 13)
ka/k1
1—29—551&3exp(—k2¢)
Symbol Unit Definition
n [-] Number of particles
kq [-] Aggregations kinetics constant
k, [-] Disagregation kinetics constant

Table 7: Abbreviations used in Equations 13 and 14
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6.4. Thixotropic models

Generally, two main approaches to describe the thixotropic behavior of concrete
are used: the microstructural approach, also referred to as the generalized
continuum theory, and the structural kinetics approach. In the microstructural
approach, a rheological model is expanded with time-dependent parameters such
as exponential fading memory functions in the Modified Hattori Izumi model of
Wallevik [302, 303]. The structural kinetics approach describes the rheological
behavior based on two equations: a kinetic equation and a structural equation
describing the structuration of the material.

6.4.1. The particle flow interaction theory of ].E. Wallevik [304]

After previous modifications of the Hattori-lzumi theory [302, 303, 305], Wallevik
[304] has proposed a theory explaining the macroscopically observed thixotropic
behaviour based on the number of particles and clusters at microscopic level. Both
the colloidal flocculation / deflocculation junctions as the breaking and rebuilding
of chemically formed linkages are taken into account. A distinction is made
between linkages and junctions.

e Linkages are two cement particles adhered together by the formation of a
membrame of gelatinous calcium silicate/sulphoaluminate hydrate. The
thickness of the membrame determines whether it is a permanent or
reversible linkage.

e Junctions are two or more cement particles coagulated due to potential
energy interactions (Van Der Waals forces). The coagulation can also be
reversible or permanent.

Dependent on whether or not the connections are reversible, the particles are
divided in different classes. The benchmark of a particle size of 40 um is chosen as a
border between the smaller particles still affected by colloidal effects and larger
particles which have sufficient kinetic energy to overcome the energy barrier
against coagulation and cause hard sphere collisions.

J3 The number of reversible linkages of particles smaller than 40 um per unit volume.

;"C The number of permanent junctions of particles smaller than 40 um per unit
volume.

é"s The number of permanent linkages of particles smaller than 40 um per unit
volume.

3 The number of reversible linkages of particles larger than 40 um per unit volume.

f The number of permanent linkages of particles larger than 40 um per unit volume.
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The particle flow interaction theory describes as well the thixotropic behavior as
the structural breakdown of concrete based on the physical background of the
coagulation, dispersion, recoagulation, and breakage of cement particles and their
junctions or linkages. In contrast to older versions of this model (the Modified
Hattori-lzumi theory [302, 303]), no fading memory integrals for the shear rate
history are used in the particle flow interaction theory.

The system of equations used to describe these mechanisms (Equation 15), can
predict the time-dependent behavior of concrete using 18 parameters, based on
the perikinetic coagulation rate theory of Verwey and Overbeek [306] and the
orthokinetic coagulation theory of Smoluchowski [307]. The 18 parameters of the
model are calculated in order to obtain the best approximation of measured data.
However, because of the large number of parameters, the estimated value of each
parameter becomes more sensitive to experimental noise. The large number of
parameters also difficults the use of this model in practical applications.

( W 4 v VUS = IS US
ot 3 3 Y3
au 2
2540V = Hy ((1-USg) = Us) — L U3
. (Eq. 15)
—EHv-VU; = -1} Uj
L ov
p(5+v-Vv) =V-0+pg
Symbol Definition
U. = ]_3 Reversible coagulated state of particles and coagulated particles smaller than
g 40 um
Us = _f Reversible linked state of reversible linkages of particles and coagulated
2T ng particles smaller than 40 um
Us Reversible linked state of reversible linkages of particles and coagulated
30 particles smaller than 40 pm at time t=0
Us = _i Reversible linked state of reversible linkages of particles and coagulated
4 Ny particles larger than 40 um
n Number of primary particles and coagulated particles smaller than 40 um per
3 unit volume
n Number of primary particles and coagulated particles larger than 40 um per
+ unit volume
& Rate-of-deformation tensor of the cement paste
v Velocity of the cement paste
p Pressure of the cement paste
p Density of the cement paste
o=—p-1+2né Constitutive equation of the cement paste
n Apparent viscosity of the cement paste
g Gravitational acceleration
1 Unit dyadic tensor of the cement paste
18 Dispersion rate of coagulated particles smaller than 40 um
I3 Dispersion rate of reversible linkages of particles smaller than 40 pm
I3 Dispersion rate of reversible linkages of particles larger than 40 pm
H; Coagulation rate of particles smaller than 40 pm

Table 8: Abbreviations used in the particle flow interaction theory (Eq. 15)
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6.4.2. Structural kinetics approach

Two equations are used to describe the rheological behavior: a kinetic equation
computing the shear stress as a function of the shear rate and the degree of
structure S(t), and a structural equation describing the change in the degree of
structuration as a function of the shear rate and current degree of structure
(Equation 16). Papo [308], Coussot et al. [309], and Roussel [310] have developed a
structural kinetics model for concrete based on the general model for thixotropic
fluids of Cheng and Evans [311].

(@) = f(y(©),S())
BO — (1), S®)

dac

(Eq. 16)

The degree of structuration in the structural kinetics approach is defined as the
number of links contributing to the thixotropic behavior n(t). Equation 17
describes the evolution of the number of links based on single-order kinetics [275].
In this equation, the parameters c, d, kq, k,, &, and 8 are constants and n,, is the
limiting number of thixotropic links. Most often, §is close to zero, ¢ =0, and
d=2.

O = ey 0 (FO) + ks (10 — 1) - (7)) (Eq. 17)

Because not all links have a similar contribution to the thixotropic behavior and the
broad particle size distributed concrete cannot be described by only one dominant
force governing the flocculation / deflocculation kinetics as all forces depend vastly
on the particle size, most authors prefer to use a structural parameter A not related

to the number of links [311]. When such a kinetic equation%is integrated in

time, it becomes a memory function of the shear rate over the complete duration
of the experiment [311], converting the structural kinetics approach into a
microstructural approach.

An example of a model based on the structural kinetics approach is the thixotropy
model of Roussel [310] given in Equation 18 in which T, m and a are the thixotropic
parameters and A is the structural parameter.

a1 (Eq. 18)

{T=(1+/1)-To+k-]7”
at 1AM
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7. Models relating the microstructure and
rheology

Although the previous section helps to understand the impact of changes in the mix
design and methods on the rheology of SCC, it is evident that an accurate
prediction of the rheology based on the mix composition is still unfeasible. The
heterogeneous composition of clinker particles, irregular particle shape, very broad
particle size distribution, many interparticle interactions, and complex impact of
admixtures and shear forces complicate the determination of the dominant force
governing the macroscopic observed rheological behavior. As a result, rheological
models are highly simplified and ignore many influences. Some are based on an
equilibrium of forces such as in the YODEL [148, 266, 267], others based on the
packing density or/and aggregate volume fraction [148, 260, 266, 267, 312, 313],
and others on the average distance separating aggregate particles from each other
[85, 314, 315]. Yammine et al. [21] presented a relation between the average
distance between aggregate particles and the aggregates volume fraction, shown in
Equation 19 (abbreviations explained in Table 9).

b=d ((ﬁ)_g - 1) (Eq. 19)

Symbol Unit | Definition
b [m] Average distance between aggregate particles
d [m] | Average aggregate particles size
) [-] Aggregates volume fraction
bm [-] Maximum aggregates volume fraction

Table 9: Abbreviations used in Equation 19

7.1. Difference SCC and vibrated concrete

Other mechanisms govern the rheological behavior of SCC and vibrated concrete
[21]. Vibrated concrete mixtures, with aggregates volume fractions above 70%, are
dominated by direct contact forces between the aggregate particles resulting in
yield stresses of several thousand Pa, while SCC most often has an aggregate
volume fraction below 60% [316] and is dominated by hydrodynamic interactions,
resulting in a yield stress of several ten Pa. The hydrodynamic interactions result in
a SCC yield stress more or less proportional with paste yield stress (Equation 20
[21]). Between the aggregates volume fraction of 60 and 70%, a critical aggregates
volume fraction ¢, exists, corresponding with a spectacular increase of the yield
stress due to the formation of a continuoes network of particles in contact with
each other [21].

Toscc = Topaste ' f (ﬁ) (Eq. 20)
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7.2. Yield Stress Model (YODEL) of Flatt [148, 266, 267]

Based on the contribution of the particle size distribution, the geometrical
maximum packing density, the percolation threshold, interparticle forces, and
microstructural features of the constituents on the yield stress of SCC, Flatt [266,
267] developed the yield stress model (YODEL), given in Equation 21 and 22. This
model predicts the yield stress of concentrated suspensions based on a theory
estimating the number of particles connected to each other able to withstand a
certain shear stress. Table 10 summarizes the meaning of all abbreviations in
Equation 21 and 22.

The vyield stress model allows an accurate prediction of the vyield stress of
nonreactive particle systems such as mixtures of sub-micron ceramic powder or
alumina powder suspensions [266, 267]. The accuracy of the model depends on a
good prediction of the maximum packing density [267], which is affected by
agglomeration, interparticle forces and geometrical considerations. Results on
cement paste are less good due to the chemical and physical processes inside this
system [142]. The changing solid volume fraction, mean particle size, and particle
size distribution complicate the implementation of the YODEL model.

p(Pp-90)*
[ s—c—y (Ea. 21)
m; = 111_.‘? *Grmax " A" "Ugk * % (Eq. 22)
Symbol Unit Definition
To [Pa] Yield stress
my [-] Prefactor accounting for the interparticle forces, particle size, and
particle size distribution
[0) [-] Volume fraction
bo [-] Percolation treshhold
Dmax [-] Volume fraction at maximum packing
Gmax [-] Maximum attractive interparticle force, normalized by the radius of
curvature at the contact points
a* [-] Average fixed radius of curvature of the contact points
. . . 16m
Up ke -] Normalization function uy ; = —
Fpsp [-] A function accounting for the particle size distribution
Ry 50 [-] Mean volume radius

Table 10: Abbreviations used in the YODEL model (Eq. 21 and 22)
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7.3. Compressible Packing Model of de Larrard [260,
317]

The Compressible Packing Model of de Larrard [260] predicts the yield stress of
concrete out of a dry packing model of all particles in the concrete. Although all
granular fractions have an impact, the yield stress (Equation 23) is assumed to be
mainly dominated by fine particles generating intergranular friction and the
presence and dosage of superplasticizer. The plastic viscosity, however, is mainly
dominated by the packing density of the mixture [318], complicating the flow of
water in the porosity of the granular system and cannot be predicted by the
compressible packing model of de Larrard.

. 3
7o = 2537 + 5,(0.736 — 0216 -log(d) - 2L + (0.224 +0910-(1-2) ) ‘K'e (Eq.23)

1—

Symbol Unit Definition
b; [-] Volume fraction
¢ [] Maximum packing volume fraction
d; [m] Size of the particles
P [-] Superplasticizer dosage
p* [-] Saturation dosage of the superplasticizer
K', [-] Cement partial compaction index

Table 11: Abbreviations used in Equations 23

7.4. The homogenization approach

Applying the Farris approach [319], the complex rheology of concrete, mortar, or
sometimes even paste is simplified to a suspension of particles into a
homogeneous matrix. Some authors use a multi modal approach, in which an
iterative calculation first calculates the rheological behavior of the paste, then the
mortar rheology, which is afterwards scaled up to concrete level. Often, the
relative yield stress and relative plastic viscosity are used instead of absolute values.

Although the arbitrary division at certain sizes in the continuous particle size
distribution neglects the interparticle interactions inside the fresh concrete [320],
reasonable results for the plastic viscosity are obtained [148]. The predicted yield
stresses differ largely from the measured values.

7.4.1. Krieger - Doherty equation for suspensions

For monodisperse suspensions of rigid spheres, the relation between the packing
density and rheology can be described by the Krieger — Doherty equation [86].
Table 12 summarizes the meaning of all abbreviations in Equation 24. Although the
model provides some insight on the effect of an increase of the packing density on
the rheology, it cannot be used for concrete. The model is not suitable for high
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packing densities and concrete has a very broad particle size distribution of non-
spherical particles. The maximum packing density of concrete is also sensitive to
small changes in the particle size distribution [25, 321].

n o) Ny Pm
nm'—-(l ¢m) (Eq. 24)
Symbol Unit Definition
n [Pa's] | Viscosity of the suspension
NMm [Pa's] | Viscosity of the matrix
[ [-] Packing density
D, [-] Maximum packing density allowing flow of the suspension
n; [-] Intrinsic viscosity (2.5 for rigid uncharged spheres)

Table 12: Abbreviations used in the Krieger-Doherty model (Eq. 24)

7.4.2. The Nielsen model [322, 323]

Considering SCC as a composite Bingham fluid with non-flexible particles, Nielsen
[322, 323] has established a model predicting the rheology of concrete based on
the paste Bingham parameters and the volume fractions and shape functions of the
aggregates, given in equations 25 to 27. The method to determine the shape
factors @pqrtictes aNd Amaerix Of the geometry function y,, (Equation 27) is
described in [268, 322, 323].

Tosuspension _ 1+Yoo' ¢ (Eq 25)

To,matrix 1

Ususpension 1+Yoo" P

= Eq. 26
Wmatrix 1-¢ ( q )

3 QparticlestAmatrix—1
=2 Eq. 27
¥ 2 Xmatrix ( q )

The Nielsen model is capable of predicting the plastic viscosity of SCC [268, 322]
(Figure 22 [322]), but fails to predict the yield stress of concrete [148]. Flatt [148]
has suggested that the agglomeration of particles at low shear rates might result in
deviations of the predicted yield stress. Because the agglomeration is broken down
during flow, the prediction of the plastic viscosity is not affected.
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Figure 22: Plastic viscosity of SCC, experimental values and the Nielsen model [322]

7.4.3. The Chan and Powell model [320]

Ferraris and de Larrard [320] determined the relative plastic viscosity of SCC based
on the model of Chan and Powell [324] fitted to 78 concrete and mortar batches
(Figure 23). Both concrete and mortars follow the curve given in Equation 28 [320].
The packing density parameter ¢p* in Equation 28 includes the effect of the
superplasticizer dosage and the water demand of the paste.

Beoncrete — exp ( 26.75 (% — 0.7448) (Eq. 28)
Upaste (]
500 11 © Mortars w/o SP “4'-
450 H & Concrete wio SP
00 & Mortars w/ SP - AL
4 A Concrete w/ SP &"é
350 11 & Intermediate concrete Y X7 a
™y 300 i B¢ Concrete w/ SF &
g 250 o Model * A
= 200 }
150 sy -
100 g
50 T D AD
T °a
¢
0.85 0.90 0.95 1.00
O/D=

Figure 23: The model of Chan and Powell fitted to 78 concrete batches [320]
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7.4.4. Dissipative particle dynamics models [325]

Ferraris and Martys [326] have compared experimental results and relative
viscosity models based on dissipative particle dynamics [325] as a function of the
volume fraction of coarse aggregates. The dissipative particle dynamics models
calculate the viscosity based on the average stresses for a given strain rate and are
consistent with the experimental results measured on several rheometers
(Figure 24 [326]).

¢ Model #1
100 1= ¢ Model #2
+ Model #3
a BML #1
A BML #2
OlBB #1

= IBg §2 [

m BB #3 |

o Beads in paste %o

relative viscosity
—
o

0 20 40 60
Volume concentration of coarse agg. [%]

L |

Figure 24: The relative plastic viscosity as a function of the coarse aggregates packing
density [326]

7.5. Water Film Thickness (WFT) and Paste Film
Thickness (PFT)

The concept of the water film thickness (WFT) and paste film thickness (PFT) is
based on the concept of a lubricating layer (respectively water or paste) separating
solid particles in a suspension. The film covering the solid particles is larger when
more of the lubricating medium is available in the mix proportion and for mix
proportions providing a larger maximum packing density. The packing density
should be determined in wet conditions [85, 327-329].

For self-compacting concrete, the WFT has a significant impact on the rheology of
paste (Figure25 and 26[330]), mortars (Figure 27 [314]), and concrete
(Figure 28 [85]). All graphs are based on concrete mixtures having a constant
superplasticizer dosage (2% of the cement weight in the concrete mixtures [85] and
3% of the cement weight in mortar mixtures [314]). On the mortar mixtures shown
in Figure 28 [314], bleeding started rising as soon as the WFT became larger than
0.20 um [314].
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Based on experimental results, design charts have been proposed for mortars and
concretes with this superplasticizer dosage [85, 314]. In mortars, the W/C ratio is
chosen based on strength requirements and the WFT based on the workability
demands [314], defining the needed cement content based on Figure 29 [314]. A
similar approach was proposed for concrete mix designs in Figures 30 and 31 [85].
The area covering segregating mixtures is covered in red in Figure 31 [85]. The
segregation can probably been overcome by adjusting the superplasticizer dosage.
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Figure 25: Impact of the water film thickness on the yield stress of paste [330].
Not all pastes in the graphs are self-compacting.
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Figure 26: Impact of the water film thickness on the apparent viscosity of paste [330].
Not all pastes in the graphs are self-compacting.
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An increase of the superplasticizer dosage prevents the flocculation of fines and
therefore increases the packing density and WFT [331]. The rheology of mortars
depends on both the WFT and superplasticizer dosage (Figure 32) [331].
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Figure 32: Impact of the superplasticizer dosage on the WFT [331]

8. Impact mixing procedure

As the shear history has an important impact on the microstructure of SCC,
parameters such as the mixing time, mixing speed, and mixing sequence also have
a large impact on the rheology of concrete. SCC can be produced in all types of
mixers [57, 332], but the type of mixer will cause differences: mixers with a larger
volume require lower superplasticizer dosages [333], more intensive mixers
provide higher plastic viscosities, a higher rate of structural buildup, a more
flocculated microstructure and accelerated hydration kinetics [334].

8.1. Mixing process

Based on the power consumption curve of mixers, the mixing process has been
subdivided into three stages: the dispersing stage, the stage of optimum dispersion,
and the overmixing stage [335-337] (Figure 33 [335]). The added water first creates
fluid bonds between the particles, building clusters of powder, sand and water
inside the mixture due to capillary and viscous forces and leading to a sharp
increase of the power consumption curve. Once all particles are suspended in the
liquid, the mixing action crushes the clusters by collision, resulting in a decrease of
the power consumption curve in the end of the dispersing stage [335-340]. During
the optimum dispersion stage, the power curve decreases asymptotically according
to Equation 29 [341], reaching a plateau of optimum dispersion and maximum
fluidity [341, 342]. The more coarse aggregates available, the faster the decrease of
the power curve [343]. In the last stage of overmixing, the total solid surface area
increases due to the further breakdown of clusters [335-337, 340, 342], the
abrasion of first hydration products [335, 336, 342, 344], and the abrasion and
breakage of aggregates [335, 336, 342, 345].
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P(t) = Py + P, xexp (— ti) (Eq. 29)
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Figure 33: The mixing stages and stabilization time [335]

The stabilization time (the moment of optimum dispersion), is defined as the time
at which the power consumption curve reaches its horizontal asymptote (a slope of
-4.10" s'l) and can be calculated using Equation 30 [335, 341-343, 346]. SCC has a
longer stabilisation time compared to vibrated concrete due to its higher paste
volume and lower amount of coarse aggregates which are providing a ball bearing
effect during mixing [336, 343, 346].

ts = —t; *In (4- 1074 * ;—1) (Eq. 30)

8.2. Mixing energy

The mixing energy is a combination of the mixing time and the mixing rate. Higher
shear rates accelerate the hydration kinetics by providing a more efficient solution
exchange and a more extensive formation of etch pits on the particle surface
resulting in a higher rate of dissolution, more CSH nuclei, a higher rate of hydrate
precipitation, an increased particle dispersion, and an increase of the rate of
superplasticizer adsorption [127, 162, 334-336, 342, 344, 346-350]. Dependent on
the mixing time, an increased mixing energy can result in an higher flowability due
to an increased dispersion [337, 344, 351-353], or a decreased flowability due to
over-mixing [162, 334-336, 342, 345, 349, 352, 354] as illustrated in Figure 34 [335,
336, 342].
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Figure 34: Impact of the mixing speed on the slump flow after mixing [335]

8.3. Addition time of admixtures

A delayed addition of superplasticizer avoids the intercalation of part of the
superplasticizer in organic mineral phases during the first liberation of heat during
cement hydration (Stagel) [206, 355]. As a result, a more flowable mixture is
obtained compared to the direct addition of superplasticizer immediately after first
contact of cement and water [198, 206, 209, 210, 355, 356]. Differences between
the delayed and direct addition of PCE type superplasticizer are larger when the
dose of superplasticizer and the temperature of the mixture decrease [210].

8.4. Differences in mixing paste and concrete

Because the ball milling action of aggregates is absent during the mixing of paste
mixtures, even the most vigorously laboratory mixer cannot provide the same
energy to the particles in the paste as during the mixing of a concrete mixture.
Especially experimental results obtained on paste mixtures made in a Hobart mixer
are not representative for paste in concrete mixtures and should therefore be
interpreted carefully [352, 357, 358]. A high shear also accelerates the hydration
kinetics of cement, causing huge differences in the structural buildup [334].
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9. Stability of self-compacting concrete
In the previous sections, mainly the parameters affecting the rheology of concrete
have been discussed. However, major changes in the rheology are only one aspect
of the robustness. Not only the flowability and passing ability of a self-compacting
concrete mixture should be met, also the stability demands are important.

A lack of stability can manifest itself in three possible phenomena, which will be
discussed separately as they are governed by different mechanisms.
e Static segregation: Sinking of the larger aggregates at rest when
gravitational forces dominate for these particles [91].
e Dynamic segregation: Particle migration during flow due to the
domination of shear forces [155].
e  Excessive bleeding: When repulsive forces dominate, the paste cohesion
vanishes and an upwards water migration occurs. This results in the
formation of a water layer at the top surface of the fresh concrete [359].

9.1. Static segregation

Static segregation is the segregation of the coarsest particles in a yield stress fluid
at rest. Based on the static segregation rate equation of Shen et al. [91, 156] (given
in Equation 31°, abbreviations explained in Table 13), a minimum paste yield stress
needed to counter static segregation can be calculated using Equation 32.
Equation 32 has been confirmed by Roussel [360].

(ps=pL)gd
_ ] _ i 5.18 _ (718 —‘E0>'d ] _ i 5.18 2
U, = ug (1 ¢m) = (1 ¢m) (Eq. 31%)
7, 2 LUed (Eq. 32)

Because of interparticle interactions and modifications in the flow pattern around
the particle, the rate of static segregation can be reduced by optimizing the
aggregate gradation and increasing the packing density [156, 361]. Based on the
mechanical interactions in between the particles, Roussel [360] developed a second

*The segregation rate of a single particle in Equation 31 was originally reported as

(ps=pL)g-d
et i T -d
ug = (187]—) However, based on the mathematically derivation of this
pl
(ps=pp)g-d
( TR T")'d

segregation rate, it should be ug; = . The larger the paste vyield

Npl
stress, the slower the segregation rate.
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criterion taking into account the effect of the solid fraction (Equation 33). When
one of both criterions is met, no static segregation happens.

-3
91
b= b <m + 1) (Eq. 33)
Symbol | Definition

Ug Segregation rate of the entire set of agggregates
Ug Segregation rate of a single representative particle
[0) Volume fraction of aggregates
bm Packing density of aggregates
Ds Density of aggregates
oL Density of paste
g Gravitational acceleration
d Diameter of the representative aggregate
To Paste yield stress
N1 Paste plastic viscosity

Table 13: Abbreviations used in Equation 31 to 33

When the paste volume increases, less interparticle friction in between the
aggregates happens and less superplasticizer is needed to reach a certain slump
flow. Because the impact of the paste yield stress is more important than the
impact of the aggregate friction, a more robust static segregation resistance is
obtained with higher paste volumes [91].

Shen et al. [91] investigated the influence of the aggregate grading: smaller
aggregates appeared to have a more pronounced influence than a higher aggregate
packing density on the static segregation resistance. Most authors [361-363]
recommend the use of a Funk and Dinger curve [364] (Equation 34) with a q value
around 0.25 [2, 90, 119, 362, 365] to obtain a proper particle size distribution of
the aggregates. Aissoun et al. [366] reported an increase in aggregate packing
density from 0.69 to 0.79 by optimizing the sand-to-aggregate ratio.

dq_dminq
q

P(d) = (Eq. 34)

dmaxq_dmin
9.2. Dynamic segregation

During the flow of SCC, the paste exerts a drag force on the coarse aggregates [367,
368]. This drag force can be calculated using Equation 35 (abbreviations in Table 14)
[155, 156]. In mixtures with a higher paste yield stress and plastic viscosity, higher
drag forces are acting on the aggregates particles and therefore more dynamic
segregation occurs [155, 369]. A lower yields stress increases the risk of dynamic
segregation [369].
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FAzabc<9nplAV (2—12+Z—2+Z—32)+ nzro—(z—;+f—§+2—i)) (Eq. 35)

Symbol Definition
ab,c Dimensions of the concrete sample (height, width, and length)
Tg Paste yield stress
N1 Paste plastic viscosity
AV Difference in velocity between aggregate and paste
$1, d1, ¢1 | Volume fractions of different aggregates
11,712,173 Radii of the aggregates

Table 14: Abbreviations used in Equation 35

9.3. Bleeding

Bleeding is caused by the upward displacement of water through a dense network
of interacting cement grains [147]. In stable SCC mixture, colloidal interactions
create a percolated network of interacting particles, resulting in a macroscopic
yield stress of the material. For the largest coarse aggregates, gravity might
dominate the colloidal forces keeping the network together, leading to static or
dynamic segregation (see Section 9.1 and 9.2). For small colloidal particles, a too
high dosage of superplasticizer can make the repulsion forces dominant over the
attractive forces, destroying the colloidal network, macroscopically observed as
bleeding [271]. Bleeding occurs only in mixtures with a very low yield stress, most
often due to a high superplasticizer dosage.

The mechanism determining the rate of the upward displacement of water is still
unclear: a homogeneous consolidation of deformable porous media which can be
described by a combination of Darcy’s law of water flow and Terzaghi’s calculation
of the effective stresses out of soil mechanics [370-381], or a heterogeneous water
migration process through vertical water extraction channels within the paste [359,
382-384] as has been visually observed in paste mixtures with a water-to-cement
weight ratio of 0.6 [382].

The risk of bleeding can be reduced by accelerating the hydratation process [385],
the addition of colloidal silica fume [66, 386-388], welan gum [241], sepiolite clays
[290], or propylene carbonate (PPC) [389, 390]. When the hydration process is
accelerated with admixtures, ettringite formation and CSH-nucleation increases the
amount of small colloidal particles in the fresh SCC, consuming part of the
superplasticizer and thus countering bleeding [385].
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Chapter 3: Robustness of SCC

1. Introduction

This chapter investigates the fundamental mechanisms determining the robustness
of fresh SCC. Based on an extensive experimental program, conceptual models are
developed to understand why certain measures improve the robustness of specific
mix designs and worsen the robustness of other mix designs. Once the possible
mechanisms are uncovered, several theoretical rheology models are used to study
the practical implications of a few mix design parameters. At the end of this
chapter (Section 6), the conceptual model is transformed into some practical
guidelines which can be used to enhance the robustness of fresh SCC.

2. Experimental setup
During the experimental test program, various materials and test methods were
used. As small variations can have large implications on the workability of fresh SCC,
a detailed description of all materials and test methods is given in this section.

2.1. Materials

2.1.1. Aggregates
Figure 35 summarizes the grading curves of sand 1, sand 2, sand 3 gravel 1, gravel 2
and gravel 3. The corresponding densities of these aggregates are respectively
2640 kg/m3, 2575 kg/m3, 2625 kg/m3, 2670 kg/m3, 2660 kg/m3, and 2590 kg/m3.
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Figure 35: Aggregates grading curve



2.1.2. Cement and Fillers

The chemical composition and grading curve of the cement and mineral additions
are summarized in Table 15 and Figure 36. Cement 1, 2, and 3 are successive
supplies of Portland cement of type CEM152.5N. Cement4 (type I/11° [391],
density 3120 kg/m?3), Limestone powder 3 (density 2650 kg/m3), Fly ash 2 (class C,
density 2400 kg/m?), and Silica fume 2 (density 2200 kg/m?3) were used during an
extension of this project in the Missouri University of Science and Technology. The
mineral composition and grading curve of these materials were not determined.

Cement 1 Cement Cement 3 | Limeston | Limeston | Flyash1 Silica
14/261 214/418 15/043 e filler 1 e filler 2 (class C) fume 1
CaO 61.50 63.01 63.0 - 0.00 7.02 0.58
SiO, 18.66 18.55 18.9 1.04 0.11 52.75 96.24
Al,O; 5.86 5.83 5.8 0.15 0.04 22.60 0.34
Fe,03 3.88 4.09 4.2 0.12 0.04 7.69 1.95
MgO 1.09 1.22 1.1 - 0.32 1.89 0.56
K,0 0.63 0.60 0.60 - 0.00 3.24 1.64
Na,0 0.50 0.53 0.44 - 0.01 1.05 0.37
CaCO; - - - 97.85 98.8 - -
SO; 3.25 2.97 3.5 0.11 0.02 0.94 -
o 0.082 0.086 0.06 - <0.008 0.003 -
L.O.l. 1.85 1.24 1.2 - - 1.84 -
nsoluble | 95 0.94 03 - - - -
residue
Density | 3110 3120 3150 2680 2670 2140 -
[kg/m?]
Blaine
index 467 312 364 700 - - -
[m?/kgl
Table 15: Composition and properties of cement and fillers
100
p) / Cement 1
$80 / === Cement2
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Figure 36: Grading curve of the cement and fillers

> Cement type I/1l is cement meeting both the requirements for type | (general

purpose) and type Il (low C;A content, higher sulfate resistance) of the ASTM
standard C150 [1]
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2.2.

Mix compositions
In all mix compositions, a PCE superplasticizer with a solid concentration of 35%

was used. More details about the choice of the various mixtures is given in the

sections in which the experimental results are described. The mortars used in

Section 3.3.1. were designed using the concrete equivalent mortars approach of
Nachbaur et al. [276, 392].

Paste
volume /
water-to- Sand 1 Gravel 1 Gravel 2 Cement 1 Lin?estone Water sp
powder filler 1 dosage
ratio (by
volume)
3 3
W e | et | el |t | s | BT ey
400/0.75 800 279 459 312 346 171 3.31
400/0.90 800 279 459 344 269 189 2.50
400/1.05 800 279 459 373 204 205 1.95
375/0.75 835 291 478 292 324 161 3.95
375/0.90 835 291 478 323 252 178 2.80
375/1.05 835 291 478 349 191 192 2.00
350/0.75 869 303 498 273 302 150 5.31
350/0.90 869 303 498 301 236 166 3.63
350/ 1.05 869 303 498 326 178 179 2.38
Table 16: Mix compositions used in Section 3.1.
Mix Water-to- SP dosage Cement 2 Limestone Water SP dosage
nr powder filler 2
ratio (by
volume)
[-] [%] [kg/m?] [kg/m?] [kg/m?] [kg/m?]
1 0.85 0.118 948 632 459 1.12
2 0.90 0.118 923 615 474 1.09
3 0.95 0.118 899 600 487 1.06
4 1.00 0.118 877 585 500 1.03
5 0.85 0.159 948 632 459 1.51
6 0.90 0.159 923 615 474 1.47
7 0.95 0.159 899 600 487 1.43
8 1.00 0.159 877 585 500 1.39
9 0.75 0.200 1002 668 429 2.00
10 0.80 0.200 974 650 444 1.95
11 0.85 0.200 948 632 459 1.90
12 0.90 0.200 923 615 474 1.85
13 0.95 0.200 899 600 487 1.80

Table 17: Mix compositions used in Section 3.2.
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Component No VMA Diutan Corn starch | Attapulgite | Propylene
gum clay carbonate
Sand 1 [kg/m?] 1140 1140 1140 1140 1140
Cement 3 [kg/m?] 487 487 487 487 487
Limestone :'"er 1 348 348 348 348 348
[kg/m?]
Water [kg/m?] 243 243 243 243 243
Superplasticizer 4.00 5.08 4.15 423 4.00
[I/m3]
VMA [kg/m?] - 0.12 2.43 0.75 1.22

Table 18: Mix proportions of the reference mixtures used in Section 3.3.

Mix A — High yield stress Mix B — High plastic
SCC viscosity SCC
Gravel 2 [kg/m3] 470 470
Gravel 1 [kg/m3] 266 265
Sand 2 [kg/m?3] 835 834
Cement 2 [kg/m?3] 390 350
Limestone filler 2 [kg/m?3] 160 250
Water [kg/m?3] 195 175
PCE superplasticizer [I/m3] 1.86 4.00
Table 19: Reference mixtures used in Section 3.4
Reference - Silica fume Fly ash
bleeding replacement replacement
Gravel 1 [kg/m?] 576 576 576
Sand 2 [kg/m?] 1036 1036 1036
Cement 2 [kg/m?3] 300 258 250
Limestone filler 2 [kg/m?] 283 283 283
Silica fume [kg/m?] 30 -
Fly ash [kg/m?] - 39
Water [kg/m3] 154 154 154
PCE superplasticizer [I/m3] 12.29 13.43 9.29
Table 20: Mix C — Bleeding (Section 3.4.)
Reference Silica fume Fly ash Limestone
stickiness replacement replacement filler
replacement
Gravel 1 [kg/m3] 576 576 576 576
Sand 2 [kg/m?] 1036 1036 1036 1036
Cement 3 [kg/m?3] 350 308 250 250
Limestone filler 2 241 241 241 325
[kg/m?]
Silica fume [kg/m?] - 30 - -
Fly ash [kg/m?3] - - 77 -
Water [kg/m?] 154 154 154 154
PCE superplasticizer 14.29 14.57 8.57 11.43
[1/m?]

Table 21: Mix D — High stickiness (Section 3.4.)
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Component Amount

Sand 3 1064 kg/m3
Gravel 2 510 kg/m3
Cement 4 300 kg/m?

(not described above)
Limestone filler 3

3

(not described above) 300 kg/m
Water 165 kg/m3

PCE superplasticizer 4.15 [/m3

Table 22: Mix composition used in Section 3.5.

2.3. Rheometer settings
As the measured rheogram depends on the rheological procedure and rheometer
used during testing [393-396], it is important to describe exactly which test
parameters have been applied during the experiments. For each rheometer, a short
description of the apparatus is also included.

2.3.1. Anton Paar rheometer

2.3.1.1. Rotational rheometry

The Modified Bingham parameters [397] of paste and mortar were determined
using an Anton Paar MCR 201 coaxial cylinder rheometer with a wide gap
concentric cylinder configuration (Figure 37). The inner cylinder has a radius of
20 mm, a height of 60 mm and has a sanded surface; the outer cylinder has a radius
of 35 mm and is provided with ribs to prevent wall slip (Figure 38). The rotational
velocity profile, illustrated in Figure 39 for pastes and Figure 40 for mortars,
consists of a preshear step, a stepwise decreasing rotational velocity profile, and
the determination of a segregation point. A segregation point is needed to evaluate
the degree of shear induced particle migration during the rheological test [393,
398-400]. Shear induced particle migration happens even at low shear rates and
results in an underestimation of the yield stress and apparent viscosity at low shear
rates [401]. The rheological test is invalid when the difference between the torque
measured during the segregation point at about two thirds of the maximum
rotational velocity differs more than 10% of the interpolated value from the actual
measurement [398] or in case segregation was visually observed during testing.

The measured torque profile based on the last 5 seconds of each rotational velocity
step was used to calculate the Modified Bingham constants (Equation 36) of pastes
and the Bingham constants (Equation 37) of the mortars in which 7, is the yield
stress and . is the plastic viscosity. When the torque measured during a rotational
velocity step was not in equilibrium, this data point was not used for the analysis. A
plug flow correction at the lowest rotational velocities was performed if necessary
[302]. Since the torque — rotational velocity diagram was linear and no segregation
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occurred during the mortar tests, the Bingham model was applicable for mortars.

The exponential decrease in torque measured during the pre-shear was used to

calculate the breakdown speed ap eqraown @nNd the exponential increase in torque

measured during the last step at 5 rpm was used to calculate the buildup speed

puitaup fitting the curves to Equations 38 and 39.

T=Tomp + Uus "V + Cup y?
T="Top +Hp 'V
Tgo rpm = G+ Gy exp(_abreakdown "y t)
Tsyrpm = C3—Cy- exp(_abuildup Y t)
Symbol Unit Definition
T [Pa] Shear stress
y [s1] Shear rate
To,mMB [Pa] Modified Bingham yield stress
UmB [Pa.s] | Modified Bingham linear term
Cup [Pa.s?] | Modified Bingham second order term
To,B [Pa] Bingham vyield stress
Wg [Pa.s] | Bingham plastic viscosity
Apreakdown [-] Breakdown speed
Apuildup [-] Buildup speed
Cy, Cq, Cy,and Cy Fitting parameters

Table 23: Symbols used in the Modified Bingham equation (Eq. 1)

Figure 37: The Anton Paar MCR 201
rheometer configuration for rotational
rheometry

o —
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(Eq. 37)

(Eq. 38)

(Eqg. 39)

Figure 38: The ribbed outer cylinder and
sanded inner cylinder
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Figure 39: The rotational velocity profile Figure 40: The rotational velocity profile
for pastes for mortars
2.3.1.2. Oscillatory rheometry

Applying a small amplitude oscillatory shear or stress, the storage and loss modulus

(Equations 40 to 43, abbreviations in Table 24) evolution in time can be measured
[24, 25, 139, 227, 264, 265, 275, 288, 402, 403]. The storage modulus G’ is
responsible for the elastic part of the strain or stress response, the loss modulus G”

for the viscous part.

0 =0, cos(w-t)

Yy =V -cos(w-t—95)

G* =2 (cosb +i-sind)
Yo
G'=G+1iG"
Symbol | Definition
o Oscillatory stress [Pal
Oy Amplitude of the applied stress [Pa]
w Angular velocity [1/s]
t Time [s]
y Oscillatory strain [-]
Yo Amplitude of the oscillatory strain [-]
) Phase lag between the applied oscillatory stress and the
resulting oscillatory strain [-] (0 < § < 1 /2)

G* Complex shear modulus [-]
G’ Storage modulus [-]
G" Loss modulus [-]

Table 24: Abbreviations of Equations 40 to 43
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In this project, oscillatory rheometry was used to monitor the structural buildup of
the cement paste at rest. The storage modulus evolution in time under a constant
small shear rate amplitude alternated with a breakdown step of two minutes was
monitored using an Anton Paar MCR 201 rheometer with a vane in cylinder setup
(Figure 41). A vane with a diameter of 15 mm and a height of 40 mm oscillates
within a small angle and a frequency of 1 Hz in an outer cylinder with a radius of 35
mm. After destroying the structure in a 2 minutes time sweep with a strain of 50%
(above the critical strain), the structural buildup inside the paste was monitored in
a time sweep with a small strain of 0.1% (below the critical strain) for 20 minutes
using the storage modulus G’ [24, 227, 264]. A typical example of a measurement is
shown in Figure 42.

Figure 41: The Anton Paar MCR 201 rheometer configuration for oscillatory rheometry

800 T

E‘ 700 —stra?n 50%
= strain 0.1%
3 600 e strain 50%
% 500 H strain 0.1%
'g 400
2 300
8
© 200
2 100
@ |

O —

0 500 1000 1500 2000 2500 3000
Time [min]

Figure 42: Monitoring of the Storage Modulus G’ using oscillatory rheology
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2.3.2. ICAR rheometer

2.3.2.1. Rotational rheometry

An ICAR rheometer was used in Section 3.3.2. to determine the rheological
characteristics of SCC. The ICAR rheometer had a 6-bladed vane with a diameter of
127 mm and a height of 127 mm inserted in a ribbed cylindrical bucket with a
diameter of 286 mm (Figure 43). The torque necessary to rotate the vane according
to a fixed rotation speed profile including a segregation point, as illustrated in
Figure 44, is measured. The data measured during the last 2 seconds of every
rotational velocity step was used to calculate the Modified Bingham rheological
parameters [397] (Equation 36). When plug flow occurred, a plug flow correction
was applied during the analysis [397].
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Figure 43: The ICAR rheometer Figure 44: The rotational velocity profile

used in an ICAR rheometer

2.3.2.2. Static yield stress measurements

An ICAR rheometer with a four-bladed vane was used for static yield stress
measurements. The vane had a diameter of 127 mm and a height of 127 mm. Every
ten minutes, a static yield stress was performed in a sample at rest. During such a
measurement, the torque necessary to maintain a constant small rotational
velocity of 0.001 rps is measured (Figure 45). Once a maximum peak torque is
reached, the rotation is stopped to allow the continuation of the thixotropic
buildup inside the sample. The peak torque is converted into the static yield stress
assuming all the shearing happens across a cylindrical surface surrounding the vane.
Experimental scatter is filtered out with a polynomial fit around the peak torque as
shown in Figure 45.
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Figure 45: Torque measurement during the static yield stress test

2.3.3. Contecrheometer

A Contec viscometer 5 has also been used during the project. This wide gap
concentric cylinder rheometer with an inner cylinder radius of 100 mm and an
outer cylinder radius of 145 mm (Figure 46) only measures the torque on the top
part of the inner cylinder, avoiding a complicated three dimensional bottom effect.
Both the inner and outer cylinders are equipped with vertical ribs to prevent wall
slip. The applied rotational velocity profile is shown in Figure 47: after a preshear
step at a rotational velocity of 0.40 rps during 25 seconds, the samples were
subjected to a stepwise decreasing rotational velocity profile from 0.40 to 0.025 rps
in 10 steps of 5 s. When the torque measurement during a constant rotational
velocity step was not in equilibrium, it was not considered in the analysis. A
segregation point was measured after the test.

The Bingham model (Equation 37) was used to calculate the dynamic yield stress
and plastic viscosity. For all mixtures, a linear torque — rotational velocity diagram
was measured and the Bingham model was applicable. A plug flow correction was
performed in case plug flow occurred [302].
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Figure 46: The Contec Figure 47: The rotational velocity profile used in an
rheometer Contec rheometer

3. Experimental program: mix design and
robustness

3.1. Paste volume and water-to-powder ratio

By varying the paste volume and the water-to-powder ratio of SCC mixtures, a wide
range of rheological properties can be obtained. The optimal rheological properties
of SCC, illustrated in the rheogram of Wallevik and Wallevik [404] (Figure 48), are
situated in between two extreme situations: SCC mixtures with a relatively high
yield stress and a very low plastic viscosity on the left side of the rheogram, and
SCC mixtures with a zero yield stress and a high plastic viscosity on the right side of
the rheogram.
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Figure 48: Range of suitable rheological characteristics of SCC [404]
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As the workability demands depend on the application, different rheological
parameters are needed for various applications. SCC mixtures with a relatively high
yield stress and low plastic viscosity have a relatively small slump flow and low
V-funnel flow time and therefore allow fast and convenient casting of large
elements. A zero or near-zero yield stress combined with a high plastic viscosity
flows more slowly but is able to fill all small edges in the formwork. The EFNARC
guidelines [6] contain a table ranking the needed workability demands for certain
applications (Figure 49).

Viscosity Segregation
resistance/
passing ability

VS 2 Specify passing
VF 2 ability for SF1& 2
Wall
VS1or2 andapilses Tall and Specify SR for
VF1or2 slender SF 3
or a target value.
V81 Specify SR for
VF1 Floors and slabs SF2&3
SF 1 [ SF2 \ SF3
Slump-flow

Figure 49: Workability demands for various types of applications [6]

By examining the impact of the two parameters which determine the rheological
behavior of SCC, a possible link between the rheology and robustness can be
investigated. The paste volume and water-to-powder ratio are varied within
pragmatic ranges, the Sieve Stability Index (S.S.1.) is always kept in the range of 8-
12% by adjusting the superplasticizer dosage of each mixture (Table 16 in Section 2).
The paste volume of 350, 375, and 400 I/m3 and the volumetric water-to-powder
ratios correspond with the 20%, 50%, and 80% fractals of a database summarizing
the properties of SCC mixtures used in more than 175 papers [316, 405]. For every
reference mixture, another mixture with 8 I/m3 water in excess and a mixture with
8 1/m® water lacking was manufactured in order to test the robustness against
changes in the water content.

The following mix procedure was used: (1) 1 minute mixing of all dry constituents;
(2) 1 minute mixing after addition of the water; (3) 2 minutes mixing after addition
of the superplasticizer. 3 minutes after mixing, the slump flow, V-funnel time, SSI,
L-box ratio, density and air content were determined. Table 25 summarizes the
fresh properties of the nine reference mixtures. The values for the reference
mixtures are listed together with the change of the test response due to the
presence of more or less water In Table 26. In this table, the robustness is
expressed in two manners: the test response variations per liter water (e.g. the
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change in slump flow: ASF/ 16 1/m3, see Equation 44) and the ratio of the response
interval (difference between the largest and the smallest test response) divided by
the tests response of the reference mixture and the water variation
(eg. ASF / SF.t/ 16 I/m3, Equation 45). Both parameters reflect the slope of test
response variation in Figures 50 to 59, once in absolute terms and once relative to
the reference value. All workability tests except the L-box ratio gave a good picture
of the impact of fluctuations of the water content on the fresh behaviour of the
mixtures. The raw data is summarized in Appendix A.

ASF SFig1/m*~SF_giym?

16# T +81/m3—(-8 I/m?) (Eq. 44)
ASF _ = SFg1/m3 ~SF _g1ym3 (Eq. 45)
SFref161/m SFref(+81/m3—(~81/m3))
Paste volume / Slump V-funnel L-box . Air
water-to-powder . . S.S.I. Density
R flow time ratio content
ratio by volume
[l/m3] / [-] [(mm] [s] [-] [%] [kg/m?] [%]
400/ 0.75 673 13.7 0.82 9.4 2475 2.5
400/ 0.90 680 6.3 0.85 12.2 2369 1.6
400/ 1.05 688 3.5 0.83 12.0 2369 1.2
375/0.75 705 17.6 0.96 11.2 2394 1.9
375 /0.90 680 8.0 0.91 10.1 2375 1.8
375 /1.05 680 4.0 0.86 12.3 2372 1.4
350 /0.75 865 15.9 1.00 10.5 2406 0.9
350/ 0.90 750 10.5 0.98 9.4 2375 1.5
350/ 1.05 675 5.3 0.80 8.0 2369 1.5
Table 25: Fresh state properties of reference mixtures
Paste volume 400 / 400 / 400 / 375/ 375/ 375/ 350/ 350/ 350/
(I/m3) /water- 075 | 090 | 105 | 075 | 090 | 1.05 | 075 | 0.90 | 1.05
powder ratio by
volume
Slump flow [mm] 673 680 688 705 680 680 865 750 675
ASF /16 1/m? 16.3 10.2 13.1 9.7 8.6 8.3 5.6 8.1 9.2
ASF / SF.et / 16 1/m? 0.024 | 0.015 | 0.019 § 0.014 | 0.013 | 0.012 j 0.006 | 0.011 | 0.014
V-funnel time [s] 13.7 6.3 3.5 17.6 8.0 4.0 15.9 10.5 5.3
AVF /16 1/m? 0.71 0.24 0.24 1.15 0.34 0.14 1.36 0.34 0.18
6::3/ VFrer/ 16 0.052 | 0.038 | 0.067 § 0.065 | 0.043 | 0.035 | 0.086 | 0.032 | 0.033
L-box ratio [-] 082 | 085 | 083 | 096 | 091 | 086 | 100 | 098 | 0.80
ALB /16 I/m3 0.049 | 0.012 | 0.022 § 0.004 | 0.017 | 0.009 j 0.001 | 0.002 | 0.012
ALB /LB, /161/m® | 0.059 | 0.014 | 0.026 | 0.004 | 0.018 | 0.011 | 0.001 | 0.001 | 0.001
S.S.1. [%] 9.4 12.2 12.0 11.2 10.1 12.3 10.5 9.4 8.0
ASS1 /16 1/m?3 1.04 0.51 0.80 0.86 0.50 0.52 0.57 0.28 0.31
ﬁf‘::/ SShet /16 0.111 | 0.042 | 0.068 | 0.077 | 0.050 | 0.043 | 0.054 | 0.030 | 0.039

Table 26: Workability test responses and robustness
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Figure 50: Influence of the paste volume
and water-to-powder ratio on the slump

Figure 51: Influence of the paste volume
and water-to-powder ratio on the V-funnel
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Figure 52: Influence of the paste volume
and water-to-powder ratio on the slump

Figure 53: Influence of the paste volume
and water-to-powder ratio on the V-funnel
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Figure 54: Influence of the paste volume
and water-to-powder ratio on the slump
flow

Figure 55: Influence of the paste volume
and water-to-powder ratio on the V-funnel
time
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Figure 56: Influence of the paste volume
and water-to-powder ratio on the sieve

Figure 57: Influence of the paste volume
and water-to-powder ratio on the sieve
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Figure 58: Influence of the paste volume
and water-to-powder ratio on the sieve

Figure 59: Influence of the paste volume
and water-to-powder ratio on the rheology
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Small changes in the water content almost never result in problems in the three
key characteristics of SCC at the same time. As a result it is not evident to grasp the
variations of the slump flow, V-funnel time, L-box ratio, and sieve stability index
into one global ‘robustness value’ as suggested by Billberg et al. [31, 32]. A better
approach is to evaluate the robustness of a mixture by investigating its most critical
parameter, which also might depend on the application.

The observed impact of the paste volume and water-to-powder ratio is
summarized in Table 27. The effect of the water-to-powder ratio on the robustness
of the S.S.1. has been studied while varying both the water and powder contents in
order to maintain the given paste volume. A different impact could have been
obtained if the water or powder contents would have been kept constant.

Mixtures with a higher paste volume require a lower dosage of superplasticizer to
reach a S.S.1. of 10+2%. Such mixtures have a lower slump flow value and are more
sensitive to small reductions of the water content. the combined effect of a higher
water-to-powder ratio and the associated reduction in superplasticizer dosage on
the slump flow robustness is limited.

The robustness of the V-funnel time is mainly affected by the water-to-powder
ratio. Mixtures with a higher water-to-powder ratio need a lower superplasticizer
dosage in order to reach a S.S.I. of 10£2% and have a lower, more robust V-funnel
time. The V-funnel time of more viscous SCC mixtures with a low water-to-powder
ratio is very sensitive to a small decrease in the water content. The V-funnel time
robustness of such mixtures can be enhanced with an increased paste volume, up
to a limit at which the higher paste volume also negatively affects the robustness of
the slump flow.

The L-box results are more difficult to interpret because of the poor flowability of
the mixtures with 8 I/m3 less water, a paste volume of 400 I/m3® and volumetric
water-to-powder ratios of 0.75 and 1.00, which had a slump flow of respectively
525 and 515 mm. As a result, no clear trends on the L-box ratio results could be
observed.
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Impact paste volume

Impact water-to-powder ratio

Slump flow

As the paste volume increases, the
robustness of the slump flow to

The water-to-powder ratio has no
clear influence on the robustness of

water variations decreases. the slump flow.

A lower water-to-powder ratio
increases the sensitivity to small
variations of the water content.
Especially a small decrease of the

water content can result in a very
sticky, unworkable mixture.

V-funnel time When the paste volume increases,

the robustness slightly increases.

A decrease in water-to-powder
volumetric ratio seems to decrease
the robustness of the S.S.1., but the

effect is less significant than a
change in paste volume.

S.S.l. An increase of the paste volume
results in a less robust S.S.1.

Table 27: The influence of the paste volume and water-to-powder ratio
on the robustness of SCC

3.2. Water Film Thickness (WFT)
In order to investigate the mechanisms behind the water-to-powder volumetric
ratio more in depth, an additional series of tests was conducted in which the
influence of the water content and the superplasticizer content is investigated
independently from each other on paste level. The material properties are given in
Section 2.1 (Cement 2 and Limestone filler 2), the mix compositions are
summarized in Table 17 of Section 2.2.

In order to differentiate the water filling the voids from the water film actually
lubricating the solid particles, the concept of the water film thickness (WFT) has
been used (Section 7.5 of the literature review). The water film thickness is
calculated using equations 46 to 48, using the abbreviations of Table 28. The
maximum packing density ¢, is calculated based on the maximum possible
density of the paste obtained by varying the water content [85, 327-329]. The
determination of the maximum packing density is described in more detail in
Appendix B. Using oscillatory rheometry, the impact of the WFT and the
superplasticizer dosage on the structural buildup is monitored together with the
robustness against small changes in the water content (+3% of the water content).
The coefficient of variation of the WFT measurements is about 2%.

WFT = 2w—“min (Eq. 46)

As
Unin = 1_¢ma;;“j:c(¢max) (Eq 47)
u, = —1_¢_(:“(¢) (Eq. 48)
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Symbol Unit Name Definition

Thickness of the excess water layer

WEFET [m] Water Film Thickness . . .
covering the solid particles.

The volume of solids divided by the bulk

. . .
b %] Packing density volume

Maximum packing The maximum possible packing density

0 . s -
bDmax [%] density possible for this mixture under varying
water content.
. The vol f air divided by the bulk
£ () (%] Air content e volume of air divided by the bu
volume.
w, %] Water ratio The volume of water di.vided by the
volume of solids.
- . . Th t ti di ith th
Umin [%] Minimum voids ratio e water ‘ra 0 correspon mg. W €
maximum packing density.
2/ 3 Specific surface area of The total surface of all solids in one
Ag [m%/m?3] . .
the solids volumetric unit.

Table 28: Definition of the parameters used in Equations 46 to 48

Figure 61 illustrates the ranges of water-to-powder volumetric ratio (0.85, 0.90,
and 0.95) and superplasticizer dosage (0.118%, 0.159%, and 0.200% of the cement
weight) tested during this experimental program. In order to cover a wider range of
WFT (Figure 62), four additional mixtures were tested with water-to-powder /
superplasticizer dosage combinations of respectively 0.75/0.200%, 0.80/0.200%,
1.00/0.159%, and 1.00/0.118%. The cement-to-powder ratio (by weight) was
always kept at 0.6 .

0.250 0.250
0.200 - 0.200 -
@ 0.150 o 0.150 -
@ (ORI ]
g 0.100 I 8 0.100 i Nas
': <©SP0.118% ': <©OSP0.118%
» 0.050 |@SP0.159% v 0.050 {|{@SP 0.159%
A SP 0.200% A SP 0.200%
0.000 f f 0.000 i
0.70 0.80 0.90 1.00 1.10 0.00 0.20 0.40
W/P Volume ratio [-] WFT [um]
Figure 61: Range of water-to-powder Figure 62: Corresponding range of WFT and
volumetric ratios and superplasticizer superplasticizer dosages

dosages

The measured properties of the 13 reference mixtures were determined according
to the time table in Table 29 and are listed in Table 29. The properties of the
mixtures with £3% water are given in Appendix A. The range of covered WFT values
is illustrated in Figure 62. As illustrated in Figure 63, a higher superplasticer dosage
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provides more free water in the paste mixture as indicated by the higher maximum
packing densities, and thus results in a higher WFT.

Time Duration Step Mixing
speed
0 min 1 min Mixing of cement, limestone powder and water 140 rpm
1 min 1 min Adding the superplasticizer 140 rpm
2 min 1 min Mixing 285 rpm
3 min 2 min A thin layer of paste is scraped from the mixing arm 0rpm
and the walls and bottom of the mixing bowl
5 min 1 min Mixing 285 rpm
6 min 11 min Rest 0rpm
17 min 1 min Remixing 285 rpm
18 min 2 min Rest 0rpm
20 min 3 min Rotational rheometry: determination of the -
Modified Bingham parameters
25 min 45 min Start oscillatory rheometry: measurement of G’ -
buildup
29 min 1 min Remixing 285 rpm
30 min 5 min Measuring the density and air content -

Table 29: Timing of the test procedures

62.5
[-T¢]
£
=
QO Q
8 £60.0 1
£ o vl
3 2 /
R
i
=

55.0

0.100 0.125 0.150 0.175 0.200 0.225
Superplasticizer dosage [%]

Figure 63: Impact of the superplasticizer dosage on
the maximum packing density of pastes

A clear link between the WFT /superplasticizer dosage combination and the
rheology of the mixture can be observed in Table 29 and Figures 65 to 67. Based on
the shear stress at a shear rate of 20 s™, the impact of the WFT and superplasticizer
is investigated more in detail in Figure 68. Similar conclusions can be drawn based
on a shear rate of 105 or 50 s™.

109



Mix Water- Super- WFT Yield MB mB 2™ Increase | Increase
nr to- plasticiz stress linear order inG’ (1) inG’ (2)
powder er term term
ratio dosage
[-] [%] [um] [Pa] [Pa.s] [Pa.s?] [Pa] [Pa]
1 0.85 0.118 0.188 16.38 1.59 0.0000 1073 1873
2 0.90 0.118 0.198 7.05 0.85 0.0005 711 1218
3 0.95 0.118 0.276 2.55 0.39 0.0024 717 1665
4 1.00 0.118 0.304 2.17 0.30 0.0012 514 1220
5 0.85 0.159 0.209 2.68 0.41 0.0048 322 365
6 0.90 0.159 0.236 2.23 0.32 0.0034 306 364
7 0.95 0.159 0.308 0.62 0.28 0.0018 302 411
8 1.00 0.159 0.340 0.49 0.14 0.0031 225 521
9 0.75 0.200 0.151 8.71 0.68 0.0086 701 1007
10 0.80 0.200 0.209 3.22 0.28 0.0066 265 462
11 0.85 0.200 0.267 0.77 0.32 0.0047 206 202
12 0.90 0.200 0.289 0.00 0.22 0.0031 256 504
13 0.95 0.200 0.355 0.00 0.18 0.0022 382 2836
Table 29: Properties of the reference self-compacting paste mixtures
0.40
s g
— 0.30 [
s A °
- 0.20 Ao
= A ©SP 0.118%
0.10 OSP 0.159%
A SP 0.200%
0.00 ;
0.70 0.80 0.90 1.00 1.10
W/P Volume ratio [-]
Figure 64: Influence of the superplasticizer dosage on the WFT
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Figure 65: Impact of the WFT on the
rheology (SP dosage of 0.118 %)
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Figure 66: Impact of the WFT on the
rheology (SP dosage of 0.159 %)
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Figure 67: Impact of the WFT on the Figure 68: Impact of the WFT and
rheology (SP dosage of 0.200 %) superplasticizer dosage on the rheology

The robustness against small variations in the water content is tested by changing
the water content with £3%. Figures 69 to 72 illustrate the impact of variations in
the water content on the rheology for 3 mixtures with a similar WFT. Table 30
summarizes the impact on the rheological characteristics. Because the variations in
the test results should be compared with the value of the reference mixture, all
changes are expressed as percentages.

Figure 73 illustrates that an increasing WFT or superplasticizer dosage, increases
the robustness of the shear stress at a shear rate of 20 s (7(20 s~1). A similar

. T 1 ,d -
trend can be observed using the shear stress inclination at 20 s (ﬁ (20s71). The

effect on the vyield stress seems to be independent of WFT (similar slopes are
obtained).

Figures 69 and 74 to 76 show the changes in a rheogram. A logarithmic scale is
used to illustrate the graphs because the impact of a change in the rheological
parameters depends on the value of the parameter itself. A change of 0.1 Pa on the
yield stress has a more pronounced impact on a mixture with a yield stress of
0.2 Pa than on a mixture with a yield stress of 50 Pa. Higher water-to-powder ratios
resulted in a higher water film thicknesses (WFT), and in more robust mixtures. A
higher superplasticizer dosage resulted in a higher WFT and also more robust
mixtures. No clear influence of the yield stress 7, inclination of the shear stress at

-1 dt
20s —_—
ay

observed.

(20 s™1), or the shear stress at 20s'7(20 s~1) on the robustness is
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Figure 69: Impact of variations in the water content on the rheology
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Figure 70: Impact of small changes in the
water content on the rheology (WFT of 0.20
pum; SP dosage of 0.118 %)

Figure 71: Impact of small changes in the
water content on the rheology (WFT of 0.21
um; SP dosage of 0.118 %)
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Figure 72: Impact of small changes in the

water content on the rheology

(WFT of 0.21 um; SP dosage of 0.118 %)

Figure 73: The influence of the WFT and
superplasticizer dosage on the robustness
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Mix nr Water-to- | Superplasticizer WFT Changesin | Changesin Changes in
powder dosage the shear the yield the shear
ratio stress at stress stress
20s-1 inclination
at 20s-1

[-] [%] [nm] [%] [%] [%]
1 0.85 0.118 0.188 167 176 160
2 0.90 0.118 0.198 111 126 105
3 0.95 0.118 0.276 140 201 115
4 1.00 0.118 0.304 87 118 73
5 0.85 0.159 0.209 134 257 77
6 0.90 0.159 0.236 112 196 91
7 0.95 0.159 0.308 94 313 75
8 1.00 0.159 0.340 57 121 51
9 0.75 0.200 0.151 120 118 95
10 0.80 0.200 0.209 128 199 89
11 0.85 0.200 0.267 53 245 48
12 0.90 0.200 0.289 81 248 57
13 0.95 0.200 0.355 86 90 73

Table 30: Robustness of the reference mixtures against small changes in the water content
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Figure 74: Robustness of the rheology illustrated in a rheogram (SP 0.118%)
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Figure 75: Robustness of the rheology illustrated in a rheogram (SP 0.159%)
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Figure 76: Robustness of the rheology illustrated in a rheogram (SP 0.200%)

Table 31 and Figure 76 summarize the storage modulus G’ evolution during the first
and second 20 min of structural buildup during oscillatory rheology measurements
(G’y and G’,) as described in Section 2.3.1.2. Mixtures with a higher early age
structural buildup as measured by the increase in storage modulus G’ at rest also
were less robust. In Figures 77 to 80, the relation between the sensitivity of the
rheology and the structural buildup as measured by the storage modulus G’ buildup
at rest is illustrated.

Mix Water-to- | Superplas WFT Yield Inclinatio Increase Increase

nr powder ticizer stress n of the in G’y in G’,

ratio dosage shear

stress at

20s-1
[-] [%] [um] [Pa] [Pas] [Pa] [Pa]
1 0.85 0.118 0.188 16.38 1.59 1073 1873
2 0.90 0.118 0.198 7.05 0.87 711 1218
3 0.95 0.118 0.276 2.55 0.49 717 1665
4 1.00 0.118 0.304 2.17 0.35 514 1220
5 0.85 0.159 0.209 2.68 0.60 322 365
6 0.90 0.159 0.236 2.23 0.46 306 364
7 0.95 0.159 0.308 0.62 0.35 302 411
8 1.00 0.159 0.340 0.49 0.26 225 521
9 0.75 0.200 0.151 8.71 1.03 701 1007
10 0.80 0.200 0.209 3.22 0.54 265 462
11 0.85 0.200 0.267 0.77 0.50 206 202
12 0.90 0.200 0.289 0.00 0.35 256 504
13 0.95 0.200 0.355 0.00 0.27 382 2836

Table 31: The robustness evaluation of all reference mixtures
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Figure 77: Influence of the structural buildup on the robustness of the shear stress at 20 s™
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Figure 78: Impact of the WFT on the storage modulus G,’ evolution — SP dosage of 0.118%
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Figure 79: Impact of the WFT on the storage modulus G,’ evolution — SP dosage of 0.159%
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Figure 80: Impact of the WFT on the storage modulus G,’ evolution — SP dosage of 0.200%

3.3. Viscosity Modifying Admixtures (VMA'’s)

Many authors and admixtures manufacturers recommend the use of VMA’s as a
robustness enhancing product [31, 38, 79, 88, 93, 104-116]. In this section, the
impact of VMA’s on the rheology, structural buildup and robustness of self-
compacting mortars and SCC is studied. The use of mortars allows testing a larger
number of samples and simulates better the dispersion state of SCC compared to
paste mixtures. Pastes, in which no aggregates are providing a ball bearing effect
during the mixing process, differ in dispersion state and hydration rate compared
to SCC.

3.3.1. Experiments on mortars

Obviously, not all types of VMA’s were tested during this project. Only four types of
VMA'’s were selected for an exploratory experimental program: purified attapulgite
clay, diutan gum, corn starch, and propylene carbonate. Their properties are
summarized in Table 32. The raw data of the experiments are summarized in
Appendix A. The impact of small variations in the water content (+6.95 |/m3,
corresponding with a variation of 5 I/m? water in the equivalent concrete) on the
rheology and robustness of mortars was measured using the flow spread test, V-
funnel flow time, and Bingham parameters as determined with an Anton Paar
rheometer (Section 2.3.1). The thixotropic behaviour of the mortars was evaluated
using the breakdown speed during the preshear step of the rheological test and a
low shear rate buildup step. For each reference mixture (mix composition given in
Table 18 of Section 2.2.), the VMA dosage was based on the manufacturers
recommended dosage. The superplasticizer dosage of each reference mixture was
adjusted to reach a flow spread of 240 — 260 mm.
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Attapulgite clay

Diutan gum

Starch

Propylene
carbonate (PPC)

[293]

Description | Small clay High molecular Natural A carbonate
needles with weight microbial | polysaccharide. ester derived
negative charges | polysaccharide In this from propylene
along its main compatible with | experimental glycol, used as a
axis and the pH- | cement program, corn polar, aprotic
dependent hydration starch is used. solvent.
charges at the products [105]
ends [280]

Effect in A strong Hydrogen bonds | Increases the The propylene
concrete increase of the fix part of the yield stress, but glycol develops

floc strength water and has only a small water bonds,

[289, 294] increases the effect on the inducing a
yield stress and plastic viscosity network
plastic viscosity [98]. structure [406].
[78]. Superplasticizer | The carbonate
Polymer chains should be added | anions might
entangle at rest before the affect the
and align with starch to cement
the flow when prevent hydratation
sheared. adsorption onto | process.

cement particles
[222].
Effect Combined with Reported to Reported to Unknown
robustness | areduction of enhance the enhance the

the amount of robustness of robustness of

filler, it should SCC mixes [105]. | SCC mixes [37,

improve the 104, 107, 113,

robustness. 117].

Application | - Stabilizing - Stabilizer in - Stabilizer in - Aprotic solvent
mineral scc scc - Thixotropy-
suspensions enhancing
- Slipform admixture in
pavement SCC SCC [406]

Table 32: Properties of the applied VMA’s

Table 34 summarizes the rheological parameters and robustness of all mortars,

tested according to the procedure given in Table 33. For each test, the result of the

reference test (e.g. S), the difference between the maximum and the minimum

values divided by the variation in water content (e.g. AS/101/m3), and the

difference divided by the test result of the reference mixture and the water

variation (e.g. AS/S,.¢/10 I/m3) is listed. High values indicate a low robustness of the

mortar. Figures 81 and 82 illustrate the thixotropic breakdown and buildup during

the rheological test.
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Time Duration Step Mixing
speed
0 min 1 min Mixing of cement, limestone powder and water 140 rpm
1 min 1 min Adding the superplasticizer 140 rpm
2 min 1 min Adding of VMA 140 rpm
3 min 1 min Mixing 285 rpm
4 min 2 min A thin layer of paste is scraped from the mixing arm 0rpm
and the walls and bottom of the mixing bowl
6 min 1 min Mixing 285 rpm
7 min 3 min Rest
10 min Measurement flow spread and V-funnel time
11 min Measurement of the density, air content and
rheological parameters
Table 33: Timing of the test procedures
Diutan Corn Attapulgit Propylene
No VMA gum Starch e tgayg carprnate
Flow spread S [mm] 248 240 243 250 250
AS /10 1/m? 8.6 35 6.9 5.7 7.0
AS / Seet / 10 1/ m? 0.035 0.015 0.028 0.023 0.028
V-funnel time VF [s] 10.4 10.9 7.4 7.8 11.7
AVF /10 1/m3 0.41 0.65 0.35 0.30 1.6
AVF/VFs/ 10 |/m3 0.040 0.060 0.047 0.038 0.139
Yield stress YS [Pa] 17 26 14 12 11
AYS /10 1/m3 1.2 2.0 2.4 1.4 1.7
AYS/YSres/ 10 1/m? 0.069 0.076 0.176 0.117 0.150
Plastic viscosity PV [Pa.s] 8 13 8 7 10
APV /10 1/m3 0.7 0.6 0.6 0.5 0.5
APV/PViei/ 10 I/ m? 0.084 0.046 0.076 0.073 0.050
Thixotropic breakdown | ;5 0.0051 0.0039 0.0041 0.0039
speed Qpreakdown [']
Thixotropic buildup 0.017 0.012 0.015 0.023 0.021
speed Apyitdup [-]
Table 34: Discussion of robustness for all tests
Breakdown during preshear (rotational velocity 80 rpm)
100000
—_ \
g 80000 \\ —No VMA
% 60000 N\ \\_ @ Djutan gum
S 40000 ——
5 Corn starch
~ 20000
0 = Attapulgite clay
0 40 60 80 —TEA
Time [s]

Figure 81: Thixotropic breakdown during the preshear step (80 rpm)
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Buildup step (rotational velocity 5 rpm)
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Figure 82: Thixotropic buildup step at a low shear rate (5 rpm)

Based on the flow spread and V-funnel time results (Figure 83), diutan gum
provides a significantly larger robustness compared to attapulgite clay, being more
robust than propylene carbonate and corn starch. The mixture without VMA had
the least robust flow spread. The addition of diutan gum did not affect the V-funnel
time in comparison to the reference mix without VMA. Corn starch and attapulgite
clay decreased the V-funnel time, and propylene carbonate increased the V-funnel
time. Because the variation in the V-funnel time depends on the V-funnel time of
the reference mixture, the robustness of the V-funnel time of a mortar should be
evaluated using the ratio of the differences in V-funnel time to the reference
V-funnel time. Based on this parameter, the robustness of the mixture with
attapulgite clay, corn starch, and no VMA are more robust than the mixture with
diutan gum. Propylene carbonate caused the largest decrease in robustness.

175
200
=@—No VMA
225 i
== Diutan gum
Spread / / g
[mm] ., f/ Corn starch
Attapulgite clay
275 =@=Propylane carbonate
300
0 5 10 15 20 25 30
V-funnel time [s]

Figure 83: Impact of VMA’s on the robustness in a workability box
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Figure 84: Impact of VMA’s on the robustness in a rheogram

Although the flow spread of all mixtures was about the same, large differences
were observed in the yield stress. The incorporation of diutan gum (with adjusted
superplasticizer content) resulted in a higher yield stress, all other VMA’s reduced
the yield stress. Most probably, these variations are a result of differences in the
strength of the thixotropic network built during three minutes rest between the
mixing and performing the flow spread test. As is illustrated in Figure 51, the
mixtures with higher yield stresses reached more rapidly their equilibrium state
during the preshear step of the rheology test and therefore probably were able to
reach the same flow spread as a mixture with half the yield stress. The mixtures
without VMA and with attapulgite clay had the most robust yield stress, followed
by the mixtures with propylene carbonate, diutan gum and corn starch. Although
the yield stress of the mixtures with a VMA was less robust, all mortars showed a
more robust flow spread behaviour. Changes in the buildup and breakdown speed
of the thixotropic network alone cannot explain the observed ranking of robustness
in this test program. Most probably, the large dependency of the thixotropic
buildup to variations in the water content makes the final behaviour more
complicated.

Attapulgite clay (SP dosage 6% higher) and corn starch (SP dosage 4% higher)
decrease the yield stress and do not affect the plastic viscosity. Also the robustness
of the plastic viscosity and V-funnel flow time are similar. Diutan gum (SP dosage
27% higher) and propylene carbonate (same SP dosage) enhance the plastic
viscosity of the mortars (respectively +63% and +25%). The similar but less robust
V-funnel time of both VMA'’s contradicts the more robust plastic viscosity of the
mortars. Both diutan gum and propylene carbonate mainly affect the viscosity of
the free water and do not adsorb onto the cement particles. Attapulgite clay and
starch are reported to interact with cement particles and therefore affecting the
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balance of flocculation and deflocculation inside the cement paste [78, 222, 289,
294, 406].

The plastic viscosity is somehow correlated with the V-funnel time, but it is not the
only parameter determining the V-funnel time of a mixture. For example the
addition of diutan gum resulted in a similar V-funnel time, although the plastic
viscosity doubled. The robustness of the V-funnel time decreased as the plastic
viscosity of the mixture increased by the addition of diutan gum or propylene
carbonate. When corn starch or attapulgite clay were added, the plastic viscosity
itself remained about the same, but both the robustness of the V-funnel time and
the plastic viscosity increased. Probably, the sensitivity of the V-funnel time
increases more than proportional for mixtures with a higher plastic viscosity.

0.006
c
2 T 0.0055
©
f‘i § 0.005 m —=0—No VMA
a § 0.0045 ® ~®—Diutan gum
3 8
§' - 0.004 C B Corn starch
R
22 0.0035 Attapulgite clay
-
= 0.003 =@ Propylane carbonate
0 10 20 30

Yield stress [Pa]

Figure 85: The relation between the thixotropic breakdown speed and the yield stress

The relation between the robustness of the workability parameters and the
rheological parameters is unclear. Adding a VMA to the reference mixture
increased the robustness of the flow spread test, decreased the robustness of the
yield stress, and increased the robustness of the plastic viscosity. The robustness of
the V-funnel time increased when corn starch or attapulgite clay were added, but
decreased when diutan gum or propylene carbonate were added. The robustness
of the V-funnel test decreased as the plastic viscosity increased.

The thixotropic breakdown speed of self-compacting mortars seems to affect the
relation between the yield stress and the flow spread test, but has no clear
influence on the robustness of the flow spread test. Most VMA'’s had a slower
thixotropic breakdown (-7%) and therefore a lower vyield stress (-27%) was
obtained when the superplasticizer was set to reach a similar spread flow. The
inclusion of diutan gum, however, resulted in a faster thixotropic breakdown speed
(+19%), allowing a higher yield stress (+53%) to reach a similar spread flow.
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3.3.2. Experiments on SCC

This section investigates whether the influence of VMA on the robustness of a SCC
mixture with high yield stress and low plastic viscosity is the same as on a SCC
mixture with low yield stress and high plastic viscosity. Two types of VMA are used
in this experimental program: diutan gum (0.05% of the water weight) and purified
attapulgite clay (0.15% of the cement weight). The fresh properties of the
reference mixtures A and B (mix composition given in Table 19 of Section 2.2.) in
which diutan gum, attapulgite clay, and no VMA were added are summarized in
Table 35 and Figures 86 to 92. The following mix procedure was used: (1) 1 minute
mixing of all dry constituents; (2) 1 minute mixing after addition of the water; (3)
1 minute mixing after addition of the superplasticizer; (4) 1 minute of mixing after
adding the VMA. In case no VMA was present in the mixture, the same mixing
procedure was followed. After mixing, the concrete rested for 3 minutes. The
complete data is given in Appendix A. Two mixtures in which diutan gum is added
to mix B were considered: one with a lower superplasticizer dosage which was very
sensitive to a decrease of the water content, and one with a higher superplasticer
dosage which was very sensitive to an increase of the water content and suffered
from bleeding.

The robustness is evaluated by changes in the water content of + 10 I/m3. Two
parameters were used to describe the robustness: the change of the test response
per liter water (e.g. ASF / 20 I/m3) and the ratio of this change per liter divided by
the mean value (e.g. ASF/SF. / 20 I/m3). The rheological parameters listed in
Table 35 were determined using an ICAR rheometer. The plastic viscosity listed is
the first derivative of the shear stress to the shear rate at 5 s™* for the mixtures
having a Modified Bingham rheological behaviour (Equation 49).

Ngg-1=p+2-¢c-5s7t (Eq. 49)
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Mix A Mix A Mix A Mix B Mix B Mix B Mix B
No Diutan | Attapu No Diutan | Diutan | Attapu
VMA gum Igite VMA gum1l | gum?2 Igite
clay clay
SP dosage [I/m?] 1.86 4.00 3.29 6.57 8.00 2.00 3.14
Slump flow [mm] 720 680 675 705 695 785 660
ASF /20 1/m?3 12.3 5.6 10.1 4.8 10.5 3.3 16.5
ASF / SFref / 20 1/m?3 0.017 0.008 0.015 0.007 0.015 0.004 0.025
V-funnel time [s] 3.8 7.6 4.6 9.5 14.8 10.9 10.1
AVF /20 1/m?3 0.2 0.26 0.17 0.25 2.19 0.29 0.27
AVF / VFier / 20 1/m3 0.054 0.034 0.038 0.026 0.148 0.026 0.027
S.S.1. [%] 10.8 11.9 8.2 14.5 15 21.2 9.4
ASSI /20 1/m3 0.53 0.55 0.59 0.4 1.06 0.24 1.12
ASS1 / SSlrer / 20 1/m?3 0.049 0.047 0.071 0.028 0.071 0.011 0.120
Yield stress [Pa] 29 37 51 0 23 8 34
AYS /20 |/m? 6.2 1.8 31 0.8 11.4 0.8 2.9
AYS / YSrer / 20 1/m3 0.212 0.049 0.062 - 0.485 0.109 0.084
Differential viscosity 38 69 45 55 94 57 87
at1s-1mg -1 [Pas]
APV /20 1/m3 2.5 2.7 2.0 3.5 15.6 2.6 7.3
APV / PVeet / 20 I/m? 0.066 0.039 0.045 0.064 0.166 0.045 0.085
Differential viscosity 18 69 45 138 145 93 193
at5s-1mg -1 [Pas]
APV /20 1/m3 2.5 2.7 2.0 8.2 135 5.0 10.4
APV / PVt /20 I/m3 0.066 0.039 0.045 0.059 0.093 0.054 0.054
Density [kg/m3] 2350 2360 2350 2360 2370 2360 2370
Air content [%] 1.6 2 1.8 2 1.7 1.7 2.6
Modified Bingham
parameters
Yield stress 7, yp [Pa] 29 37 51 0 23 8 34
Modified Bingham linear 38 69 45 34 81 49 60
term pyp [Pas]
Modified Bingham 2™
order coefficient ¢y [Pa 0 0 0 10 6 4 13
52
Differential viscosity 38 69 45 55 94 57 87
at1s-1mg.-1[Pas]
Differential viscosity 38 69 45 138 145 93 193

at5s-1m; -1 [Pas]

The “differential viscosity” is the first derivative of the shear stress to the shear rate (Eq. 17).
Table 35: Influence of VMA’s on the sensitivity to changes in the water content.
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Figure 88: Mix A - the robustness of the V-funnel test
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Figure 90: Mix A - the robustness of the S.S.I.
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Figure 91: Mix B - the robustness of the S.S.I.
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Figure 92: Robustness of the rheological parameters

Mix A, with a high yield stress and low plastic viscosity 75 ;-1 (the first derivative of
the shear stress to the shear rate at 557) reacts differently on the inclusion of a
VMA in the mix design than the Mix B, with a high plastic viscosity and low yield
stress. When a VMA is included in the mixture, the robustness of the yield stress of
Mix A increases significantly, while the plastic viscosity maintained its original
robustness. In Mix B, the addition of a VMA caused a decrease of the robustness.
Because a part of the water was fixed by the VMA, a higher superplasticizer dosage
was needed in these mixtures which were already on the limit of bleeding due to
the low yield stress. As a result, the range of acceptable superplasticizer dosage
limited by excessive bleeding and a too viscous mixture reduced, resulting in a
reduction of the robustness against changes in the water content as these
variations also affect this delicate equilibrium. Because especially a small decrease
of the water content had a pronounced effect on the rheology of Mix B, another
Mix B was tested, including diutan gum and a larger dose of superplasticizer (slump
flow 785 mm). This mixture had an improved robustness of the Bingham
parameters, but suffered from severe bleeding and segregation. Similar trends are
observed for the workability tests.

Diutan gum and purified attapulgite clay have different working mechanisms in SCC.
The diutan gum polysaccharide molecules dissolve in the mixing water, develop
attractive forces, and intertwine with each other [78, 105]. This increases the
viscosity of the mixing water at rest, resulting in an increased yield stress and
plastic viscosity of the concrete mix. Attapulgite clay particles are charged needles
which increase flocculation rate and yield stress of the concrete mixture [289, 294].
The influence of VMA’s on the rheology is partly compensated by an increased
superplasticizer dosage. Although diutan gum and attapulgite clay have different
mechanisms affecting robustness, both VMAs had a similar impact on the
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robustness. The positive impact of a VMA on a mixture with high yield stress and
low plastic viscosity might be caused by fixing a part of the free water in these
mixtures, reducing the sensitivity for segregation of the course aggregates. Because
these mixtures are not sensitive to bleeding, a moderate increase of the
superplasticizer dosage does not cause any problems. Diutan gum increases the
plastic viscosity and yield stress, providing more resistance to changes of the water
content compared to attapulgite clay which only affects the yield stress of SCC.

3.4. Cementreplacement
In this section, the interactions in SCC mixtures with a low yield stress and high
plastic viscosity are investigated more in depth. The impact of a replacement of
part of the cement by silica fume, fly ash, or limestone powder on two reference
mixtures was studied: one sensitive to bleeding and one sensitive to becoming a
very sticky unworkable mixture. The composition of mixtures CandD is
summarized in Table 20 and 21 of Section 2.2.

As summarized in the literature review, bleeding is the macroscopic result of a
breakdown in the colloidal network inside cement paste, caused by repulsive steric
forces dominating over the attractive Van Der Waals forces on the smallest
colloidal particles in the cement paste. When repulsive forces are dominating over
attractive Van Der Waals forces for small colloidal particles, syneresis occurs and a
layer of water will be formed on top of the concrete surface. A possible solution
has been proposed in Section 3.1: lowering the dosage of superplasticizer, for
example by enhancing the water to powder ratio or paste volume. In this section,
the influence of a cement replacement is studied.

As visible in the workability box and rheogram of both reference mixtures under
small variations of the water content (Figures 93 and 94), excessive stickiness is not
a synonym of a high plastic viscosity. The thixotropic buildup was not measured
quantitatively, but based on visual observations during testing: based on the
evolution in the workability and the buildup of a structure at rest after performing
the slump flow, a distinction was made between a limited or no thixotropy, a
moderate thixotropy and a strong thixotropic buildup. An excessive stickiness
seemed to be more related to thixotropy compared to plastic viscosity.

The following mix procedure was used: (1) 1 minute mixing of all dry constituents;

(2) 1 minute mixing after addition of the water; (3) 2 minutes mixing after addition
of the superplasticizer.
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3.4.1. Excessive bleeding

Tables 36 and 37 and Figures 95 and 96 summarize the fresh properties, visually
observed bleeding and the robustness of mixture C, which is suffering from
bleeding. The properties of the mixtures with £101/m® water is given in
Appendix A. Three bleeding classes were distinguished: no bleeding, light bleeding,
and bleeding. A replacement of cement with silica fume helps to reduce the
tendency to bleeding and enhances the robustness. Because the micro filling
effects of silica fume are counteracted by the adsorption of part of the
superplasticizer onto the large surface of silica fume, a similar packing density and
a slightly higher needed superplasticizer dosage is reached. Fly ash decreases the
needed superplasticizer content and plastic viscosity due to a higher packing
density, but worsens the tendency for bleeding. The robustness of the yield stress
reduces vastly (Figure 96).

The beneficial bleeding reducing effect of silica fume can be explained by its
accelerating effect on the nucleation rate. Fine silica fume particles enhance the
attractive Van Der Waals forces, strengthening the colloidal network in cement
paste and thus reducing the tendency for bleeding. Although fly ash enhances the
packing density and therefore reduces the required superplasticizer dosage and
thus steric repulsive forces, it slows down the hydration reaction and the rate of
structural buildup. As a result, less superplasticizer is consumed and repulsive
forces are still dominating the attractive Van Der Waals forces.
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Mix C Mix C Mix C
Reference Replacement Replacement
by silica fume by fly ash
SP dosage [I/m?3] 12.29 13.43 9.29
Slump flow [mm] 740 695 725
V-funnel flow [s] 21.5 36.4 21.7
S.S.1. [%] 2.7 1.8 3.6
Density [kg/m?3] 2323 2313 2331
Yield stress [Pa] 0.0 63.3 200.0
Plastic viscosity [Pa . s] 133.2 152.8 117.0
Solid fraction in SCC [%] 81.6 81.7 82.3
Solid fraction in the paste [%] 52.3 52.7 53.7
Visual evaluation of bleeding light bleeding no bleeding bleeding
Table 36: Fresh properties of Mix C, suffering from bleeding
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Figure 95: Workability box of Mix C Figure 96: Rheogram of Mix C
Mix C Mix C Mix C
Reference Replacement Replacement
by silica fume by fly ash
Slump flow [mm] 740 695 725
ASF /20 1/m3 3.75 1.00 3.00
ASF / SFo¢ / 20 I/m? 0.0051 0.0014 0.0041
V-funnel time [s] 21.5 36.4 21.7
AVF /20 I/m3 2.59 1.95 2.42
OAVF / VF,;/ 20 I/m® 0.120 0.053 0.111
S.S.1. [%] 2.7 1.8 3.6
ASS1 /20 1/m3 0.26 0.05 0.25
ASSI / SSl,¢ / 20 1/m3 0.094 0.027 0.070
Yield stress [Pa] 0.0 63.3 200.0
AYS /20 1/m?3 4.40 0.29 19.4
AYS / YS,/ 20 1/m3 - 0.005 0.097
Plastic viscosity [Pa s] 133.2 152.8 117.0
APV /20 1/m3 11.65 5.19 431
APV / PV, / 20 I/m3 0.087 0.034 0.037

Table 37: Robustness of Mix C, suffering from bleeding

129




3.4.2. Excessive stickiness

Tables 38 and 39 and Figures 97 and 98 summarize the fresh properties and
robustness of Mix D, in which the effect of cement replacement on the stickiness is
studied. The properties of the mixtures with + 10 I/m? water is given in Appendix A.
A cement replacement by silica fume increases the nucleation rate and enhances
the thixotropic behaviour of the mixture, resulting in a more sticky mixture with a
lower robustness. Vikan and Justness [407] suggested this thickening is a result of
an increase of the attractive forces between solid particles, enhancing the
flocculation.

The better packing density of the SCC with a fly ash replacement provides more
free water and thus reduces the needed superplasticizer dosage, with a lower
V-funnel flow time and plastic viscosity for a similar slump flow value. The particle
morphology of fly ash reduces early age hydration rate, thixotropic behaviour and
stickiness of the mixture [121]. A replacement of cement by limestone powder
keeps a similar packing density, but enhances the water demand of the powder. As
a result, the superplasticizer dosage reduces a bit and a mixture with a higher
plastic viscosity and more thixotropic behaviour is obtained. The stickiness of the
mixture with a cement replacement by limestone filler increases and its robustness
decreases. Especially the sensitivity to a decrease of the water content increases. A
replacement of cement by limestone filler also enhances the attractive forces
inside fresh SCC.

The most efficient way to enhance the robustness of SCC with high stickiness is a
reduction of this stickiness. A higher packing density reduces the plastic viscosity
with more free water but does not necessarily have an impact on the stickiness.
Not only a high plastic viscosity ensures stickiness, also the thixotropy of the
mixture has an important contribution. A possible way to improve the packing
density without enhancing the thixotropic buildup is the replacement of cement
with fly ash.
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Mix D Mix D Mix D Mix D
Reference Replacement | Replacement | Replacement
by silica fume by fly ash by limestone
SP dosage [I/m?3] 14.29 14.57 8.57 11.43
Slump flow [mm] 733 700 750 715
V-funnel flow [s] 26.1 33.3 11.8 24.8
S.S.1. [%] 3.3 2.0 3.0 3.1
Density [kg/m?] 2328 2313 2331.25 2319
Yield stress [Pa] 8.3 68.0 0.0 3.0
Plastic viscosity [Pa . s] 116.8 160.5 96.8 135.7
Solid fraction in SCC 815 814 82.4 81.8
[%]
Solid fraction in the 52.4 52.2 53.9 52.8
paste [%]
Visual evaluation of viscous and very viscous normal SCC viscous and
stickiness sticky sticky

Table 38: Fresh properties of Mix D, suffering from excessive stickiness

Mix D Mix D Mix D Mix D
Reference Replacement Replacement Replacement
by silica fume by fly ash by limestone
Slump flow [mm] 733 700 750 715
ASF /20 1/m? 5.50 5.25 2.88 3.75
ASF / SF,¢ / 20 1/m?3 0.0075 0.0075 0.0038 0.0052
V-funnel time [s] 26.1 333 11.8 24.8
AVF /20 1/m3 3.07 3.91 1.49 8.97
AVF / VF,s/ 20 1/m3 0.12 0.12 0.13 0.36
S.S.1. [%] 3.3 2.0 3.0 3.1
ASSI /20 1/m?3 0.16 0.15 0.36 0.27
ASSI / SSl,es / 20 1/m?3 0.049 0.074 0.119 0.088
Yield stress [Pa] 8.3 68.0 0.0 3.0
AYS /20 1/m?3 16.21 11.80 9.67 4.63
AYS / YS,e¢/ 20 I/m3 1.94 0.17 - 1.53
Plastic viscosity [Pa s] 116.8 160.5 96.8 135.7
APV /20 1/m3 1.25 4.86 5.26 6.30
APV / PV, / 20 I/m3 0.011 0.030 0.054 0.046

Table 39: Robustness of Mix D, suffering from excessive stickiness
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Figure 97: Workability box of Mix D Figure 98: Rheogram of Mix D

3.5. Mixing procedure

The mixer type has an enormous impact on the hydration rate of paste and thus
the rheology of cement paste [348]. In SCC, the ball bearing effect of coarse
aggregates enhances the shear rates during mixing significantly, resulting in a
better dispersion of the fines even at low velocities of mixing. In order to
investigate the impact of various mixing procedures on concrete level, a series of
experiments has been performed. Also the impact of the mixing sequence and
moisture condition of aggregates was investigated. All mixtures had the same mix
composition given in Table 21 of Section 2.2 and were mixed in an intensive Eirich
mixer.

3.5.1. Reference: Water content

To assess the relative impact of variations in the mixing procedure, a comparison is
made with changes in the water variation of £10 |/m3. Table 40 and Figures 99 and
100 summarize the changes in the rheology and workability retention induced by
variations of the water content. The rheological parameters were determined with
a Contec rheometer (Section 2.3.2.) and the static yield stress shown in Figure 101
with an ICAR rheometer (Section 2.3.1.). This reference mixture was mixed
according to the following procedure: (1) 1 min mixing of aggregates ; (2) after
addition of cement and filler, 1 min mixing; (3) after adding the water, 1 min of
mixing; (4) after addition of superplasticizer, 2.5 min of mixing.

The water content obviously had an impact on the workability of SCC. When
10 I/m3 water was lacking, the mixture had a slump flow of 464 mm and could even
not be considered as an SCC. The evolution of the workability and static yield stress
in time is greatly affected by variations in the water content.
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- 10 I/m3 water Reference +10 I/m3 water
Slump flow (mm)
20 min 464 597 699
45 min 470 648 762
75 min 403 603 730
V-funnel time (s)
20 min 12.5 5.1 4.5
45 min 17.3 7.7 5.0
75 min - 7.1 4.6
S.S.l. (%)
20 min 0.1 2.3 9.1
75 min 0.0 0.0 6.7
Yield stress (Pa)
10 min 85.0 36.2 19.6
30 min 113.2 28.6 17.0
60 min 89.9 24.4 13.9
90 min - 36.6 16.8
Plastic viscosity (Pa . s)
10 min 52.3 31.0 16.6
30 min 55.4 36.5 19.2
60 min 81.2 a47.7 24.2
90 min - 67.4 33.0
Table 40: Impact of variations in the water content
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Figure 99: Impact of variations in the

water content in a workability box
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Figure 100: Impact of variations in the
water content in a rheogram
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Figure 101: Impact of variations in the water content on the structural buildup

3.5.2. Mixing speed

Due to the impact of the mixing speed on the dispersion state of fines, changes of
the workability are observed when the same mix composition is made with
different mixing speeds. Table 41 and Figures 102 to 104, summarize the impact of
variations in the rotator speed of an Eirich mixer. A lower mixing speed results in a
larger slump flow and lower yield stress but a similar V-funnel time and plastic
viscosity. Based on the power consumption curve shown in Figure 105, the
reference mixture might be slightly overmixed as the mixing time exceeds its
stabilization time with about half a minute. The stabilization time during mixing is
defined as the time at which an exponential fit to the power consumption curve
reaches its horizontal asymptote (a slope of -4 . 10-4 s-1). The stabilization time is
presumed to be the moment of optimum dispersion [335, 341-343, 346].
Compared to the impact of variations in the water content, the impact of changes
in the mixing speed is much smaller. However, this conclusion is only valid as the
mixing speed does not differs too much. Another mixture, mixed at a high mixing
speed, (Figure 101) was strongly overmixed, resulting in a much higher yield stress.
This mixture is not taken into account for the analysis of the robustness, compared
to other mixing parameters.

= 200 A ey LOW MiXing
£ 150 &/ speed
& 0 mixing speed
E > .- ! e High mixing
> 0 speed
0 25 50 75
Plastic Viscosity [Pa s]

Figure 101: A mixture mixed at a high mixing speed was well overmixed and not
considered during the analysis
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Figure 102: Impact of variations in the Figure 103: Impact of variations in the
water content in a workability box water content in a rheogram
Low speed Reference High speed
(rotor speed 3.5 m/s) (rotor speed 7.0 m/s) | (rotor speed 13.7 m/s)

Slump flow (mm)
20 min 800 692 406
45 min 775 705 387
75 min 762 686 -
V-funnel time (s)
20 min 3.6 4.3 8.8
45 min 4.5 4.3 18.0
75 min 6.1 5.9 -
S.S.1. (%)
20 min 8.5 5.2 0.0
75 min 4.6 3.5 0.0
Yield stress (Pa)
10 min 13.1 20.8 162
30 min 12.5 17.8 139
60 min 12.7 14.3 187
90 min 12.7 20.6 -
Plastic viscosity
(Pa.s)
10 min 26.4 24.7 31
30 min 31.0 27.7 35
60 min 38.0 34.6 55
90 min 53.3 49.5 -

Table 41: Impact of the mixing speed

135




7000

Low speed 3.5 m/s

6000 —
©
£ 5000 === Reference 7.0 m/s
4
S 4000
- / == High Speed 13.7
T 3000 m/s
2 / /
=
E 2000
w

1000 ——‘

0 _
0 50 100

time [min]

Figure 104: Impact of variations in the water content on the structural buildup
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Figure 105: Power consumption during mixing

3.5.3. Mixing time
Table 42 and Figures 106 to 108 summarize the impact of the mixing time on the
workability of SCC. Compared to the induced changes due to variations in the water
content, only small changes in the workability, rheology, and structural buildup are
observed. The mixture with a mixing time of 2.5 min has a slightly higher plastic
viscosity and did not reach its stabilization time during mixing (Figures 109 to 111).
Changes in the mixing time did not affect the workability evolution.
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Short mixing time Reference Long mixing time
(2.5 min) (3.5 min) (4.5 min)
Slump flow (mm)
20 min 762 705 730
45 min 768 743 762
75 min 743 724 737
V-funnel time (s)
20 min 4.0 3.9 3.6
45 min 4.5 4.3 4.0
75 min 5.3 4.7 5.4
S.S.1. (%) 20 min 6.9 6.0 7.5
Yield stress (Pa)
10 min 16.9 15.9 16.0
30 min 8.1 14.1 14.3
60 min 7.7 12.2 11.8
90 min 19.0 14.8 14.7
Plastic viscosity (Pa . s)
10 min 38.0 26.8 22.0
30 min 44 .4 31.3 25.7
60 min 50.9 37.4 32.0
90 min 64.1 50.7 43.7
Table 42: Impact of the mixing time
65 25

: 20 s 20

_EE e « % 15 W?——

g - Z 10 —

@ 80 | 25 m!n 2 2.5 miln

35 mfn (ref) 5 | —#@—3.5 min (ref)
85 = ‘mln . —r—1A.5 miln
0 2 4 6 8 0 25 50 75
V-funnel time (s) Plastic viscosity (Pas)

Figure 106: Impact of variations of the
mixing time in a workability box

Figure 107: Impact of variations of the
mixing time in a rheogram
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Figure 108: Impact of variations of the mixing time on the structural buildup
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Figure 109: power consumption curve — mixing time of 2.5 min
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Figure 110: power consumption curve — mixing time of 3.5 min
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Figure 111: power consumption curve — mixing time of 4.5 min

3.5.4. Addition sequence of the aggregates
Four mixtures were made with the same composition, but different mixing
sequences (Table 43 and 44). All mixtures were made with air-dried aggregates.
Based on the workability box and rheogram plotted in Figures 112 and 113, SCC2
can be considered as the mixture with the lowest fluidity. The aggregates in this
mixture were premixed with part of the water before adding cement and filler.
Mixtures SCC3 and SCC4 are more fluid. In these mixtures, cement and water were
first mixed together before adding the aggregates and superplasticizer. SCC1 in
which the powder and aggregates are mixed together before adding the water, has
an intermediate fluidity. Similar trends are observed for the structural buildup:
premixing the aggregates with half of the mixing water delivers the largest increase
of the static yield stress in time, premixing cement, filler and water before adding
the aggregates resulted in the lowest increase of the static yield stress. No changes
in the workability retention due to differences in the addition sequence were

observed.

A possible explanation for the differences in the fluidity are differences in the
absorption of water by the aggregates. During the premixing of aggregates and part
of the water in SCC2, an amount of water will absorb into the aggregate pores and
therefore not be available to lubricate the paste. When water, cement and
limestone filler are mixed before adding the aggregates, as in SCC3 and SCC4, the
paste is formed before any water can absorb into the aggregates. This paste covers
the aggregates surface and obstructs the absorption of water. As a result, the paste
contains more water and is more fluid. In SCC1, in which the cement, filler and
aggregates are first mixed together before adding water, the adsorption of water
by aggregates is in between both cases, and an intermediate situation occurs. The
mixtures with less water available in the paste also had a stronger and faster
structural buildup (Figure 114).
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SCC1 SCC2 SCC3 SCca
Aggregates Aggregates Cement Cement
1 min 30 sec 1 min 1 min
Half of water
30 sec
Cement and filler 1 Cement and filler 1 All water All water
min min 1 min 1 min
All water Half of water SP Aggregates
1 min 1 min 1 min 1 min
SP SP Aggregates SP
2.5 min 2 min 2.5 min 2.5 min
Table 43: Variations in the mixing sequence
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Figure 112: Impact of variations of the
mixing time in a workability box

Figure 113: Impact of variations of the
mixing time in a rheogram

SCC1 SCC2 SCC3 Scca
Slump flow (mm)
20 min 705 714 775 762
45 min 743 724 775 781
75 min 724 692 737 743
V-funnel time (s)
20 min 3.9 4.5 3.8 3.8
45 min 4.3 5.5 4.1 4.2
75 min 4.7 5.8 5.0 5.0
S.S.1. (%) 20 min 6.0 - 6.6 7.9
Yield stress (Pa)
10 min 15.9 25.2 8.8 12.6
30 min 14.1 22.3 8.4 13.2
60 min 12.8 100.5 7.2 11.3
90 min 14.8 204.0 6.4 11.3
Plastic viscosity (Pa. s)
10 min 26.8 33.3 28.9 25.8
30 min 31.2 38.6 34.5 29.0
60 min 37.4 35.8 41.3 34.9
90 min 50.7 41.7 50.1 47.1

Table 44: Impact of the mixing sequence
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Figure 114: Impact of variations of the mixing time on the structural buildup

3.5.5. Moisture content of aggregates
To confirm the hypothesis stated in Section 3.5.4. two additional mixtures were
made using the mixing sequence of Table 45: one with soaked aggregates and one
with air dried aggregates. The soaked aggregates were prepared by pouring all
water over buckets of aggregates and soaking them for one night. Any evaporation
of water from the buckets with sand was prevented by closing them with a plastic
cover.

Table 46 and Figures 115 to 117 summarize the experimental results. Because part
of the water was absorbed during one night of soaking, the mixture made of
soaked aggregates was less fluid compared to the mixture made with air dried
aggregates (lower slump flow and higher yield stress, Figure 116). No influence on
the V-funnel time, and plastic viscosity evolution was observed (Figure 115). During
30 seconds of mixing, no full absorption of the air dried aggregates is reached and
more water is available to lubricate the paste. As a result, a more fluid mixture is
obtained. The static yield stress evolution was slightly steeper when air dried
aggregates were used instead of soaked aggregates (Figure 117).

SCC5 SCC6
Aggregates soaked with all water 30 sec Dry aggregates and all water 30 sec
Cement 1 min Cement 1 min
SP 2.5 min SP 2.5 min

Table 45: Impact of the mixing sequence
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Air dried aggregates Soaked aggregates
Slump flow (mm)
20 min 761 692
45 min 760 714
75 min 740 699
V-funnel time (s)
20 min 5.1 4.5
45 min 5.3 4.9
75 min 6.2 6.2
S.S.1. (%) - 20 min 3.1 4.6
Yield stress (Pa)
10 min 14.9 18.7
30 min 9.4 13.7
60 min 5.8 10.5
90 min 8.2 14.1
Plastic viscosity (Pa . s)
10 min 36.5 34.4
30 min 41.6 39.6
60 min 51.0 47.5
90 min 64.5 65.2
Table 46: Impact of moisture content of the aggregates
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Figure 115: Impact of the aggregates
moisture content in a workability box
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Figure 116: Impact of the aggregates
moisture content in a rheogram
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Figure 117: Impact of the moisture content on the structural buildup

4. Mechanisms governing the robustness of SCC

Robust SCC mixtures can resist small changes in the mix proportions, material
properties, or mixing procedures without disproportional changes in the filling
ability, passing ability or segregation resistance, resulting in failed concrete batches.
Because most often, not all three key characteristics fail together, the most critical
characteristic of the concrete mixture should be determined. When this parameter
becomes less sensitive to small changes, the overall robustness of the mixture can
be improved. The knowledge of mechanisms affecting this most critical property is
essential in this respect.

The experiments described in Section 3.1 demonstrated a distinction between the
failure mechanisms of SCC as illustrated in the rheogram of Wallevik and Wallevik
[404] in Figure 118. Dependent on whether yield stress or plastic viscosity provide
stability, other mechanisms should be considered. When the vyield stress is
providing stability, the mixture can display segregation of the coarse aggregates or
a lack of flowability (slump flow < 550 mm). SCC mixtures in which the plastic
viscosity is providing stability can have an excessive bleeding or become very
viscous and unworkable due to small changes in the water content. SCC mixtures
with intermediate characteristics can show a combination of several failure
mechanisms.
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e Lack of flowability versus segregation of coarse aggregates

1) Lack of flowability: the mixture still meets most criteria for SCC
(easy to process, self-consolidation, ...), with the exception of
sufficient flowability. A low slump flow (below 550 mm) and low L-
box ratio (below 0.6) are inacceptable for most applications [6].

2) Segregation of the coarse aggregates: due to segregation, the
coarse aggregates of the mixtures are sinking. The Sieve
Segregation Index (S.S.1.), an indicator of the segregation risk of the
mixture, is high.

e Highly viscous mixture, difficult to process versus excessive bleeding

1) Highly viscous mixture: although a sufficiently large slump flow is
obtained, the casting of the mixture is difficult or even impossible
because of the highly viscous and very sticky behavior (V-funnel
flow time > 25 s). Thixotropic buildup at rest amplifies the stickiness
of viscous SCC mixtures.

2) Excessive bleeding: water migration can result in the formation of a
water layer on the top surface of the fresh SCC [359, 360].

Lack of flowability

i
- Slump flow < 550 mm i—"
- V-funnel time OK (low) ]
-S.5.1. < 5% g
.g by,
. §
Segregation coarse aggregates \JCC
- Slump flow OK 5
- V-funnel time very low \'ﬁ*
-5.5.1. > 20% Bingham plastic viscosity [Pa s]
Excessieve Bleeding Unworkable viscous mixture
- Slump flow very high - Slump flow OK
- V-funnel time OK -V-funnel time > 25s
-S.S.0. 0K -S5.S.0. 0K

Figure 118: Failure mechanisms of self-compacting concrete

4.1. Relatively high yield stress, low plastic viscosity

The relatively high yield stress providing stability in these mixtures is a result of
attractive Van Der Waals forces dominating the colloidal network of the paste [264].
The low plastic viscosity allows a convenient casting and is not susceptible to small
changes in the water content. However, variations in the yield stress have a bigger
impact: a too high yield stress jeopardises the filling ability and a too low yield
stress is not able to prevent segregation of the coarse aggregates. As a result, the
robustness of mixtures with a high yield stress and a low plastic viscosity (low
slump flow class and V-funnel time class) mainly depends on the robustness of the
yield stress of this mixture.
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4.1.1. Robustness of the paste yield stress

Rheological models of the yield stress can be used to study the impact of small
changes in the water content on the robustness of the yield stress. Although the
Compressible Packing Model of de Larrard [260, 317] (Section 6.3. of the literature
review) is the most accurate model predicting the yield stress of SCC, it is not
suitable for a conceptual approach. Many parameters in the model, such as the
superplasticizer saturation dosage and the maximum packing volume of the
different fractions, depend on the global mix composition of the mixture
complicating the study of small variations in one mix design parameter separately.

Consequently, the Yield stress model of Flatt (YODEL) [148, 266, 267] was used to
study the impact on paste level (Equation 50 and 51, symbols summarized in
Table 47). Due to the complicated chemical and physical processes happening in
cement paste, YODEL does not provide an accurate prediction of the yield stress
[142] and is only able to estimate the relative impact of certain changes in the mix
design. Many influences of the impact of the properties of the fines and
superplasticizer content are gathered in the prefactor m,, which was arbitrary fixed
to 1. Based on the experiments on pastes described in Section 3.2., the percolation
treshhold is set at 0, the value which corresponded with the best fit of
experimental results. The maximum packing densities used during the analysis
were determined in wet condition during the experiments of Section 3.2, a
different method as suggested in the work of Flatt [267], estimating the maximum
packing density based on the Compressible Packing Model of de Larrard [260].

P (p—¢0)*

To=Mmy —————— Eq. 50
0 1 ¢max‘(¢max‘¢) ( q )
__ 18 * Fpsp
m =3 Gmax " @" " U Ri.s02 (Eqg. 51)
Symbol Unit Definition
To [Pa] Yield stress
my [-] Prefactor accounting for the interparticle forces, particle size,

and particle size distribution

Volume fraction

Percolation treshhold

[-]
(-]

Prmax [-] Volume fraction at maximum packing
[l

Gmax - Maximum attractive interparticle force, normalized by the
radius of curvature at the contact points
a* [-] Average fixed radius of curvature of the contact points
. - 16
Uk k -] Normalization function uy ; = j
Fpsp [-] A function accounting for the particle size distribution
R, 50 [-] Mean volume radius

Table 47: Abbreviations used in the YODEL model (Eq. 50 and 51)
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A first parameter which has been used for a qualitative comparison is the impact of
the superplasticizer dosage. In Section 3.2, the correlation between higher
superplasticizers and higher maximum packing densities ¢,,4, of the paste has
been demonstrated (Figure 63 of Section 3.2). According to the YODEL model,
higher maximum packing densities result in a more robust yield stress (Figure 119),
which agrees with the experiments of Section 3.2 (Figure 120). The experimental
results on SCC level, described in Section 3.1, and shown in Figure 121 also indicate
a more robust slump flow of SCC with higher superplasticizer dosages of the paste:
the sensitivity of the slump flow (ASF/ 16 I/m3) decreases as the superplasticizer
dosage increases (lower paste volume) for all water-to-powder volumetric ratios.
Another method to improve the maximum packing density of paste is the
optimizing of the powder composition. However, this method has not been further
investigated. Based on Figures 119 and 120, one would assume that a lower
packing density also helps to improve the robustness of paste. However, lowering
the particle density might result in an increase of the risk to segregation.

YODEL (PDO=0; m1=1) Experiments on paste
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Figure 119: Impact of the maximum Figure 120: Impact of the maximum packing

packing density on the robustness of the density on the robustness of the yield stress
yield stress of cement paste (YODEL model) of cement paste (experiments Section 3.2)
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Figure 121: Impact of the superplasticizer dosage on the robustness of the slump flow
(experiments Section 3.1.)
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A second parameter investigated with the YODEL model is the yield stress value
itself. Figure 122 illustrates that the robustness of the yield stress decreases with
increasing yield stress value. Based on this trend, a possible approach to reduce the
robustness of mixtures with a high yield stress and low plastic viscosity can be
suggested: reducing the colloidal attractive Van Der Waals forces or providing more
steric repulsive forces (higher superplasticizer dosage). Those measures manifest
macroscopically as a lower yield stress of the paste.
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Figure 122: Impact of the yield stress value Figure 123: Relation between slump flow
on the yield stress robustness (YODEL value and slump flow robustness
model) (experiments of Section 3.1)

As shown in the model of Ferraris and de Larrard [320] (Equation 52, in which ¢* is
a packing density parameter), aggregates amplify the yield stress of SCC. The
impact of aggregates on the yield stress robustness is illustrated in Figures 124 and
125: the impact of changes in the maximum packing density of the aggregates is
smaller when the aggregates packing density is lower.

Beoncrete — oy <26-75 (% — O.7448)> (Eqg. 52)

Hpaste

The contribution of aggregates to the yield stress can be limited using rounded
aggregates instead of crushed aggregates or by an increase in the maximum
aggregates packing density. Optimizing the aggregates packing with the
compressible packing model of de Larrard [260] creates more free paste available
to help lubricating the aggregate particles and thus reduces the risk of a lack of
flowability. Other optimizations of the aggregate grading curves have been
suggested in literature [91, 95]. Rounded aggregates have been recommended by
Jonasson et al. [94].
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The friction in between coarse aggregates should not be lowered with an increased
paste content as this would lead to a lower superplasticizer dosage to keep the
same slump flow. A reduction of the superplasticizer lowers the robustness of the
paste yield stress and therefore worsens the robustness of the SCC. Only when
suffering with a low quality control of the aggregates, a slightly higher paste
volume can be justified to reduce the impact of variations in the aggregates [39,
91].
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Figure 124: Impact of variations in the Figure 125: Impact of variations in the
packing density on the yield stress of SCC maximum packing density on the yield

stress of SCC

4.1.2. Segregation of aggregates

Bleeding only rarely happens in SCC mixtures with a relative high yield stress.
Relative high Van Der Waals forces provide a strong colloidal network in the
cement paste and prevent the occurrence of bleeding. Segregation of coarse
aggregates, on the other hand, is more likely to happen in SCC mixtures with a low
plastic viscosity. The influence of mix proportions on the robustness of the
segregation resistance can be estimated based on Equation 53 (abbreviations
summarized in Table 48), describing the static segregation rate [91, 156] of the
mixture. Gravity induced migration during flow is mainly affecting the coarsest
particles [367].

", = (o) (1- i)m (Eq. 53)
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Symbol Definition
Ug Segregation rate of the entire set of agggregates
[0) Volume fraction of aggregates
bm Packing density of aggregates
Ds Density of aggregates
oL Density of paste
g Gravitational acceleration
d Diameter of the representative aggregate
Ty Paste yield stress
Npt Paste plastic viscosity

Table 48: Abbreviations used in Equation 53

In case of a low paste plastic viscosity, small variations of this paste plastic viscosity
have a large impact on the static segregation rate as it is the divisor of the quotient.
The segregation resistance robustness of such a mixture can therefore be
enhanced most effectively by slightly increasing the paste plastic viscosity 7,
e Decreasing the water-to-powder ratio. The superplasticizer dosage should
also be adjusted in order to keep the same fluidity.
e The inclusion of a VMA in the mix design. The needed superplasticizer
dosage to obtain a certain target fluidity may be affected by the inclusion

of a VMA.
¢ \518 _ _
The term ( - ¢—) and d show the importance of a proper grading curve:
m

e A higher aggregate packing density can be obtained by lowering the paste
volume. The superplasticizer content should be raised to compensate for
the lower volume of paste lubricating the aggregates. The impact of the
aggregate packing density is larger than the negative effect of lowering of
the paste yield stress on the segregation resistance [91, 156].

e Areduction of the coarse aggregates size [33, 91, 93, 120, 156].

e Although a lower maximum aggregate packing density ¢,,, seems to affect
the segregation resistance in a positive way, it would result in a significant
increase of the needed superplasticizer dosage to keep the same fluidity.
The global result is a decrease of the SCC robustness.

4.2. Lowyield stress, high plastic viscosity

Section 3.1. demonstrated that the robustness of the rheology of SCC with a low or
zero yield stress and high plastic viscosity depends on the mechanism providing
stability: the robustness of the paste plastic viscosity. A low yield stress ensures a
proper filling ability of the mixture. However, the slow flowing rate of SCC may
endanger the workability of the mixture. A small change in the mix composition
might even induce an extreme mode of a lack in workability: an excessive stickiness.
The experiments described in Section 3.4. have shown that this extreme sticky
concrete is not only caused by a high plastic viscosity, but also as a result of strong
thixotropy.
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In mixtures with a low vyield stress, occasionally bleeding is observed. Bleeding
occurs when the repulsive forces dominate the attractive Van Der Waals forces for
small colloidal particles in the colloidal network of the paste. An upward
displacement of water through the paste results in a thin layer of water on the SCC
surface or at the edge of the slump flow test. Only when extreme bleeding occurs,
the paste loses all cohesion and is not able to support the aggregates. In all other
cases, segregation of the aggregates is prevented by the relative high paste
viscosity.

4.2.1. Robustness of the paste plastic viscosity

The impact of small changes in the paste plastic viscosity is studied using the
Krieger — Doherty equation for suspensions [86] (Equation 54, abbreviations in
Table 49). The Krieger — Doherty equation cannot be used for an accurate
prediction of the plastic viscosity of cement paste as it is developed for colloidal
suspensions of spherical particles at a low concentration. Although this model is
only an inaccurate approximation, it will be used in this thesis to study the relative
impact of certain mixing parameters. Alternative models such as the Nielsen model
[322, 323] and the Chan and Powell model [320] can only be used to determine the
plastic viscosity on concrete level. The viscosity of the matrix was set at
8.9.10™ Pa.s (viscosity of water), the intrinsic viscosity 7n; was set at 4 to fit to the
experimental results of Section 3.2.

n @ \ N Pm
L= ( o) (Eq. 54)
Symbol Unit Definition
n [Pas] Viscosity of the suspension
Nm [Pas] Viscosity of the matrix
[ [-] Packing density of solids
o, [-] Maximum packing density allowing flow of the suspension
n; [-] Intrinsic viscosity (2.5 for rigid uncharged spheres)

Table 49: Abbreviations used in the Krieger-Doherty model (Eq. 54)

When the higher packing density increases, the Krieger — Doherty equation
becomes more steep, indicating a higher sensitivity to changes in the water content.
This inclination can be explained using the concept of the Water Film Thickness
(WFT): as less water is available in the mixture (higher packing density), the film of
water lubricating the solid particles becomes thinner and more sensitive to small
changes in the mix composition. The relative impact of a small increase in the
Water Film Thickness is bigger when this Water Film Thickness is smaller.

This trend was confirmed by the experiments on paste of Section 3.2. As shown in
Figures 126 to 131, an increase of the packing density (i.e. a decrease of the water-
to-powder ratio) strongly decreases the robustness of the paste plastic viscosity.
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The impact of changes in the packing density enlarges when the maximum packing

density reduces (less superplasticizer).
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Figure 126: Impact of the packing density
on the plastic viscosity robustness
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Figure 127: Impact of the packing density
on the plastic viscosity robustness
(experiments of Section 3.2)
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Figure 129: Impact of the WFT
on the plastic viscosity robustness
(experiments of Section 3.2)

Krieger-Doherty(n_i=4)
3 T
= PDmax = 56%
s PDmax = 58%
2 \ \ PDmax = 60% 1
1 \&=~

0.75 0.85 0.95 1.05

DeltaPlasticviscosity [Pa. s]

Water-to-powder vol. ratio [-]

Experiments on paste

— 3 T

2 # PDmax =57.7%
© *

o M Pdmax =58.9%
o 4
2 PDmax = 60.3%
: |

o

2

a1 *

2 " = *

@

% O Il T .

=

& 075 0.85 0.95 1.05

Water-to-powder ratio [-]

Figure 130: Impact of the water-to-powder

ratio on the plastic viscosity robustnes
(Krieger — Doherty model)

Figure 131: Impact of the water to powder
ratio on the plastic viscosity robustnes
(experiments of Section 3.2)

151




As shown in Figure 132, the plastic viscosity of mixtures with a higher plastic
viscosity is less robust compared to mixtures with a lower plastic viscosity. For
mixtures with a higher plastic viscosity, the impact of the water-to-powder ratio
(and thus packing density) also becomes more important. Similar results were
obtained on concrete level (Figure 133): the V-funnel flow time of a mixture with a
water-to-powder volumetric ratio of 0.75 (more viscous) was less robust compared
to the V-funnel flow time of mixtures with a water-to-powder volumetric ratio of
1.05 (less viscous).
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Figure 132: Impact of the plastic viscosity Figure 133: Impact of the water to powder
value on the plastic viscosity robustnes ratio on the plastic viscosity robustnes
(Krieger — Doherty model) (experiments of Section 3.1)

4.2.2. Robustness against excessive stickiness

A small decrease of the water content in a SCC mixture with high plastic viscosity
can result in an excessive stickiness and therefore unworkable concrete mixture.
Experiments in Section 3.4. have indicated that the origins of an excessive
stickiness differ from the origins of a high plastic viscosity: the more sticky mixture
had a lower plastic viscosity than the non sticky mixture and was rather related to
the thixotropic buildup. An excessive stickiness, nevertheless, only happens in
mixtures with a high plastic viscosity. Mixtures with a low plastic viscosity in
general have a higher water-to-powder ratio and therefore a less thixotropic
behaviour.

Possible methods to avoid an extreme stickiness are a reduction of the thixotropic
buildup and a higher water-to-powder ratio. The experiments of Section 3.1. and
the literature review [88, 408] indicated that a higher water-to-powder ratio is the
most effective way. Because VMA either fixes part of the water or reduces the
mobility of the water, a reduction of the VMA dosage or their removal from the mix
design also helps to prevent an excessive stickiness.

152



The thixotropic buildup can be reduced with a cement replacement by fly ash
(experiments Section 3.4.) or an increase of the Water Film Thickness (Figure 101,
experiments Section 3.2.). When the distance separating the solid particles in a
paste increases, fewer contact points can be connected to create a strong
interparticle network inside the fresh paste.
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Figure 134: Impact of the Water Film thickness on the rate of structural buildup
(experiments of Section 3.2.)

The type of superplasticizer also affects the tendency for an excessive stickiness of
SCC. When the hydrophilic-lipophilic balance (HLB) value of a PCE molecule is
above 18.5, the PCE molecules are very hydrophilic resulting in a lower plastic
viscosity of the produced SCC [158, 186, 187]. As the steric repulsion force depends
solely on the adsorbed amount and thickness of the polymer layer and is
independent of the HLB value of the PCE polymers, the mechanism leading to an
excessive stickiness are most probably independent of the mechanism governing
the particle dispersion [186]. In mixtures with a high solid volume fraction, the
energy dissipation during flow is concentrated in strongly sheared fluid layers of
water in between the particles. PCE superplasticizers might affect the viscosity
[177], surface tension [142], or anionic charge [185] of the of the pore water, cause
weak hydrophobic Van Der Waals interactions in between the polymers absorbed
on the cement surface [186], or non-adsorbed polymers may lubricate the shear
flow [182, 183]. Further research into these possible mechanisms is needed. In
Section 4.2.2. of the literature review, each possible mechanism was discussed
briefly.
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4.2.3. Robustness against bleeding
When the repulsive forces dominate the attractive forces for small colloidal
particles, the colloidal network inside of SCC is broken and bleeding of the water
occurs [271]. Problems related to such high repulsive forces in between small
colloidal particles only occur when a high dosage of superplasticizer is present in
the mix composition.

A higher paste volume (less aggregates), a higher water-to-powder ratio, and less
VMA reduce the superplasticizer demand and thus the repulsive steric forces in the
mixture. Consequently the tendency for bleeding reduces (experiments Section 3.1
and 3.3.). Another solution is an acceleration of the hydration process [385], for
example by adding silica fume (experiments Section 3.4. or in [66, 386-388]). When
the hydration process is accelerated, ettringite formation and CSH-nucleation
increase the amount of small colloidal particles in fresh SCC, consuming part of the
superplasticizer and thus countering bleeding.

5. Particle clustering
This section deals with the impact of particle clustering on the paste yield stress
and plastic viscosity models. Particle clustering affects both the packing density and
maximum packing density of the paste and the rate of cement hydration.

5.1. Mixing procedure

The duration and shear forces during the mixing procedure determine the balance
between dispersion and clustering of particles in fresh SCC. An increase of the
mixing time decreases the plastic viscosity, but does not affect the yield stress of
the mixtures (Figures 135 and 136) and an increase in the mixing speed increases
the yield stress but does not affect the plastic viscosity (Figures 137 and 138). The
rate of structural buildup as measured by the increase in static yield stress is
connected to the changes in the yield stress: the mixing time had no effect on the
rate of structural buildup; the mixing speed did have an influence (Figures 139 and
140).

Because the observed results regarding the impact of the mixing time and mixing
speed do not match, no general conclusions can be made about the impact of the
shear history on the particle clustering and its impact on the rheology. As higher
shear forces both enhance the dispersion and increase the hydration rate, its
combined effect on the rheology of SCC is difficult to predict.
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5.2.

Steric repulsion forces
The impact of the superplasticizer dosage has already been discussed in Section 4.
PCE superplasticizer disperses the fines in cement paste with steric repulsion forces.

As a result, a higher maximum packing density and therefore higher water film

thickness is observed with a similar water-to-powder ratio of the paste (Figure 141).
Macroscopically, this higher water film thickness results in a lower yield stress and
plastic viscosity of the paste (Figures 142 and 143).
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5.3. Water Film Thickness and structural buildup
An increasing water film thickness (WFT) decreases the rate of structural buildup
(Figures 144 to 146, experiments of Section 3.2.). As the distance between the solid
particles increases, a longer time is needed to obtain a connection of ettringite or
C-S-H hydrates between these particles. Because the WFT also has an effect on the
rate of hydration, its impact is smaller compared to the impact of changes in the
superplasticizer dosage. A larger superplasticizer dosage enhances the steric
repulsive forces on the particles surface and thus results in a better dispersion state.
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Figure 147 shows the rate of structural buildup measured by the increase in storage
modulus as a function of the yield stress at the start of the storage modulus
evolution for the reference paste mixtures of Section 3.2. Mixtures with a higher
yield stress have a higher rate of structural buildup, a result of a stronger network
of CSH and ettringite hydrates connecting the solid particles inside a cement paste.
The higher yield stress indicates that stronger attractive Van Der Waals forces are
present in the paste and is most probably a result of the formation of newly formed
hydration products in the mixture. The link between the structural buildup and
robustness of the yield stress is illustrated in Figures 148 to 150 (experiments
Section 3.2.), in which the impact of small changes in the water content (+3% of the
water content) on the yield stress and structural buildup is illustrated. Mixtures
suffering from large variations in the yield stress most often also demonstrated
large fluctuations in the rate of structural buildup.
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6. Guidelines
As different applications require different workability properties, other types of
SCC should be used in different situations. Dependent on the type of SCC, another
method should be applied to optimize the robustness. Table 50 summarizes the

Figure 150: Robustness of the yield stress

and rate of the structural buildup
(SP dosage of 0.200%)

practical recommendations arising from this thesis®. Of course other requirements

regarding the compressive strength, plastic shrinkage, and durability also have an

impact on the mix design. As a result, the recommendations given in Table 50

should not be considered as strict regulations, but rather as an assistance to

improve the robustness.

Recommended ..
.. Recommended R Superplasticizer Include a
Application volumetric water-
paste volume . dosage VMA?
to-powder ratio
Large?er:::::sntal Low High Low Yes
350to 375 I/m3 0.90to 1.05
(floors and slabs) ° /m °
Long horizontal
elements Low Intermediate Intermediate Yes
(reinforced 350 to 375 I/m?3 0.82t0 0.98
beams)
Loer;gr:(:::szal Intermediate Low Hich No
365 to 385 I/m? 0.75 t0 0.90 g
(walls)
w |
375 t0 400 I/m? 0.75 t0 0.90 8
(columns)

Table 50: Recommendations for a maximum robustness’

® The recommendations assume a regular quality control on the all compounds. In
case of a very low quality control on the aggregates grading curve, aggregate
friction should be prevented from dominating the rheology of SCC by a sufficient

high paste volume
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6.1. Large horizontal elements (floors and slabs)

A fast and convenient casting of large horizontal elements requires an SCC with a
low plastic viscosity and to provide a sufficient segregation resistance of the
coarsest aggregates, the mixture needs a sufficiently high yield stress. The
robustness of such a mixture with a relatively high yield stress and low plastic
viscosity can be improved by combining a high water-to-powder volume ratio with
a low paste volume. A cement replacement by fly ash or the inclusion of diutan
gum or attapulgite clay can further improve the robustness of such a mixture.

6.2. Long horizontal elements (reinforced beams)
In long horizontal elements such as reinforced concrete beams, a slow, but far
flowing mixture is most convenient. This SCC with a low yield stress is stabilized by
an intermediate plastic viscosity, obtained with a low water-to-paste ratio and
relatively low paste volume. A sufficiently high but not too high water-to-powder
ratio can enhance the robustness of such a mixture. An intermediate water-to-
powder ratio is recommended.

6.3. Long vertical elements (walls)

A slowly flowing mixture with a high plastic viscosity will not suffer from dynamic
segregation during the casting of long vertical elements. The high plastic viscosity is
achieved with a low water-to-powder ratio. To ensure a proper filling of the space
of the formwork and to flow around the reinforcement, a low or zero yield stress is
needed. The robustness of this type of SCC can be enhanced with a higher paste
volume, although it should not be too high, making the yield stress dominant and
decreasing the robustness with regard to flowability. The robustness decreases
when a VMA is included in the mix design of such a mixture. A replacement of part
of the cement by silica fume can reduce the tendency to bleeding in case the
mixture is prone to bleeding. In case an excessive stickiness is an issue, a cement
replacement by fly ash may help.

6.4. Slender vertical elements (columns)

The stability of SCC made for casting high vertical elements such as columns should
be guaranteed with a high plastic viscosity. A low yield stress allows the air bubbles
to escape and a proper filling of the formwork. A combination of a low water-to-
powder ratio and a high paste volume gives an optimum robustness. No VMA
should be included in such a mix design. Just as in the previous section, a cement
replacement by silica fume should be considered in case bleeding causes problems
and a cement replacement by fly ash can help to reduce the tendency to an
excessive stickiness.
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7. Summary
This chapter investigates the mechanisms governing the robustness of fresh SCC.
Based on a series of experiments exploring the impact of several mix parameters, a
fundamental theory was developed to explain the observed experimental results.
Practical guidelines were summarized in the Section 6.

The risk of disproportional changes in the workability due to small changes in the
water content is related to the mechanism providing stability in the mixture. In SCC
mixtures with a relative high yield stress and a low plastic viscosity, the sensitivity
of this yield stress determines the robustness of the global mixture. In mixtures
with a low vyield stress and high plastic viscosity, the sensitivity of the plastic
viscosity was the robustness determining factor. The best method to enhance the
robustness of a SCC mixture is to reduce the sensitivity of the parameter providing
stability.

Mixtures with a relatively high yield stress can be improved with a small increase of
the paste plastic viscosity, for example by adding a VMA in the mix composition, or
by an increase of the repulsive forces on the colloidal particles in the paste, for
example due to an increase of the superplasticizer dosage combined with a lower
paste volume. A higher superplasticizer dosage enhances the steric repulsion forces
on the fines and thereby increases the maximum packing density of the mixture.

To enhance the robustness of mixtures with a high plastic viscosity, its plastic
viscosity itself should be stabilized, and at the same time too much bleeding or an
excessive stickiness should be avoided. A slightly higher water content helps to
reduce the plastic viscosity itself and reduces the sensitivity of the plastic viscosity
vastly. VMA’s should be avoided in a mixture with a high plastic viscosity, as the use
of VMA's raises the required superplasticizer dosage and thus repulsive forces in a
mixture with a low yield stress. When the repulsive forces dominate the attractive
Van Der Waals forces for the smallest colloidal particles, bleeding might occur. To
enhance the attractive Van Der Waals forces in mixtures suffering from bleeding, a
cement replacement by silica fume may help.

Mixtures with a high plastic viscosity sometimes suffer from an excessive stickiness,
making them difficult to process. This excessive stickiness is mainly related to the
thixotropic buildup inside SCC. The most effective method to reduce the thixotropy
is an increase of the water-to-powder ratio. Another option is a replacement of
cement by fly ash.
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Using the YODEL model for the paste yield stress and the Krieger-Doherty model
for the paste viscosity, a qualitative analyses of the mechanisms governing the
robustness was performed. In addition to the confirmation of the experimental
results, the mechanisms and origins could be clarified. The impact of the
superplasticizer content on the yield stress could be explained by its impact on the
maximum packing density of the paste and the effect of a higher water content on
the robustness of the paste plastic viscosity was linked to the overall lower solid
packing density of the paste.

As the clustering and hydration speed of paste mixtures is strongly affected by the
mixing energy, experiments were performed on concrete level to assess the impact
of the mixing procedure on SCC. General conclusions were not drawn as the
changes on the mixing energy and the mixing time (both related to the mixing
energy) did not follow the same trend. The influence of the addition sequence was
remarkable: when air dried aggregates are premixed with water, part of the water
is absorbed into the aggregate pores and not available to lubricate the paste. This
results in a less flowable concrete compared to a mixture in which the powder and
water were first mixed together before adding the aggregates.
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Chapter 4: Monitoring of
particle clustering and
structural buildup

1. Introduction

The rheology and hence the robustness of SCC is not only dependent on the
proportions and properties of the constituents, but also on the arrangement of the
various particles in the fresh concrete. The balance between particle flocculation
and deflocculation will determine the degree of particle clustering. An example of
the importance of particle clustering is the use of superplasticizers: adsorbed PCE
molecules provide steric repulsion forces on fine colloidal particles and thereby
induce a more dispersed microstructure inside of the fresh concrete. As a result, an
unworkable dry mixture can be transformed into a highly flowable concrete such as
SCC.

During the dormant period, flocculation processes happen and hydration continues
at a very slow rate. The resultant changes on microscopic level cause macroscopic
changes in the rheology in time and sometimes a strong structural buildup at rest.
Different theories have been proposed to model the observed macroscopic
changes based on their microscopic origins, but lots of ambiguity still exist on what
is exactly happening inside of the fresh concrete. In order to explore the particle
clustering inside concrete on a more fundamental basis, the applicability of
potential techniques to study the microstructure has been investigated in this
chapter. An improved technique to study the particle clustering would help to
understand the delicate equilibrium of clustering and dispersion during flow, the
mechanisms inducing changes in the rheology by variations in the mixing process,
and how particle clustering occurs at rest. In the study of robustness, it would be
helpful to understand what effect small changes in for example the water content
have on the microstructure and particle clustering of fresh concrete.
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As concrete is a dense opaque solution of particles covering a very broad particle
size distribution range, the study of the microstructure is not evident. On top of
that, the constituents of concrete have an irregular non-spherical shape and consist
of a combination of various minerals, each with other ultrasonic and optical
properties. Some minerals have a purely crystalline form, others an amorphous
form.

2. Modeling particle clustering
In Section 6.4. of the literature review (Chapter 2), an overview is given of the
thixotropic models. Based on the structural kinetics model of Roussel [310] and the
particle clustering model of Mewis [275], the evolution of the number of links can
be modeled.

The structural kinetics model of Roussel [310] assumes that particle clustering only
affects the yield stress of the material. In this model (Equation 55), Ais the
structural parameter and the thixotropic parameters T, m and a should be
experimentally determined. Assuming the Bingham model for cement paste,
parameters n = 1 and k is the plastic viscosity p,. When the paste is subjected to a
constant shear rate y, the differential equation can be solved into Equation 56.

Eq. 55
@1 (Eq. 55)

{T=(1+/1)-To+k-}'/"
dt  TA™

1

A(t) = (a;yT + ()Lom+1 — a;”) cexp(—a-y-(m+1)- t))m (Eq. 56)

Mewis [275] proposed a model based on single-order kinetics (Equation 57) to
estimate the number of links. The parameters c (assumed 0), d (assumed 2), k4, k,
a, and B (assumed 0) are constants and n, is the limiting number of thixotropic
links. If the assumptions in brackets are taken into account, Equation 58 shows the
evolution under a constant shear rate. The relation between the number of links
and the macroscopic rheology is not clear.

dn(t) _

YO = k- (7)) + ke - (0 — @) (@) (Eq. 57)

(Eq. 58)

{(n@ o= (B tanh (V7 4 )
k G = \/ﬁ - tanh™! ( ’kf-j'/“ . (nw _ Tl(O)))
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3. Static yield stress measurements

A direct measure of the macroscopic structuration at rest is the static yield stress
evolution [25, 310, 398, 402, 409]. At different resting times, the peak stress 7,
under a small constant rotational velocity is determined in a sample of SCC at rest
as a measure of the structural buildup at rest (Figures 151 and 152). No direct
information on what is happening at the microscopic level can be gathered using
static yield stress tests. Static yield stress measurements are typically performed
during a longer time span before setting begins. Based on the static yield stress
measurements, SCC can be categorized in thixotropy classes as proposed by
Roussel [310] (Equation 59, and Table 51). In the context of tests investigating the
impact of variations in the mixing procedure, static yield stress tests have been
reported in Section 3.5. of Chapter 3 of this thesis.

Tos = Toi T Atnix " t (Eq. 59)
Flocculation rate A;y,;, (Pa/s) SCC type
<0.1 Non-thixotropic SCC
0.1-0.5 Thixotropic SCC
>0.5 Highly thixotropic SCC
Table 51: The thixotropy classes based on static yield stress measurements [310]
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Figure 151: Peak torque evolution in time Figure 152: Measurement of the peak
torque under a small constant rotational

velocity

4. Oscillatory rheology

4.1. Experimental setup
The rate of structural buildup in cement pastes can be studied using oscillatory
rheology [24, 25, 139, 227, 264, 265, 275, 402, 403]. A vane is subjected to
oscillations in a sample of paste at rest. When the amplitude of oscillation is very
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small (below the critical strain), the microscopic network inside the paste is not
ruptured by the movement of the vane. As shown in Section 2.3.1.2. of Chapter 3,
the corresponding torque curve can be analyzed using Equations 60 to 64, with
abbreviations explained in Table 52. The storage modulus G’ is the elastic response
of the sample and the loss modulus is the viscous contribution to the measured
shear stresses. Both G’ and G” depend on the frequency used during the oscillatory

rheometry.
Y =Yo-cos(w -t —9) (Eq. 60)
g =0, cos(w-t) (Eq. 61)
G*=?-(cos5+i-sin6) (Eq. 62)
0
G'=G+i-G" (Eq. 63)
To = Ycritical * G’ (Eq. 64)
Symbol Unit Definition
y [-] Oscillatory strain
Yo [-] Amplitude of the strain
o [Pa] Oscillatory stress
0y [Pa] Amplitude of the applied stress
w [1/s] Angular velocity
t [s] Time
[-] Phase lag between the applied oscillatory strain and (0 < § < m/2)
G* [Pa] Complex shear modulus
G' [Pa] Storage modulus
G" [Pa] Loss modulus

Table 52: Abbreviations used in Equations 60 to 64
4.2. Literature review

4.2.1. Time sweep
The procedure of oscillatory rheometry with a constant strain amplitude and
frequency in time described above is referred to as a time sweep and used to
measure the evolution of a material in time. The procedure can be used to monitor
the buildup of a network in cement paste or mortars. As the increase of the storage
modulus G’ in time is related to the hydration heat produced, most probably the
formation of CSH bridges is responsible for the increase of the elastic response [24].
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4.2.2. Stress sweep

During a stress sweep, the shear stress amplitude is gradually increased under a
constant frequency. At low stress amplitudes, the network inside cement paste can
withstand the applied forces and a constant storage modulus is measured. As the
shear stress amplitude continues to increase, the storage modulus decreases. The
shear stress amplitude below which the storage modulus is larger than the loss
modulus and above which the opposite is true, is called the critical stress limit, and
corresponds with the breakdown of the microstructure inside the cement paste
[410]. The critical stress is higher in mixtures with a higher water-to-powder ratio, a
lower superplasticizer dosage, or a higher dosage of VMA (welan gum) [410].

4.2.3. Strain sweep

Under a constant frequency, the shear strain gradually increases during a strain
sweep test. At a low shear strain amplitude, a linear elastic (solid) behaviour is
observed as the flocculated particles recover elastically after each strain oscillation.
Above the critical strain, an elastic recovery is not possible. As the water-to-powder
ratio increases, the critical strain decreases. The linear elastic domain of cement
paste is limited by a strain of around 10™ [24, 227]: below this shear strain, the
storage modulus is independent of the applied deformation. When a cellulose
ether is included in the mix design, a higher critical strain is observed [227] because
of the enhanced Van Der Waals forces and hydrogen bonds in the mixture, forming
a three dimensional gel structure.

Dependent on the applied frequency and strain amplitude applied on cement paste,
one can measure the short term thixotropy originating from colloidal
flocculation/deflocculating or the long term thixotropy originating from hydrates
nucleation, which is of practical interest for SCC (the very stiff elastic behavior of
the material at very low strains) [240, 264]. The short term thixotropy has a
characteristic time of several seconds, a critical strain of several % and the
frequency needs to be above 5 Hz. The long term thixotropic behaviour has a
characteristic time of several minutes, a critical strain of several 10° %, and can be
monitored using a frequency of 1 Hz [264].

4.2.4. Frequency sweep
In order to investigate the influence of the speed of forces on the observed
rheological behavior, a frequency sweep can be performed. The frequency
decreases gradually applying a constant shear stress / shear strain. A solid like
behavior is observed at high frequencies, and the fluid like behavior dominates at
low frequencies, as the material relaxes in between two oscillations, and no
residual energy of previous oscillation is remaining in the next one. At very high
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frequencies (above 0.2 Hz), gel relaxing occurs, the residual energy of the past
oscillation is still present during the following one [288].

4.3. Experimental results
The structural buildup in pastes has been monitored by oscillatory rheology in
Section 3.2. of Chapter 3. A correlation was found between the rate of structural
buildup and superplasticizer dosage (affecting the maximum packing density of
solid particles) and the water film thickness (Figures 153 to 155). However, as this
technique is only capable of monitoring the macroscopic response, only a
conceptual description of the influence on particle clustering was possible.
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Figure 153: Impact of the WFT on the storage modulus G’ evolution — SP dosage of 0.118%
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Figure 154: Impact of the WFT on the storage modulus G’ evolution — SP dosage of 0.159%
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Figure 155: Impact of the WFT on the storage modulus G’ evolution — SP dosage of 0.200%

5. Ultrasound attenuation

5.1. Introduction

Ultrasound attenuation is the amplitude loss of an ultrasound signal over the
distance. Equation 65 describes the exponential decrease of the amplitude of the
ultrasound signal. The attenuation coefficient « depends on the medium, the
particle size, the particle concentration, the frequency of the signal, and the
temperature. A higher attenuation coefficient indicates higher losses. The
attenuation losses as a function of the frequency are displayed in an attenuation
spectrum.

A(x) = Ay - exp(—a - x) (Eq. 65)

Knowledge of the predominant loss mechanism allows to interpret the attenuation
spectra. In case an attenuation model and a fitting method are available, it is even
possible to calculate the particle size distribution of the suspended particles based
on the measured attenuation spectrum [411, 412]. Acoustic spectroscopy has been
successfully applied in colloid dispersions, emulsions, and dilute systems without
particle-particle interactions [27-29, 413, 414]. However, no solid theory has been
developed yet for dense, polydisperse systems [415].

Several mechanisms lead to attenuation losses of ultrasound signals [28, 411, 412,
415, 416]. Because of the large differences in critical frequencies for a certain
particle size, most often only one mechanism is dominant. For broad particle size
distributions such as cementitious materials, two or three mechanisms can
contribute to the overall attenuation spectrum.
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5.1.1. Intrinsic or bulk attenuation losses
The overall attenuation caused by the bulk homogeneous material of particles at
molecular level causes intrinsic or bulk attenuation losses. The intrinsic
attenuations should be considered when other attenuation losses are low, for
example when small particles are suspended at a low volume fraction.

5.1.2. Viscous attenuation losses

When ultrasound waves pass over particles in suspension, differences in density
between the particle and the medium cause a relative movement of the particle in
the medium. The liquid flows around the particle and causes hydrodynamic drag
and friction losses of the acoustic energy. The viscous attenuation losses are more
pronounced for suspensions with large differences in density between the
suspended particles and the suspending medium. Viscous attenuation losses are
dominant for a suspension of small rigid particles with sizes smaller than 3 um and
should be taken into account when studying cement pastes.

5.1.3. Particle inertia attenuation losses
The oscillating movement caused by differences in the density between the particle
and the medium also causes particle inertia losses. Especially for large particles at
high frequencies, a correction for particle inertia losses should be implemented.
Some authors consider the viscous and inertial attenuation losses as one
mechanism, referred to as the visco-inertial losses.

5.1.4. Scattering attenuation losses

Because ultrasound waves are redirected and scattered on the particles surface,
part of the ultrasound energy is lost by scattering losses. In strict sense, scattering
does not induce energy losses. However, because part of the wave energy is
redirected, part of the ultrasound energy does not reach the ultrasound transducer
at the other side of the gap. Scattering losses, which are strongly dependent on the
particle size distribution and the frequency of the signal, are very important for
particles larger than 3 um at frequencies above 10 MHz. Scattering losses should be
taken into account for cement pastes.

5.1.5. Thermal attenuation losses
Small soft particles such as emulsions and latex beads are compressed when an
ultrasound wave passes, generating temperature gradients near the particle
surface. The thermodynamic coupling between pressure and temperature results in
thermal attenuation losses. Thermal losses are negligible in high density contrast
suspensions such as cement pastes.
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5.1.6. Structural attenuation losses
In a network of particles, the oscillation caused by ultrasound waves is obstructed
by network interactions and forces.

5.1.7. Electrokinetic attenuation losses
The oscillation of the double layer surrounding charged particles by ultrasound
waves induces an alternating electric field and alternating electric currents in the
sample. This mechanisms is the basis of electro-acoustics and can be used to
determine the zeta potential. Electrokinetic attenuation losses are small compared
to the other attenuation mechanisms.

5.2. Testsetup
Two commercial apparatuses have been used to examine the potential use of
ultrasound attenuation in cement paste: the DT-1202 system of Quantachrome and
the OPUS system of Sympatec. Both systems are described in more detail below. In
order to avoid bias in the attenuation spectra, the following issues should be dealt
with carefully [27]:

e Misalignment of the transducers (especially for frequencies above
10 MHz).

e The use of an inadequate physical model. Non-linear concentration effects
of particle concentrations happen above solid fractions of 5%.

e Gas bubbles in water have an impact on the attenuation for ultrasound
frequencies below 10 MHz.

e An incorrect measurement of the intrinsic attenuation of water. A proper
sample preparation is needed in order to evade the presence of air
bubbles in the water.

e  Temperature variations.

5.2.1. Quantachrome DT-1202
The DT-1202 system of Quantachrome, shown in Figure 156, measures the
attenuation spectra for a range of 18 frequencies (3 to 100 MHz) over a range of
21 gaps. For each frequency the attenuation coefficient is calculated by linear
interpolation over all gaps in which a proper signal-to-noise ratio was observed.
According to the manufacturer, the system can determine the particle size
distribution of particles in between 5 nm and 250 um in opaque suspensions with
high concentrations up to 70% by volume assuming a lognormal or bilognormal
particle size distribution (Figure 157). The sample is pumped around during the
measurement to prevent segregation of coarse particles. The DT-1202 system is
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used for quality control in milling processes, crystallization processes,
polymerization processes, precipitation processes, and emulsification processes.

In order to calculate the particle size distribution based on the measured
attenuation spectra, the advanced coupled phase acoustic model of Dukhin and
Goetz [415] with a sound scattering modification based on the Morse theory [417]
is used. This theory is suitable because only the viscous, inertial, and scattering
attenuation mechanisms are important for cement pastes. In order to simplify the
conversion, the particle size distribution is assumed to be lognormal or bilognormal.

Figure 156: The DT-1202 ultrasound spectroscopy system of Quantachrome

sound- US-wave
receiver (frequency f) sound-
sender
\ B \ signal
generation
signal ’ ‘I .
processing . |
dusparslon R g/
acoustic particle size
attenuation spectrum distribution

300 120

g
-

E200 2080
% $ 060
=100 2040
2 a
§ om

000 0.00

1 10 100 1000 000 001 010 100 1000 10000
Irequency (MHz) theoretical diameter (um)

correlation
|— 1,2

Figure 157: The measuring principle of the DT-1202
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5.2.2. Sympatec OPUS system

The OPUS system of Sympatec (Figure 158) measures the ultrasound attenuation
over 31 frequencies in a range of 100 kHz to 200 MHz on one single gap. The gap
should be selected based on the sample (2 to 10 mm): a too large gap results in too
much attenuation, a gap which is too small results in too little attenuation. In the
tests described below, the gap was chosen 2 mm. Sympatec recommends the OPUS
system, to monitor the particle size distribution during milling, crystallization, or
other industrial processes using concentrated opaque suspensions.

The conversion of the measured attenuation spectra to the calculated particle size
distribution is based on a calibration using a powder with known particle size
distribution and physical properties, assuming this powder has a similar particle
shape as the tested materials. The inversion problem is solved with linear algebra,
generating a particle size distribution with 31 size classes. Most probably small
changes in the measured attenuation will be amplified during this linear inversion.
Although the apparatus cannot accurately measure attenuation losses above
150 dB, these measurements are not excluded when calculating the particle size
distribution.

Figure 158: The OPUS ultrasound spectroscopy system of Sympatec

5.3. Literature review
Ultrasound attenuation has been used to determine the particle size distribution
(PSD), disperse phase, volume fraction, phase transitions, particle interactions, and
sedimentation in colloids, dispersions, and emulsions [27-29, 413, 414, 416, 418-
420]. Ultrasound waves can penetrate into highly concentrated or optically opaque
slurries and emulsions at full concentration, avoiding changes in the dispersion
state when a dilution is needed.
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5.3.1. Modelling attenuation losses

Several models exist to calculate the attenuation spectrum for a sample [28, 29,
418, 419] (Figure 159 [28]). For cement pastes, such a model should meet two
requirements: (1) valid for a broad range of particle sizes, and (2) valid for
concentrated particle suspensions with a high density contrast between the
suspended particles and the medium [419]. Figure 159 provides an overview of the
most cited attenuation losses theories [28]. Almost all theories describe the
attenuation losses of spherical particles, which differs from the attenuation from
irregular particles such as cement particles. In order to get around this problem,
sometimes a calibration using particles with a known particle size distribution is
used [27, 421]. However, because the particle shape used during calibration also
differs from cement particles, such an approach might as well result in errors in the
calculated particle size distributions.
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rigid immovable
particles

Lamb (1916)
Reference [21]
movable, iIncompressible,
rigid particles

Epstein (1941)
Reference [22]
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Faran (1951)
Reference [24]
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Urick (1948)
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heat conduction

Epstein & Carhart
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Figure 159: An overview of the theoretical models for attenuation losses [28]

The determination of the particle size distribution out of the measured attenuation
spectra is a complicated ill-posed inverse problem [28]. For diluted suspensions
(solid volume below 5% [27]), the attenuation spectrum is a superposition of
individual uncorrelated attenuation spectra of all particles, and therefore results in
a linear problem allowing linear algebra to calculate the particle size distribution
[27]. However, for denser suspensions, a direct algebraic inversions does not
always result in the correct solution. The inversion of an ill-posed problem is
complicated by instability and non-uniqueness of the solution and the large
influence of noise in the system [27, 28]. In order to solve this ill-posed problem,
several approaches can be followed:
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e Assume the suspended particles follow a certain particle size distribution
model (for example a lognormal model). The parameters of the model can
be determined using a nonlinear regression. Such an approach is used in
the Quantachrome DT-1202 system.

e Add additional restraints to the shape of the particle size distribution in
order to counteract the extreme magnification of signal noise. Such an
approach is referred to as a regularization of the particle size distribution.

5.3.2. Applications on cementitious materials

Hackley et al. [412] used ultrasound attenuation to study changes in a cement
suspension induced by hydration using a phenomenological approach. Changes in
the attenuation spectra induced by the formation of CSH products during the first
7 hours of hydration were measured in samples with a solid fraction of 2% up to 20%
using an Quantrachrome DT-1200 acoustic spectrometer. The attenuation
spectrum below 30 MHz increases proportional with the volume fraction up to a
volume fraction of 20% (Figure 160). The high frequency portion of the acoustic
spectrum is more sensitive to the coarser components of the clinker (Figures 161
and 162). This section is also different when a chemical admixture was included in
the mix composition of the paste (Figure 163). The p-wave acoustic velocity was
not changing during early hydration.

attenuation (dB/cm/MHz)
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Figure 160: The attenuation spectrum as a function of the concentration
in a suspension of cement particles [412]
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Figure 161: Evolution of the attenuation spectrum in time for a suspension
of cement particles with a solid volume fraction of 5% [412]
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Figure 162: Evolution of the attenuation spectrum in time for a suspension
of cement particles with a solid volume fraction of 20% [412]
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Figure 163: Impact of a superplasticizer on the attenuation spectrum
of a suspension of cement particles [412]

5.4. Experimental results

5.4.1. Quantachrome DT-1202
The Quantachrome DT-1202 system is used for an explorative study on cement
paste tests, which were performed on pastes with different solid fractions to study
the impact of superplasticizers. The paste samples were moving during the tests in
the Quantachrome DT-1202 apparatus.

As shown in Figure 164, the volume fraction has a major impact on the attenuation
spectrum at low volume fractions, but hardly affects the attenuation spectrum at
high volume fractions. The assumption of a lognormal or bilognormal particle size
distribution leads to the calculation of unrealistic particle size distributions
(Figure 165).

Experiments in which a volume fraction of 10% cement in water and in isopropanol
was used resulted in a lognormal approximation of the particle size distribution as
determined with a laser diffractometer in isopropanol (Figures 166 and 167). Using
suspensions with a solid fraction of 10%, no influence of the superplasticizer on the
measured particle size distribution was observed (Figures 168 and 169).
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Figure 165: Influence of the solid fraction
on the calculated particle size distribution
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Figure 167: The calculated particle size
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5.4.2. Sympatec OPUS system

Figure 170 shows the attenuation spectrum of a suspension of cement and
limestone filler (volume fraction of 35%) in the OPUS system of Sympatec. Only the
results below 150 dB are shown, as the accuracy of the measurement is limited
above 150 dB. The chart can be devided into a declining trend up to 5000 kHz,
resulting from viscous attenuation, and an inclining trend starting at 5000 kHz,
resulting from scattering attenuation. The calculated particle size distribution
based on this attenuation spectrum is shown in Figure 171.
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Figure 170: Attenuation spectra of cement Figure 171: Calculated PSD of cement and
and limestone filler suspension limestone filler suspension
(vol fraction 35%) (vol fraction 35%)

Because of the limited influence of small changes in the particle size distribution
and solid volume fraction, no evolution of the attenuation spectra in time was
observed (Figures 172 to 181). Only when severe segregation was happening, an
impact was registered: the cement paste with a water-to-cement weight ratio of
0.6 and containing superplasticizer suffered from severe segregation at rest which
resulted in a decrease of the attenuation for the larger frequencies (Figure 182).
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Figure 172: Evolution of the attenuation Figure 173: Calculated PSD
spectra - Cement paste (W/C = 0.6) at rest Cement paste (W/C = 0.6) at rest
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Figure 174: Evolution of the attenuation
spectra - Cement paste
(W/C = 0.6, with SP) agitated

Figure 175: Calculated PSD - Cement paste
(W/C = 0.6, with SP) agitated
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Figure 176: Evolution of the attenuation
spectra - Cement paste
(W/C = 0.6, with SP) at rest

Figure 177: Calculated PSD - Cement paste
(W/C = 0.6, with SP) at rest
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Figure 178: Evolution of the attenuation
spectra - Cement paste
(W/C = 0.3, with SP) at rest

Figure 179: Calculated PSD - Cement paste
(W/C = 0.3, with SP) at rest
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Figure 180: Evolution of the attenuation
spectra - Cement paste
(W/C = 0.4, with SP) at rest

Figure 181: Calculated PSD - Cement paste
(W/C = 0.4, with SP) at rest
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Figure 182: Changes in the attenuation spectra induced by
severe segregation of the largest particles.

An increase of the volume fraction (water-to-powder weight ratio from 0.6 to 0.3)
results in a small increase of the measured attenuation (Figure 183). This small
difference in the attenuation spectra is not reflected in the calculated particle size

distributions shown in Figure 184.
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Figure 183: Influence of the solid volume
fraction on the attenuation specra
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Figure 184: Influence of the solid volume
fraction on the calculated PSD




Although the relation between the attenuation spectra and the particle size
distribution of the cement paste is not completely founded on a theoretical basis,
the OPUS system could deliver realistic particle size distributions compared to the
particle size distribution as determined on a laser diffractometer (Figures 185 to
190). In the laser diffractometer, a sample of the paste was diluted in isopropanol.

As the particle clustering changes when cement paste is diluted in isopropanol, the
particle size distributions as determined on a laser diffractometer cannot be used
to study the particle clustering in fresh SCC. In this section the laser diffractometer
results are only used to evaluate whether the obtained particle size distribution
from the OPUS system provides realistic values.
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Figure 185: OPUS system: Influence
superplasticizer

Figure 186: Laser diffractometer: Influence
superplasticizer
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Figure 187: OPUS system: Influence volume
fraction
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Figure 188: Laser diffractometer: Influence
volume fraction
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6. Small Angle Light Scattering (SALS)

6.1. Experimental setup

Small Angle Light Scattering (SALS) images are the scattering pattern from radiation
of a polarized laser beam through a sample collected in a narrow range of angles.
Figures 191 and 192 illustrate the SALS extension equipped on an Anton Paar
parallel plate rheometer used during this explorative research. An infrared laser
beam with a wavelength of 658 nm is irradiated on a sheared sample in a parallel
plate rheometer with glass plates having a diameter of 43 mm. The forward
scattered light with scattering angles between 1° and 25° is recorded by a CCD
camera below the lower glass plate while a beam stop protects the camera from
the direct laser beam. Both the scattering pattern Iy polarized in the same
direction as the incident light, and the scattering pattern I,y polarized
perpendicular to the incident light can be measured.

Laser

Plate to plate & —— Polarizer

rheometer
Glass plates

Sample

y O — Beam stop
o— Polarizer

Scattering
Pattern

Figure 191: Tiie SALS equipment Figure 192: Schematic representation of
the experimental setup

—
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Because multiple scattering lowers the apparent anisotropy [422], this technique
can only be used for a dilute concentration of particles. The SALS technique is used
to study flow induced particle orientation in suspensions and the aggregation
processes in solutions [26, 423-426]. This technique is also used in polymer science
and to study cell structures. Considering the successful implementation of the SALS
technique in the study of aggregation processes of protein solutions and polymers,
the question raises whether this technique has a potential to investigate the
clustering of cement particles under shear.

6.2. Literature review

6.2.1. Scattering patterns

6.2.1.1. Isotropic spherical particles
For isotropic spherical particles, the scattering pattern I, is a succession of dark
and bright rings with nearly no azimuthal dependence and the scattering pattern
Iyy has a fourfold symmetry and resembles a four-leaf clover [427]. These patterns
have been experimentally observed for well-characterized monodisperse latex
spheres (Figures 193 and 194 [428]). Particles with another shape or clusters of
spherical particles will produce different scattering patterns [422, 427, 429, 430].

Figure 193: Iy SALS images of a suspension Figure 194: The Iy SALS images of a
of 5 um Lattex spheres [427] suspension of 5 um Lattex spheres [427]

6.2.1.2. Spherulitic scattering

Spherulites are used in polymer physics to describe spherical semicrystalline
regions inside non-branched linear polymers. The I, and I,y scattering pattern
corresponding with spherulites typically have four lobes as illustrated in
Figures 195 and 196 [427]. SALS images can be used to determine the spherulite
size. The distance in between the centre and the spot of maximum intensity in the
lobes can be converted into the polar angle of maximum intensity 8,,,,, Which in
turn can be related to the radius R, of the spherulites using Equation 66 [427].
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1.025 A
RO = _.B—max) (Eq.66)
2

Figure 195: SALS Iy pattern resulting

from spherulitic scattering [427] Figure 196: SALS I,y pattern resulting

from spherulitic scattering [427]

6.2.1.3. Scattering of oriented rods
In contrast to sphere and disk scattering theories, the scattering of assemblies of
oriented rods results in Iy SALS images with a maximum intensity in the center
and an uniformly decreasing intensity further from this center [430]. Scattering of
oriented rods is observed in polymers with folded chain lamella as a fundamental
unit. Figures 197 to 199 are examples of SALS images of oriented rods.

Figure 197: The SALS Iy pattern of rods Figure 198: The SALS Iy pattern of rods
with random orientation [427] with random orientation [427]
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Figure 199: SALS patterns of rods with increasing orientation [430]

6.2.1.4. Shear induced structures: polymer and latex suspensions
Anisotropy in the SALS images often indicates the existence of shear induced
structures in the sample. The following sections describe three types of flow
induced structures observed in polymer and latex suspensions [422].

6.2.1.4.1. Small distortion of the equilibrium structure at rest
In stable colloidal dispersions, emulsions, and polymer blends, small shear rates
can cause only a small distortion of the equilibrium structure at rest and result in a
deformed liquid like structure during small shear rates [422].
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6.2.1.4.2. Particle orientation into shear flow direction
When particles in the suspension are migrating from the bulk to the walls of the
sample under flow, elongated string-like structures of spheres can be created in the
flow direction of latex particles or polystyrene particles near the walls [422, 431].
These strings of spherical particles result in a more elliptical scattering pattern as
shown in Figure 200 [422]. The alignment increases as the gap becomes smaller
and the shear rate increases.

a
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Figure 200: The influence of particle orientation into shear flow direction on the SALS
images [422]

6.2.1.4.3. Fluctuations in particle concentration in the shear flow
direction

When the shear rate in a dense suspension exceeds a certain critical shear, an
anisotropic structure with orientation into flow direction is created, resulting in
fluctuations in the particle concentration in shear flow direction. Figure 201
illustrates the origin of these fluctuations [432]. This shear induced structure
results in a shear thinning behavior and butterfly SALS diffraction patterns for latex
particles as shown in Figure 202 [422]. The volume fraction of the sample should be
sufficiently high in order to observe this phenomenon.

Figure 201: Mechanism causing fluctuations in particle concentration in the shear flow
direction [432]
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Figure 202: The influence of fluctuations in particle concentration in shear
flow direction on the SALS images [422]

6.2.2. Modelling of unpolarized light scattering
Dependent on the dimensionless size parameter a (Equation 67, in which a is the
dimensionless size parameter; D is the particle diameter; and A is the wavelength of
the incident radiation), light scattering is described by three different theories.
Rayleigh scattering is applied when @ << 1, Mie scattering when a = 1, and
geometric scattering should be applied when a > 1.

a=-— (Eq. 67)
6.2.2.1. Rayleigh scattering (a < 0.1)

When the size of the particles is much smaller than the wavelength of the incident
light, the theory of Rayleigh scattering [433] can be applied (Equation 68). An
example of Rayleigh scattering is the scattering of sunlight by gas molecules in the
atmosphere, causing a blue color of the Earth’s sky coming from all directions on a
clear day. The shorter violet and blue wavelengths are scattered more strongly
than the longer yellow and red wavelengths. The spectrum of the Sun contains
little violet and the Earth’s atmosphere absorbs wavelengths in the ultra-violet
region. Therefore, the sky is blue and the Sun is colored with a combination of the
not scattered wavelengths: red and yellow. Observed from space, the sky is black
and the sun is white.

hear = o 5227 (5) (52) - () (0. 68
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6.2.2.2, Mie scattering (0.1 < a < 100)
The scattering by particles with about the same size as the incident light is
described in the theory of Mie scattering [434]. Mie scattering is applied in
meteorological optics, medical applications, the paint industry, particle sizing, etc. .
For example, due to the Mie scattering of sunlight by water droplets with a similar
size of the wavelength, all wavelengths of visible light are scattered comparable,
resulting in a white color of the clouds.

The following symbols and formulas can be used to calculate the scattering pattern
of a spherical particle according to the Mie theory [435, 436]. Although the Mie
scattering is very dependent on the shape of the particles, most theories assume
spherical particles. An overview of light scattering theories considering non-
spherical particles is given by Smith [437].

Relative scattering wavelength A= — (Eq. 69)
0
Dimensionless size parameter a= ? (Eq. 70)

Intensity of scattered unpolarized light with wavelength 4

Ig'A?
Isear = 50 (w112 + 1) (Eq. 71)
Intensity functions Iyy = Z;‘{;l%- (ap my + by - 1,) (Eq. 72)
2n+1

IHH = Z;‘f:l n(?’l+1) ' (an ) Tn + bn ) T[Tl) (Eq‘ 73)

. P,(ll)(cose)
Angular dependent functions T =g (Eq. 74)

(1)

dP,;’(cos 0)

T, = “di;"s (Eq. 75)

. - _ Y)W (ma)-m Wy (ma) ¥, (a)
Mie coefficients a, = £ (@) (1) () E (@) (Eq. 76)

_ m¥y (a)"‘}”n(m'a)_lpn (m'a)'lp’n(a)

bn m-&p (@)W p(m-a)-¥p(ma)¥ , (a) (Ea.77)
. . ) Tz 1/2
Ricatti-Bessel functions Y. (z) = (7) Jns12 (2) (Eq. 78)
A1/2
8@ = (%) Hurye @) (Eq. 79)
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Symbol Name Unit
a Dimensionless size parameter [-]
a, and b, Mie coefficients [-]
D Particle diameter [m]
Iyy and Iyy Intensity functions. The subscript VV refers to both the vertically [-]
polarized incident light and vertically polarized scattered light.
The subscript HH refers to both horizontally polarized incident
and scattered light.
Iy Intensity incident light [cd]
Iscat Intensity scattered light [cd]
Hyy1/2 Half integer order Hankel function of the second kind [-]
Jns1/2 Half integer order Bessel function of the first kind [-]
A Relative scattering wavelength [m]
Ao Incident wavelength with respect to vacuum [m]
m Complex refractive index of the scattering particle [-]
my Refractive index of the surrounding medium [-]
0 Scattering angle [rad]
T, and T, Angular dependent functions [-]
Yand¢ Ricatti-Bessel functions [-]
prfl) n™ degree Legendre polynomial [-]
Table 53: Symbols used in Mie equations (Eq. 69 to 79)
6.2.2.3. Fraunhofer scattering (a > 100, |m — 1| > 1)

The Fraunhofer scattering theory is a simplification of the Mie theory, applicable

for far field scattering in which the scattered and incident waves are quite separate

and do not interfere with each other. Two conditions must be met: scattering

happens around the particles (lm — 1| > 1) and the particles are significant larger
than the wavelength (@ > 100) [438]. The calculation of the scattered light is
independent of the refractive index of the particles and can be calculated using the

Fraunhofer scattering theory (Equation 80) [438, 439]. For a laser beam with a

wavelength of 500 nm, these restrictions mean the particles diameter needs to be

larger than 15 um.

: 2
<2*11(7"D;m<9>))

(Eq. 80)

Iscat = IO * 16%12 7 D sin(0)
)

Symbol Name Unit
D Particle diameter [m]

Iy Intensity incident light [cd]
Iscat Intensity scattered light [cd]

J1 Bessel function of the first kind and first order [-]

A Relative scattering wavelength [m]
7] Scattering angle [rad]

Table 54: Symbols used in the Fraunhofer scattering equation (Eq. 80)
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6.2.2.4. Multiple scattering
Multiple scattering by particles with an non-spherical shape can be computed with
the T-matrix method, also referred to as the null field method and the extended
boundary technique method (EBCM) [429]. However, because of difficulties with
implementing in Matlab, this method was not further investigated.

6.2.2.5. Geometric scattering
The behaviour of light in combination with large macroscopicobjects can be

described using geometric optics.

6.2.3. Mie scattering of polarized light
Using polarized light, two scattering patterns can be measured: the scattering
pattern I, polarized in the same direction as the incident light, and the scattering
pattern I,y polarized perpendicular to the incident light. Both scattering patterns
Iy and I,y are functions of the polar and azimuthal angle and any scatterer can be
described by the scattering matrix B, using Equations 81 to 83 [427] (symbols
summarized in Table 55).
= gi gi] (Eq. 81)

2
Iy = Iy * (zi) Toiz |S; - sin?u+ S, - cos?u+ (S3 —S,) -sinp- cosp|?> (Eq. 82)

A\2 1 . .
Iy = 1o * (2—) " |S; - sin®p—S, - cos?u+ (S, —S;) -sinp-cosp|? (Eq.83)

T

Symbol Name Unit
B The scattering matrix of a scatterer [-]
Iy Intensity incident light [cd]
Iyy The intensity pattern of the scattered light polarized in the same [cd]
direction as the incident light
Iyy The intensity pattern of the scattered light polarized in the opposite [cd]
direction as the incident light
A Relative scattering wavelength [m]
il The azimuthal angle [rad]
Ty The distance from the scatterer [m]
S1, 52,83, | The components of the scattering matrix B [-]
Sa
0 The polar angle [rad]

Table 55: Symbols used in the Mie scattering equations (Eq. 81 to 83)
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For an isotropic sphere, S; = S, = 0, the Mie theory (Equations 84 and 85) can be
used to calculate the other components of the scattering matrix, S; and S,. The
Mie coefficients a,, and b,, and angular dependent functions m,, and 7,, are given in
Equations 75 to 78 [427].

2n+1

S = Zsf:ln(n+1) ' (an Tl + by Tn) (Eq. 84)
0 2n+1
S, = Zn:l n(n+1) ’ (bn Tyt ap Tn) (Eqg. 85)

The scattering pattern I, is a succession of dark and bright rings with nearly no
azimuthal dependence, the scattering pattern I, has a fourfold symmetry and
resembles a four-leaf clover [427]. Figures 203 and 204 illustrate the calculated
scattering patterns for a suspension of polystyrene spheres with a diameter of
3 um in water.

Figure 203: The calculated Iy scattering Figure 204: The calculated Iy scattering

pattern of polystyrene particles in water pattern of polystyrene particles in water
with a diameter of 3 um with a diameter of 3 um

6.2.4. Calculating the particle size distribution
Assuming spherical particles, the Mie theory (Equation 86) can be used to calculate
the scattering pattern of the individual particles. For a certain particle size
distribution f(D), the superposition of all individual scattering patterns results into
the global scattering pattern of the material.

16) = [°1(q,D) - X2~ dbp (Eq. 86)

4,03
3 8

The determination of the particle size distribution f(D) based on a measured
scattering pattern [(8) is a complicated inversion problem: a classical Fredholm
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integral equation of the first kind with %
E*n*?*p

as a Kernel function. The integration

in Equation 86 has a smoothening effect on influence of the particle size
distribution f(D) on the scattering pattern. Most high frequency components of f(D)
are filtered out. As a result, the experimental scatter is magnified in the reverse
process [440], creating an ill-posed problem. The inversion problem is very
sensitive to small perturbations of the system, incomplete information, the non-
continuous dependence of the solution to the data, and the non-uniqueness of the
solution. As a result, traditional methods fail to obtain meaningful particle size
distributions based on a measured scattering pattern.

Substituting the continuous particle size distribution f(D) by an approximate sum of
N functions (Equation 87), the integration is replaced by a discrete sum
(Equation 88). After discretizing the measured scattering pattern 1(0), the
scattering problem can be rewritten into matrix form as shown in Equation 89’. The
high conditioning number k (Equation 90) of the Kernel matrix K warns the failing of
classical numerical solution methods to obtain meaningful results. Many different
solutions can approach the measured signal because of the low backward stability
of the problem. The particle size distribution corresponding with the best
approximation of the measured signal including noise most often differs
substantially from the real particle size distribution. Many options exist to
discretize the particle size distribution (rectangular, triangular, wavelet,
lognormal, ...). During this analysis in this report, the particle size distribution
function is approximated by consecutive logarithmically spaced rectangular

functions.
f(D) =X, fi(D) (Eq. 87)
10) = S J;"1(q, D) - 25— dD (Eq. 88)
T
b=K-F (Eq. 89)
k= [[H| - I[H] (Eg. 90)

The Tikhonov regularization of ill-posed minimization problems such as ||K - F — b||
gives a preference to a particular solution with desirable properties by adding a
regularization term to the original problem. This technique can be used to minimize
the influence of noise (Equation 91) [440-443]. Most often, the Tikhonov matrix " is

" The intensity matrix is named b in order to avoid confusion with the identity
matrix
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the product of a constant and the identity matrix or a differential operator, giving a
preference to smaller or smoother solutions (I'=a-L). The effect of the
regularization can be varied by the parameter a. Different methods exist to solve
this minimization problem and to determine the optimum regularization parameter
a.

IK - F = bl + |IT- Fl| (Eq.91)

Because negative values are not excluded, a direct numerical solution cannot
calculate the particle size distribution F (Equation 92). A better approach is a non-
negative least squares iterative solution of Equation 86 using the Nelder-Mead
simplex algorithm implemented in the Matlab function fminsearch [444]. Although
this method requires a long computing time, a proper minimization of the problem
is obtained. In order to exclude negative values, the square of the minimization
problem is applied as the particle size distribution in the algorithm.

F=(K"-K+a -1T-L) -KT-b (Eq. 92)

Several methods exist to determine the optimum weight of the regularization a. In
this experimental program, only the L-curve method has been used

(Figure 205 [445]), in which @ is plotted as a function of ||K - F — b|| for various

values of the regularization parameter a. The steep beginning of the L-curve
corresponds with too small a values and a large influence of perturbation errors.
Corresponding with the larger a values, the L-curve has a flat part and is dominated
by regularization errors: useful data is filtered out with the noise. As shown in
Figure 205, the optimum solution is a compromise between a good fit to the
measured signal and a smoothing by the regularization can be found in the corner
of the L-curve. Appendix C to F summarize the Matlab code used during this
experimental program.

[ILFI A Best fit solutions
/ Smoothest solutions
optimum
%
||KF - bf|

Figure 205: Determining the optimal regularization parameter a using the L-curve
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6.3. Experimental results

6.3.1. Experiments on monodisperse polystyrene
microspheres
Experiments on dilute concentrations of monodisperse polystyrene microspheres
with a diameter of 1 um and 75.7 um have been performed. The scattering
patterns, shown in Figures 206 to 209, were observed with a polarization in the
same and opposite direction of the incident light. The I,y images of the particles
with a diameter of 75.7 um have a succession of rings. The central core of the |y
SALS pattern of a particle with size 1 um has a larger diameter than the SALS
pattern of a particle with diameter 75.7 um. Figures 210 and 211 illustrate the
corresponding calculated Fraunhofer scattering I,y patterns. The measured Iy
images differ from the expected clover-leaf pattern. The I,y SALS images are
completely black, even for an image taken on a sample with the highest
concentration of particles (7 . 10° particles / ml). The intensity of the scattered light

in opposite polarization of the incident light is insufficient and therefore not
detected.

Figure 206: The measured Iy, SALS image of Figure 207: The measured Iy, SALS image of
Polystyrene spheres with diameter 1 um Polystyrene spheres with diameter 75.7 um

Figure 208: The measured Iy SALS patterns Figure 209: The measured Iy SALS patterns
of polystyrene spheres with diameter 1 um of polystyrene spheres with diameter 75.7 um
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Figure 210: A calculated Iy SALS image of Figure 211: A calculated Iy SALS image of
Polystyrene spheres with diameter 1 um Polystyrene spheres with diameter 75.7 um

Using the Matlab code given in Appendix C to F, the SALS images have been
converted into calculated particle size distributions. The calculated particle size
distributions shown in Figures 212 and 213 differ significantly from the actual size
of the monodisperse polystyrene microspheres. The origin of this failed calculation
can be found in the impossibility to model the SALS images using the 30 hood
functions. As shown in Figures 214 and 215 the alternating bright and dark rings are
filtered out when during fitting. Below, only a qualitative analysis of the SALS
images will be performed. As a calculation of the particle size distribution fails for
spherical particles with known optical properties using this technique, no reliable
estimate can be performed for cement particles having irregular shapes and only
approximately known optical properties.
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Figure 212: The calculated particle size Figure 213: The calculated particle size
distribution based on an SALS image of distribution based on an SALS image of
polystyrene spheres with diameter 1 pm polystyrene spheres with diameter 75.7 um
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Figure 124: Comparison of the SALS image and its approximation based
on 30 hood functions (polystyrene spheres with diameter 1 um)
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Figure 125: Comparison of the SALS image and its approximation based
on 30 hood functions (polystyrene spheres with diameter 75.7 um)

6.3.2. Experiments on corn starch
In this section, shear induced structures of corn starch are studied by measuring
the SALS patterns under increasing shear rates (rotation speed of 0, 0.005, 0.05, 0.5,
5, and 50 rpm in steps of 10 sec). A solution of 0.2% corn starch in water by weight
produces the Iy, and I,y SALS patterns shown in Figures 216 and 217.

The Iy, SALS pattern is independent on the rotation speed: each time exactly the
same intensity profile over the scattering angles is observed (Figure 218). The I,y
images have characteristics of spherulitic scattering [427]: four identical lobes
around a centrum with zero intensity. The images become less bright when the
rotation speed of the rheometer increases, but the radius of maximum intensity
remains about the same, indicating no large changes in the spherulitic size.
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d) 0.5 rpm e)5rpm f) 50 rpm
Figure 216: The I, SALS patterns of corn starch in water at different shear rates

b) 0.005 rpm

d) 0.5 rpm e)5rpm f) 50 rpm
Figure 217: The Iy SALS patterns of corn starch in water at different shear rates
300

— 250 [t Orpm
- I e
2z 200 Tl e (0.005 rpm
3 150 .
% 100 \;,\\\ - 0.05 rpm
- 50 — 0.5rpm

0 — G rpm

10 20 30 40 50
Scattering angle [°] >0 rpm

Figure 218: The Iy intensity as a function of the scattering angle
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6.3.3. Measurements on attapulgite clay, montmorillonite clay,
and superplasticizer
Figures 219 to 226 illustrate the scattering patterns from attapulgite clay,

montmorillonite clay, and two types of superplasticizer (BASF MasterGlenium 51,
35% and BASF MasterGlenium 27, 20%). Under different shear rates, no changes in
the scattering patterns were observed.

Figure 219: |, pattern of attapulgite clay Figure 220: I,y pattern of attapulgite clay

Figure 221: | pattern of montmorillonite Figure 222: |, pattern of montmorillonite
clay clay

Figure 223: | pattern of superplasticizer A Figure 224: |,,, pattern of superplasticizer A
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Figure 225: |,y pattern of superplasticizer B Figure 226: |, pattern of superplasticizer B

6.3.4. Measurements on cement
To verify the applicability of the technique for cementitious materials, experiments
on cement have been performed (Figures 227 to 230). In a very dilute solution, a
problem with the hydration speed of cement arises: the hydration speed increases
as the concentration decreases and below a certain threshold concentration,
completely different hydration kinetics apply [334].

The I,y SALS images of a solution of 0.2% cement are given in Figure 227. The SALS
images are similar except from the sharp line in one specific azimuthal angle,
developing above a rotation speed of 0.5 rpm. When 0.1% superplasticizer (BASF
MasterGlenium 51 35%) is included in a solution of cement, a more outspread
intensity distribution, indicating a smaller scattering particle size. No influence of

the shear rate is observed.

a) 0 rpm b) 0.005 rpm ¢) 0.05 rpm

d) 0.5 rpm e)5rpm f) 50 rpm
Figure 227: The Iy SALS patterns of a 0.02% cement solution in water at different shear
rates
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a)0rpm b) 0.005 rpm

d) 0.5 rpm e)5rpm f) 50 rpm
Figure 228: The I, SALS patterns of a 0.02% cement solution in water at different shear
rates
a) 0 rpm b) 0.005 rpm c) 0.05 rpm
d) 0.5 rpm e)5rpm f) 50 rpm

Figure 229: The Iy SALS patterns of a cement and superplasticizer solutlon at different
shear rates

a) 0 rpm b) 0.005 rpm c) 0.05 rpm
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d) 0.5 rpm e)5rpm f) 50 rpm
Figure 230: The Iy SALS patterns of a cement and superplasticizer solution at different
shear rates

7. Summary

In this chapter, different techniques to study the structural buildup and particle
clustering in materials have been investigated. The intention was to get a better
view on the mechanisms governing particle clustering and dispersion inside fresh
cement paste. Because of the dense packing density and very broad particle size
distribution, only the static yield stress measurement and oscillatory rheometry
were found to be suitable to study the macroscopic structural buildup in time. The
static yield stress can be used on concrete level, the oscillatory rheology on paste
and mortar level. The possibility of a direct view on the particle clustering inside
the fresh concrete was also investigated using ultrasound attenuation and Small
Angle Light Scattering (SALS), but none of those techniques was successful for the
application on cement paste.

Ultrasound attenuation could be used for cement suspension with a low volume
fraction (10%). As long as the volume fraction was low enough, the attenuation
spectrum was sensitive to small changes in the particle clustering. However, at
realistic solid volume fractions, the attenuation losses are so large, a small variation
in the particle clustering or particle size distribution is unnoticed. The OPUS system
could generate realistic particle size distributions on pastes with a water-to-cement
mass ratio of 0.3, 0.4, and 0.6. However, no differences in particle size distribution
were observed.

Although Small Angle Light Scattering (SALS) techniques have been successfully
applied in polymer science, no major progress has been made from the application
on cement. The addition of superplasticizer affected the images, but no shear
induced structures were observed on cement solutions. The conversion of
measured scattering images into particle size distributions of the sample was
complicated by the complexity of the mathematical problem and the large impact
of experimental noise.
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Chapter 5: Conclusions &
Perspectives

1. Research context

As predicted during the First International RILEM Symposium on Self-Compacting
Concrete in 1999 [446], the worldwide use of self-compacting concrete (SCC) is
steadily increasing in time. Because no external compaction is needed, the
production process in precast factories can be accelerated and organized more
efficiently. The highly flowable SCC also allows a further automation of the
production process. In onsite applications, the usage of SCC avoids errors during
the external compaction of concrete and allows a more dense reinforcement
network and the application of a more complex shaped formwork.

However, SCC has a lower robustness; SCC is more sensitive to small changes in the
mix proportions, material properties, and mixing and casting procedures. As the
costs of failed batches and delays in the work plan are enormous, a severe quality
control and experienced staff is needed. If the robustness of fresh SCC could be
improved, its cost and labor saving characteristics can be applied in an even
broader range of applications and circumstances.

Not only practical hints and guidelines to improve the robustness of SCC were
established in this project, but also the origins and mechanisms of the robustness
of SCC were investigated. By uncovering the mechanisms governing the robustness,
the problem of a high sensitivity can be addressed in a fundamental way instead of
with quick fixes. Understanding why a particular parameter has an influence allows
to draw general conclusions and to extrapolate the observed experimental results
to other situations or parameters, not investigated during this project.
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2. Summary

A concise overview of the fundamental mechanisms and interactions governing the
microstructure of fresh SCC is given in the literature review (Chapter 3). The
chemical reactions during the first hours of hydration, the forces and interactions in
between particles, the working mechanisms of admixtures, and the impact of shear
stresses are explained in more detail in order to obtain a better understanding of
the microstructure of fresh SCC

Based on the experimental results, methods to improve the robustness of fresh SCC
were developed. Dependent on the mechanism providing stability in SCC, another
strategy should be used.

When the vyield stress is providing stability, the sensitivity of this yield stress to
small changes is determining the robustness of the mixture. Because such mixtures
generally have a low plastic viscosity, changes in this plastic viscosity due to small
variations have no major impact. Based on the experimental program and a
qualitative analysis using the yield stress model (YODEL) of Flatt [266], possible
solutions to enhance the yield stress robustness of SCC have been proposed. A
higher maximum packing density results in a more robust yield stress and can be
achieved with a higher superplasticizer dosage, which can be reached with a lower
paste volume. An alternative solution is the combination of a lower paste yield
stress and a slightly higher plastic viscosity, for example by adding a VMA and a
higher superplasticizer dosage.

In mixtures with a low or zero yield stress and the paste plastic viscosity providing
stability, the sensitivity of the paste plastic viscosity is determining the robustness
of the global mixture. A small decrease in the amount of water can result in an
unworkable, sticky mixture; a small excess in water can result in bleeding. The best
approach to improve the robustness of such a mixture is to enhance the robustness
of the paste plastic viscosity. Based on a set of experiments and considering the
Krieger-Doherty model, specific measures have been proposed: lowering the paste
packing density, for example by raising the water-to-powder ratio. Also lowering
the paste plastic viscosity helps to enhance the robustness against small variations
in the mix composition. Mixtures prone to an excessive stickiness can be improved
by reducing the thixotropic buildup, for example by increasing the water-to-powder
ratio, a cement replacement by fly ash, or reducing the content of silica fume.

In case the risk of bleeding is limiting the applicability of SCC, a different approach

is needed. Bleeding is a result of an imbalance in the intermolecular forces. When
steric repulsion forces dominate over attractive Van Der Waals forces for small
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colloidal particles, the colloidal network is broken and syneresis will manifest itself
as a layer of water floating on top of SCC. To eliminate the origin of bleeding, two
methods exist: reducing the steric repulsive forces with a reduction of the
superplasticizer dosage (higher water-to-powder ratio, higher paste volume), or
increasing the attractive Van Der Waals forces inside the fresh concrete, for
example by a replacement of cement by silica fume.

All of this has been summarized in simple guidelines given in Table 50 of Chapter 3.
As different applications have different workability demands, SCC with proper
rheological properties customized to the application should be used. As the mixing
procedure has a large impact on the rheology of SCC, a fixed mixing procedure
should be used during the manufacturing of SCC.

An attempt was made to investigate particle clustering and the structural buildup
more fundamentally using innovative experimental techniques. Due to the very
broad particle size distribution and the non-transparent opaque nature of cement
paste, monitoring the flocculation and deflocculation of the individual cement
particles is not evident. Two techniques have been selected for a more thorough
examination of their applicability: ultrasound attenuation and Small Angle Light
Scattering (SALS).

When ultrasound amplitude losses are measured over a range of ultrasound
frequencies, attenuation spectra can be used to characterize an opaque dense
solution. As no evolution in the attenuation spectra was observed on samples of
cement paste at rest, the flocculation at rest cannot be evaluated using the
ultrasound attenuation technique. Different water-to-powder ratios caused
variations in the measured attenuation spectra. However, in an apparatus in which
the particle size distributions were calculated based on a theory taking into account
the viscous attenuation losses and the scattering attenuation losses, no realistic
particle size distribution could be generated. Using another apparatus, in which the
particle size distribution was calculated based on a calibration with a powder with
known properties, realistic particle size distributions were obtained. As paste
mixtures varying in water-to-powder ratio all generated similar particle size
distributions, no effects of particle clustering could be observed using ultrasound
attenuation.

When Small Angle Light Scattering (SALS) was used on diluted samples of a solution
of cement in water, the influence of adding a superplasticizer of the scattering
patterns could be observed. Because the SALS images were independent on the
shear rate applied on the samples, the flocculation / deflocculation mechanisms in
cement paste cannot be studied more in depth using this technique. A calculation
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of the particle size distribution based on the SALS images was not successful.
Although this technique is useful in polymer science, its application on cement
paste is less promising.

3. Perspectives for future research

Recently, an important progress in uncovering the mechanisms governing the
structural buildup at rest has been made [149]. However, still not all mysteries
surrounding the thixotropy of SCC are uncovered. Ambiguity exists concerning the
role of flocculation of fines and the impact of admixtures. Up to now, no thixotropy
model exists which is easy to implement and is still founded on a simple hypothesis
of the mechanisms governing thixotropy.

In order to investigate the origins of thixotropy more in depth, a method has to be
developed which is able to observe the structural buildup at rest and breakdown of
the thixotropic network under shear on a more fundamental level. Oscillating
rheology is useful when monitoring the macroscopic changes in fresh SCC, but does
not expose what exactly is happening inside the microstructure of the sample. This
thesis describes an explorative study of possible techniques observing the
flocculation and deflocculation of fines directly, but no practical solution was
established. Continued research using a combination of the Focused Beam
Reflection Measurements (FBRM) [235] and cryo-FIB and cryo-SEM images [142]
might help to study this aspect. FBRM measurements can be used to count the
individual clusters of particles under shear and establish a measure of the cluster
size distribution. Cryo-FIB and cryo-SEM images allow to study the microstructure
of a sample prepared by high pressure freezing based on a direct observation of the
microstructure. Using a combination of these techniques, it might be possible to
observe directly the buildup of a thixotropic network and to study the impact of
hydration more fundamentally.

This better understanding of the thixotropy, and by extension the entire
microstructure of fresh SCC, has to be incorporated in rheological models.
Improved rheological models could help to study the impact of small variations in
the mix composition more easily. For a specific application, for example, it might be
possible to use improved rheological models to examine whether the pumpability
can be compromised by the inevitable inaccuracies occurring during the dosing of
superplasticizers. A further optimization of the mix composition based on such a
risk analysis will facilitate the use of SCC even further.
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A further optimization of the mix design of SCC will require a better understanding
of the links between the plastic viscosity, thixotropy and stickiness of SCC. The
microstructural origins of the stickiness of SCC are not fully known yet and most
probably linked to the thixotropic buildup of SCC. More research on the working
mechanisms VMA'’s and their effects on the rheology can help to obtain a deeper
understanding of the microstructure. A more consistent classification of the very
broad range of commercial available VMA’s would help to reduce the existing
uncertainties and thereby facilitate their application inside SCC.
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Appendix A

This appendix summarizes the raw data of the robustness experiments of Chapter 3.

1. Paste volume and water-to-powder ratio
(section 3.1. in Chapter 3)

Paste volume [I/m?] 400 400 400
water-to-powder ratio [-] 0.75 0.90 1.05
Slump flow [mm]

Ref — 8 I/m3 water > o -
Slump flow [mm] 673 680 688
Reference

Slump flow [mm]

Ref + 8 I/m3 water 785 e =
V-funnel time [s]

Ref — 8 I/m3 water 193 87 >3
V-funnel time [s] 13.7 6.3 3.5
Reference ' . .
V-funnel time [s]

Ref + 8 |/m? water 78 9 >2
L-box ratio [-]

Ref — 8 I/m? water ] 075 08
L-box ratio [-] 0.82 0.85 0.83
Reference i ‘ .
L-box ratio [-]

Ref + 8 I/m3 water 086 09 -
S.S.I. [%]

Ref — 8 I/m3 water L5 " -
S.S.I. [%] 9.4 12.2 12.0
Reference ' ‘ '
S.S.1. [%]

Ref + 8 |/m3 water 181 7 o
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Paste volume [I/m3]

400 400 400
water-to-powder ratio [-] 0.75 0.90 1.05
Yield stress [Pa]
Ref — 8 I/m3 water ] ) 2
Yield stress [Pa] 36 - 81
Reference
Yield stress [Pa] _ - 48
Ref + 8 I/m3 water
MB linear term [Pa. s] ) R 23
Ref — 8 I/m3 water
MB linear term [Pa. s] 72 _ 21
Reference
MB linear term [Pa. s] ) . 14
Ref + 8 I/m® water
MB 2™ order term [Pa. s?] i } 0
Ref — 8 I/m3 water
MB 2™ order term [Pa. s?]
18 - 0
Reference
MB 2" order term [Pa. s?] i 3 0
Ref + 8 I/m? water
3
Paste volume [I/m?] 400 400 400
water-to-powder ratio [-] 0.75 0.90 1.05
Density [kg/m?3]
Ref — 8 I/m? water 2381 2356 %0
- 3

Density [kg/m3] 2475 2369 2369
Reference
Density [kg/m?]

2369 2375 2350
Ref + 8 I/m® water
Air content [%]
Ref — 8 I/m? water 23 20 L

: 0
Air content [%] 25 1.6 1.2
Reference
: 0

Air content [%] 1.8 1.1 12

Ref + 8 |/m? water
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Paste volume [I/m3] 375 375 375

water-to-powder ratio [-] 0.75 0.90 1.05

Slump flow [mm]

Ref — 8 I/m? water 6% °° 0

Slump flow [mm] 705 680 680

Reference

Slump flow [mm]

Ref + 8 |/m? water 845 703 783

V-funnel time [s]

Ref — 8 I/m? water 273 o >t

V-funnel time [s] 17.6 8.0 4.0

Reference ' . .

V-funnel time [s]

Ref + 8 I/m? water >0 >3 >

L-box ratio [-]

Ref — 8 I/m? water 090 070 o

L-box ratio [-] 0.96 0.91 0.86

Reference . . .

L-box ratio [-]

Ref + 8 I/m? water 096 o >

S.S.1 [%]

Ref— 8 |/m? water 4.3 5.0 7.5
0,

S.S.1. [%) 11.2 10.1 12.3

Reference

S.S.1. [%]

Ref + 8 I/m? water 180 Bl ©
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Paste volume [I/m3]

375 375 375
water-to-powder ratio [-] 0.75 0.80 1.05
Yield stress [Pa]

Ref — 8 I/m3 water 12 52 i
Yield stress [Pa] 20 39 -
Reference
Yield stress [Pa]
Ref + 8 I/m3 water 10 v i
MB linear term [Pa. s]
Ref — 8 I/m3 water >’ > i
MB linear term [Pa. s] 75 44 -
Reference
MB linear term [Pa. s]
Ref + 8 I/m3 water 2 2 i
MB 2" order term [Pa. s?] a4 6 -
Ref — 8 I/m3 water
nd 2
MB 2™ order term [Pa. s?] 37 4 -
Reference
MB 2" order term [Pa. s7] 9 3 -
Ref + 8 I/m* water
3
Paste volume [I/m?] 375 375 375
water-to-powder ratio [-] 0.75 0.90 1.05
Density [kg/m?]
Ref — 8 I/m? water 2388 236 =7
. 3
Density [kg/m?3] 2394 2375 2372
Reference
Density [kg/m?3]
2 2 2

Ref + 8 I/m3 water 400 309 >
Air content [%]

2.0 2.4 15
Ref — 8 I/m® water

H 0,
Air content [%] 1.9 1.8 14
Reference
: 0

Air content [%)] 0.9 1.6 0.7

Ref + 8 |/m? water
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Paste volume [I/m3]

350 350 350
water-to-powder ratio [-] 0.75 0.90 1.05
Slump flow [mm]
Ref — 8 I/m3 water 833 o0 o
Slump flow [mm]

865 750 675
Reference
Slump flow [mm]
Ref + 8 I/m3 water 923 0 3
V-funnel time [s]
Ref — 8 I/m3 water 314 2 "2
V-funnel time [s] 15.9 10.5 5.3
Reference
V-funnel time [s]
Ref + 8 I/m3 water °0 o +
L-box ratio [-]
Ref — 8 I/m3 water 096 092 o
L-box ratio [-] 1.05 0.98 0.80
Reference
L-box ratio [-]
Ref + 8 |/m? water 0.98 0.95 0.92
S.S.1. [%]
Ref — 8 I/m? water 70 "0 >

()
S.S.1. [%] 10.5 9.4 8.0
Reference
()

S.S.1. [%] 16.2 11.6 8.4

Ref + 8 I/m® water
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Paste volume [I/m3]

350 350 350
water-to-powder ratio [-] 0.75 0.90 1.05
Yield stress [Pa]
Ref — 8 |/m3 water 0 / 49
Yield stress [Pa] 0 0 29
Reference
Yield stress [Pa]
Ref + 8 I/m3 water 0 3 18
MB linear term [Pa. s]
Ref — 8 I/m3 water 9 66 >0
MB linear term [Pa. s] 2% 43 32
Reference
MB linear term [Pa. s]
Ref + 8 I/m3 water 13 31 19
MB 2™ order term [Pa. s?]
Ref — 8 I/m3 water 60 13 3

nd 2
MB 2™ order term [Pa. s?] 32 3 )
Reference
MB 2™ order term [Pa. s?] 1 s )
Ref + 8 I/m3 water
3
Paste volume [I/m3] 350 350 350
water-to-powder ratio [-] 0.75 0.90 1.05
Density [kg/m3]
Ref — 8 I/m3 water i 2381 2375
H 3
Density [kg/m’] 2406 2375 2369
Reference
Density [kg/m?3]
Ref + 8 I/m? water 2406 2381 2375
Air content [%]
- 2.2 2.2
Ref — 8 I/m3 water
1 0,
Air content [%] 09 15 15
Reference
1 0,

Air content [%] 07 1.2 11

Ref + 8 I/m3 water
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2. Water Film Thickness (section 3.2. in Chapter 3)

Water-to-powder ratio [-]

0.85 0.90 0.95 1.00
— 5

Superplasticizer dosage [%] 0.118 0.118 0.118 0118
Water Film Thickness [um] 0.135 0.170 0.189 0242
Ref — 3% water
Water Film Thickness [um] 0.188 0.198 0276 0,304
Reference
Water Film Thickness [um]
Ref + 3% water 0.197 0.257 0.316 0.366
Yield stress [Pa]
Ref — 3% water 36.09 12.64 7.41 3.72
Yield stress [Pa] 16.38 208 o5 219
Reference
Yield stress [Pa]
Ref + 3% water 7.20 3.75 2.30 1.14
MB linear term [Pa. s]
Ref — 3% water 3.45 1.39 0.91 0.40
MB linear term [Pa. s] 159 0.85 039 0,30
Reference
MB linear term [Pa. s]
Ref + 3% water 0.83 0.50 0.39 0.15

nd >
MB 2" order term [Pa. % 0.00000 0.00082 0.00127 0.00165
Ref — 3% water

nd 2
VB2 orderterm [Pa. ' 0.00082 | 0.00049 | 0.00238 | 0.00123
Reference

nd 2
MB 2" order term [Pa. 7] 0.00164 0.00035 0.00025 0.00134
Ref + 3% water
Increase in G’ (1) [Pa]
Ref — 3% water 2311 1162 852 528
Increase in G’ (1) [Pa] 1073 11 1 iy
Reference
Increase in G’ (1) [Pa]
Ref + 3% water 687 762 779 685
Increase in G’ (2) [Pa]
Ref — 3% water 4079 1752 1725 1468
Increase in G’ (2) [Pa] 1873 1218 L6 1220
Reference
Increase in G’ (2) [Pa] 128 1902 Joer .

Ref + 3% water
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Water-to-powder ratio [-] 0.85 0.90 0.95 100
" S
Superplasticizer dosage [%] 0.159 0.159 0.158 0.15
Water Film Thickness [um] 0.162 0.201 0.245 030
Ref — 3% water
Water Film Thickness [um] 0.209 0.236 0.308 0.340
Reference
Water Film Thickness [um]
Ref + 3% water 0.253 0.323 0.341 0.412
Yield stress [Pa]
Ref — 3% water 7.87 4.62 2.09 0.86
Yield stress [Pa] 5 68 523 0.6 029
Reference
Yield stress [Pa]
Ref + 3% water 0.96 0.26 0.16 0.26
MB linear term [Pa. s]
Ref — 3% water 0.84 0.52 0.37 0.19
MB linear term [Pa. s] 0.41 0.32 0.8 o1a
Reference
MB linear term [Pa. s]
Ref + 3% water 0.28 0.25 0.16 0.12
nd >
MB 2 order term [Pa. 7] 0.00268 0.00581 0.00363 0.00381
Ref — 3% water
nd 2
MB 2 order term [Pa. 7] 0.00481 0.00344 0.00181 0.00305
Reference
nd 2
MB 2" order term [Pa. 7] 0.00530 0.00221 0.00199 0.00203
Ref + 3% water
Increase in G’ (1) [Pa]
Ref — 3% water 583 414 268 265
Increase in G’ (1) [Pa] 32 206 20 1
Reference
Increase in G’ (1) [Pa]
Ref + 3% water 247 386 474 296
Increase in G’ (2) [Pa]
Ref — 3% water 749 529 392 430
Increase in G’ (2) [Pa] 365 364 a1 o1
Reference
Increase in G’ (2) [Pa]
Ref + 3% water 343 448 - 789
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Water-to-powder ratio [-] 0.75 0.80 0.85 0.90 0.95
— S
Superplasticizer dosage [%] 0.200 0.200 0.200 0.200 0.200
Water Film Thickness [um] 0.085 0.167 0.203 0270 0315
Ref — 3% water
Water Film Thickness [um] 0.151 0.209 0.267 0.289 0355
Reference
Water Film Thickness [um] 0.189 0.250 0316 0355 0414
Ref + 3% water
Yield stress [Pa]
Ref — 3% water 14.25 7.43 2.00 1.17 0.19
Yield stress [Pa] 871 322 077 065 o1a
Reference
Yield stress [Pa]
Ref + 3% water 4.00 1.00 0.12 0.22 0.08
MB linear term [Pa. s]
Ref — 3% water 1.37 0.53 0.29 0.29 0.28
MB linear term [Pa. s] 0.68 0.28 032 0.2 o1
Reference
MB linear term [Pa. s]
Ref + 3% water 0.29 0.19 0.24 0.12 0.10
nd >
MB 2 order term [Pa. s7] 0.00569 | 0.00905 | 0.00787 | 0.00533 | 0.00294
Ref — 3% water
nd 2
MB 2 order term [Pa. s7] 0.00864 | 0.00664 | 0.00465 | 0.00312 | 0.00224
Reference
nd 2
MB 2° order term [Pa. s7] 0.00823 | 0.00548 | 0.00306 | 0.00469 | 0.00249
Ref + 3% water
Increase in G’ (1) [Pa]
Ref — 3% water 987 585 259 268 175
Increase in G’ (1) [Pa] 201 265 206 Jo6 250
Reference
Increase in G’ (1) [Pa]
Ref + 3% water 415 178 176 391 404
Increase in G’ (2) [Pa]
Ref — 3% water 911 237 227 266
Increase in G’ (2) [Pa] 1007 162 202 con 2836
Reference
Increase in G’ (2) [Pa] 596 o4 . o1 1628
Ref + 3% water
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3. Viscosity Modifying Admixtures - experiments

on mortars (section 3.3.1. in Chapter 3)

No Diutan Corn Attapulgi | Propylene
VMA gum starch te clay carbonate

Flow spread [mm]
Ref — 5 I/m? water 198 203 219 224 208
Flow spread [mm] 248 240 243 250 250
Reference
Flow spread [mm]
Ref + 5 |/m? water 284 238 288 280 278
V-funnel time [s]
Ref— 5 I/m? water 11.3 15.1 9.5 9.1 25.0
V-funnel time s] 10.4 10.9 7.4 7.8 11.7
Reference ' ’ ) ) '
V-funnel time [s]
Ref + 5 I/m? water 7.2 8.5 6.0 6.1 8.6
Yield stress [Pa]
Ref— 5 |/m? water 22.3 36.3 29.0 21.8 21.7
Vield stress [Pa] 16.9 25.7 135 123 11.2
Reference ‘ ) ' ' )
Yield stress [Pa]
Ref + 5 I/m? water 10.7 16.7 5.3 7.4 4.9
Plastic viscosity [Pa s] 12.0 15.2 107 102 133
Ref — 5 I/m3 water ' ) ' ' '
Plastic viscosity [Pa s] 31 13.2 76 71 96
Reference ) ) ) ) )
Plastic viscosity [Pa s]
Ref + 5 I/m? water 5.2 9.1 4.9 5.0 8.5
Breakd dl[-

reakdownspeed [-] | ) h560 | 00066 | 0.0042 | 0.0047 0.0064
Ref — 5 I/m3 water
Breakd dl[-

reakdownspeed [1 | 5043 | 00051 | 00039 | 0.0041 0.0039
Reference
Breakdown speed [] 1 1536 | 00029 | 0.0032 | 00038 0.0037
Ref + 5 I/m3 water
Bui -

uildup speed [ 0.017 | 0011 0.015 0.016 0.012
Ref — 5 1/m3 water
Bui -

uildup speed [] 0017 | 0.012 0.015 0.023 0.021
Reference
Build d|[-

uildup speed [ 0.016 | 0010 | 0015 | 0022 0.010
Ref + 5 I/m3 water
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No VMA Diutan Corn Attapulgi | Propylene
gum starch te clay carbonate
Air content [%]
Ref— 5 I/m? water 1.8 2.7 2.8 2.5 2.3
1 0,
Air content [%] 2.3 2.6 2.3 2.3 2.7
Reference
Air content [%]
Ref + 5 I/m? water 18 21 ] 18 17
Density [kg/m?
ensity [kg/m’] 2273 2305 2278 2240 2274
Ref — 5 I/m3 water
H 3
Density [kg/m’] 2273 2276 2294 2304 2246
Reference
Density [kg/m3]
Ref + 5 I/m? water 2261 2280 2257 2259 2257

4. Viscosity Modifying Admixtures - experiments
on SCC (section 3.3.2. in Chapter 3)

Mix A Mix B
Mix A Mix A Mix B Mix B Mix B
No Diutan Artipu No Diutan | Diutan Altt.a:pu
VMA gum gite VMA gum1l | gum2 gite
clay clay
Slump flow [mm]
Ref — 10 |/m? water 520 610 623 670 750 500 525
Slump flow [mm] 720 | 680 | 675 | 703 | 785 | 695 | 660
Reference
Slump flow [mm]
Ref + 10 |/m? water 765 723 825 765 815 710 855
V-funnel time [s]
Ref - 10 |/m? water 7.1 10.7 6.3 11.4 13.6 54.4 12.9
V-funnel time [s] 3.8 7.6 46 95 | 109 | 148 | 101
Reference
V-funnel time [s]
Ref + 10 |/m? water 3.0 55 2.8 6.5 7.9 10.7 7.4
S.S.1. [%]
Ref — 10 |/m? water 1.2 5.8 5.2 11.4 18.9 2.0 4.0
)

S5-I [%] 10.8 119 8.2 14.5 21.2 15.0 9.4
Reference
S.S.I. [%]
Ref + 10 |/m? water 11.7 16.9 16.9 19.5 23.7 23.3 26.5
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Mix A Mix B

Mix A Mix A Atta Mix B Mix B Mix B Atta
No Diutan ul itz No Diutan | Diutan ul itz
VMA | gum 5 VMA | gum1 | gum2 | Y8
clay clay

Yield stress [Pa]

Ref — 10 |/m? water 157 61 79 17 17 234 68

Yield stress [Pa]

29 37 51 0 8 23 34
Reference

Yield stress [Pa]

Ref + 10 I/m3 water 34 26 16 0 0 7 10

MB linear term [Pa. s]

Ref — 10 |/m? water 79 | 102 | 70 | 68 | 76 | 378 | 163

MB linear term [Pa. s]

38 69 45 34 49 81 60
Reference

MB linear term [Pa. s]

2 4 21 7 2
Ref + 10 I/m3 water 8 8 30 3 >3 3

MB 2™ order term [Pa. s?]

MB 2™ order term [Pa. s?]

0.0 0.0 0.0 10.4 4.4 6.3 13.3
Reference

MB 2™ order term [Pa. s?]

Ref + 10 |/m? water 00 | 00 | 00 | 87 | 33 | 53 | 7.1

MixA | MixA ::'t': Al MixB | MixB | MixB A“:'t': 8
No Diutan X pu No Diutan | Diutan X pu
Igite Igite

VMA gum VMA gum1l | gum2

clay clay

Density [kg/m3]

2350 2341 2348 2375 2375 2400 2369
Ref — 10 I/m?3 water

Density [kg/m3]

2350 2350 2359 2363 2369 2356 2369
Reference

Density [kg/m3]

2323 2326 2332 2350 2375 2356 2381
Ref + 10 I/m3 water

Air content [%]

2.6 2.7 2.3 2.5 1.9 2.5 -
Ref — 10 I/m3 water
1 0,
Air content [%] 1.6 1.8 1.7 2.0 1.7 2.0 2.6
Reference
1 o)
Air content [%] 1.5 1.7 1.1 1.6 1.4 1.8 1.1

Ref + 10 I/m3 water
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5. Cement replacement (section 3.4. in Chapter 3)

. Mix C Mix C
Mix C
Reference Replacement Replacement
by silica fume by fly ash
Slump flow [mm]
Ref — 10 I/m3 water 695 695 665
Slump flow [mm] 240 695 725
Reference
Slump flow [mm]
Ref + 10 I/m? water 770 715 725
V-funnel time [s]
Ref — 10 |/m? water 62.0 52.1 59.2
V-funnel time [s] 21.54 36.4 21.7
Reference
V-funnel time [s]
Ref + 10 I/m? water 10.18 13.1 10.8
S.S.1. [%]
Ref — 10 I/m3 water 0.7 0.4 0.7
()
5:3.1. [%] 2.7 1.8 3.6
Reference
S.S.1. [%]
Ref + 10 I/m? water >-9 14 >7
Mix C Mix C Mix C
Reference Replacement | Replacement
by silica fume by fly ash
Bingham yield stress [Pa]
Ref — 10 I/m?3 water 88 9 449
Bingham yield stress [Pa] 0 63 200
Reference
Bingham yield stress [Pa]
Ref + 10 I/m3 water 0 %3 60
Bingham plastic viscosity [Pa. s]
Ref — 10 I/m3 water 297 179 143
Bingham plastic viscosity [Pa. s] 133 153 117
Reference
Bingham plastic viscosity [Pa. s]
Ref + 10 I/m3 water 64 75 >7
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. Mix C Mix C
Mix C
Reference Replacement Replacement
by silica fume by fly ash
Density [kg/m?]
Ref — 10 |/m? water 2336 2330 2335
H 3
Density [ke/m’] 2323 2314 2331
Reference
Density [kg/m3]
Ref + 10 I/m3 water 2339 2305 2323
Air content [%]
Ref — 10 I/m3 water 3.6 2.7 2.7
1 0,
Air content [%] 27 24 18
Reference
Air content [%]
Ref + 10 I/m3 water 1.8 2.0 1.2
. Mix D Mix D Mix D
Mix D Replacement Replacement
. Replacement .
Reference by silica by limestone
by fly ash
fume
Slump flow [mm]
Ref - 10 |/m? water 665 625 713 655
Slump flow [mm] 733 700 750 715
Reference
Slump flow [mm]
Ref + 10 I/m3 water 75 730 770 730
V-funnel time [s]
Ref — 10 I/m? water 74.0 94.0 37.3 192.6
V-funnel time s] 26.1 333 11.8 24.8
Reference
V-funnel time [s]
Ref + 10 |/m? water 12.6 15.8 7.4 13.1
S.S.I. [%]
Ref— 10 |/m? water 0.3 0.1 1.4 0.0
0,
S:3.1. [%] 3.3 2.0 3.0 3.1
Reference
S.S.1. [%]
Ref + 10 I/m3 water 35 31 8.7 >
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_ Mix D Mix D Mix D
Mix D Replacement
- Replacement | Replacement
Reference by silica by fly ash by limestone
fume
Bingham vyield stress
[Pa] 324 236 193 93
Ref — 10 I/m3 water
Bingham yield stress
[Pa] 8 68 0 3
Reference
Bingham yield stress
[Pa] 0 0 0 0
Ref + 10 I/m3 water
Bingham plastic
viscosity [Pa. s] 126 210 157 208
Ref — 10 I/m3 water
Bingham plastic
viscosity [Pa. s] 117 160 97 136
Reference
Bingham plastic
viscosity [Pa. s] 101 113 52 82
Ref + 10 I/m3 water
. Mix D Mix D Mix D
Mix D
Reference Replacement | Replacement | Replacement
by silica fume by fly ash by limestone
Density [kg/m?3]
Ref — 10 I/m? water 2335 2340 2370 2328
Density [kg/m’] 2328 2313 2331 2319
Reference
Density [kg/m3]
Ref + 10 I/m? water 2332 2305 2315 2313
Air content [%]
Ref — 10 I/m? water 4.2 2.8 2.4 0.2
Air content [%] 3.3 2.5 1.7 2.2
Reference
Air content [%] 3.6 2.0 1.3 1.5

Ref + 10 I/m3 water
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Appendix B

In Section 3.2. of Chapter 3, the Water Film Thickness (WFT) of paste mixtures was
determined and used to study the mechanisms governing the influence of the
water-to-powder volumetric ratio on the robustness against small variations in the
water content. This appendix clarifies the calculation of the maximum packing
density ¢4, according to the wet method, originally described in [85, 327-329].

The packing density of a mix composition is calculated using the wet method, based
on the mix proportions used while weighing the various constituents and the
measured density of the fresh mixture. An example is shown in Table B.1 in which
the packing density of a mixture with known mix composition and a measured
mass density of 2193 kg/m?3 is calculated.

Mix Weighted Mass in a Volumeina
composition quantity for sample of sample of
151 1 liter with a 1 liter with a
mass density mass density
of 2193 kg/m?® | of 2193 kg/m?
Cement 923 kg/m? 1384 g 933 g 0.300
Limestone powder 615 kg/m3 923 g 622 g 0.233 |
Water 474 kg/m? 705g " 476 g 0.476|
Superplasticizer 0.200% 7.11 ml
Solid concentration: 53.2%

) The weighted quantity of water was corrected for the water present in the superplasticizer.
Table B.1: Calculation of the packing density

Using this method, the packing density of mixtures varying in the mix composition
can be determined using formulas B.1 to B.3. The maximum packing density in wet
condition of a mix composition is the maximum packing density which can be
achieved by varying the water content. Figures B.1 to B.6 summarize the
calculation of the maximum packing densities of the mix compositions used in
Section 3.2. of Chapter 3.

WFT = Uw~Umin
A

S

(Eq. B.1)
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_ 1-¢max—¢a (pmax)

Uin = - (Eq. B.2)
max
Uy = 1-9-ca($) (Eq. B.3)
¢
Symbol Unit Name Meaning
WFT (m] Water Film Thickness Thlckness.of the exc.ess wa.ter layer
covering the solid particles.
P %] Packing density The volume of solids divided by the bulk
volume
Maximum packing The mammum 'pos§|ble packing denslty
bDmax [%] . possible for this mixture under varying
density
water content.
. The volume of air divided by the bulk
0,
ea(P) [%] Air content volume.
w, %] Water ratio The volume of water dl'wded by the
volume of solids.
_ %] Minimum voids ratio The water ratlo corre§pond|ng with the
maximum packing density.
2/ 3 Specific surface area of The total surface of all solids in one
Ag [m?/m3] . . .
the solids volumetric unit.
Table B.2: Definition of the parameters used in Equations B.1 to B.3
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Figure B.1: Changes in the density induced by variations of the water content
Superplasticizer dosage of 0.200%
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Figure B.2: Changes in the density induced by variations of the water content
Superplasticizer dosage of 0.159%
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Figure B.3: Changes in the density induced by variations of the water content
Superplasticizer dosage of 0.118%
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Figure B.4: Changes in the solid concentration induced by variations of the water content
Superplasticizer dosage of 0.200%
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Figure B.5: Changes in the solid volume fraction induced by variations of the water content
Superplasticizer dosage of 0.159%
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Figure B.6: Changes in the solid concentration induced by variations of the water content
Superplasticizer dosage of 0.118%
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Appendix C

The code used to convert the SALS images into intensity values as a function of the
scattering vector. This code can be runned in the program newSalsBatsch.exe
developed by Dr. Frank Vanden Berghen and Prof. Dr. Jan Vermant [447].

<?xml version="1.0" encoding="1SO-8859-1"?>
<SALS>
<block name='Top'>
<operation name='Global Rheology Parameters' service='Global Rheology
Parameters'>
<p x=""y=""dss="11" pp="37,7950" wavelength="658"/>
</operation>

<operation  name='BeamStop  computation(C:/Users/.../image.bmp)’
service='Automatic BeamStop position'>
<p filename=" C:/Users/.../image.omp" wsVar="beamstop"
treshold="60" phase2="1"/>
</operation>

<fori name="for(i=100 ; i&It;101 ; i+=1)" startv="100' endv='101" incv="1'
wsVar='i'>
<Print name='Print on status bar' toPrint="loop {i}'/>
<operation name='Pie Intensity' service='Pie Intensity'>
<p filename="C:/Users/.../image.bmp"
wsvar="Pielntensity" x="{beamstop.x}" y="{beamstop.y}"
angle="360" direction="0" a="1" b="1"
dss="{GlobalParameters.DistScreenSample}"
pp="{GlobalParameters.PixelPerCM}"
wavelength="{GlobalParameters.Wavelength}" ca="0"/>
</operation>
<WSadd name='Update inside &apos;Pielntensity&apos; all the
tags &apos;p&apos;' addTo='Pielntensity' tagName="p'
text='&lt;time&gt;{i}&It;/time&gt;' op='3' textIsXML="1"/>
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<MoveWS name='Move Vars in WS' fromTag='Pielntensity'
toTag='results' tagName="duplicate='0"/>
</fori>

<WSsave name='save tags Results.p' baseTag='Results' iterateTag='p'
filename='C:/Users/.../resultsIntensityPie.txt' header="time,x,y'
text="{time},{x},{y}/>

</block>

</SALS>
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Appendix D

Main Matlab file calculating the particle size distribution corresponding with the
SALS images

%% LOAD THE DATA
% loading the txt file with the experimental data (no
heading, collumns

% separated by comma's)
experiment = load('polystyrene 1 pm IVV2.txt');

% number of images in the txt file
aantalfotos=1;

[

% the number of the image to analyse
fotonr = 1;

%% NUMBER OF ROWS

% Open the matrix 'experiment' and verify how many rows
are used for each
Q

% image. This number of rows is N2.
N2=1050;

%% PARAMETERS

[

% Number of particle sizes
PSD=30;

% Diameters in micrometers
Rmin = 1ogl0(0.5);
Rmax=10gl0 (500) ;

R = logspace (Rmin, Rmax, PSD) ;

wavelength in nm
lambda = 658;

Srefractive index

% polystyrene = 1.57+1i*5e-4

$ cement = (1.6 - 1.8) + 1i* 0.1
refractiveindexparticle = 1.57+1i*5e-4;

Q
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refractiveindexmedium = 1.33; % water

%intensity incident light. This value is unknown and
fixed as 1
I0 = 1;
% This section analyses how many rows are useful in the
analysis.
% Because the intensities are expressed in the 8-bit
grayscale, only
% intensities in between 20 and 235 are considered to be
proportional to
% the acual inensities scattered by the sample.
% First the number of useful rows are counted and an
inventory is made of
5 these rows.
teller=zeros (aantalfotos,N2);
for foto=l:aantalfotos
for i=1:N2
if experiment (i+ (foto-1)*N2,3) > 20
if experiment (i+ (foto-1)*N2,3) <235
if experiment (i+ (foto-1)*N2,2)>0
teller (foto,1l)=teller(foto,1)+1;

\o

teller (foto, teller (foto,1l)+1)=1i+(foto-1) *N2;
end
end
end
end
end

[

% Collecting the usefull intensities IR and
corresponding scattering
% vectors g. The scattering vectors are converted into
the polar angles
% teta
IR = zeros (N2,aantalfotos);
for i=l:aantalfotos

for k = 2:teller(i,1)+1

IR(k-1,1) = experiment (teller(i,k),3);

end
end
xlswrite ('Measured intensities.xlsx',IR);

g = zeros (N2,aantalfotos);

for i=l:aantalfotos
for k = 2:teller(i,1)+1

g(k-1,1) = experiment (teller(i,k),2);
end

end
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teta = zeros (N2,aantalfotos);
for i=l:aantalfotos
for k = 1l:teller(i,1)
teta(k,1) = asin(lambda*qg(k,1)/4000/pi);
end
end

%% CALCULATION OF THE SCATTERING MATRIX

o

integrals are calculated as a summation
=> first a large matrix with points is calculated

o\

o)

% veelvoud = multiplication to determine the additional
points in the matrix. Or 1, or an even number

veelvoud = 20;

Rintegratie = logspace (Rmin,Rmax, PSD*veelvoud) ;

% for each point (a particle size), the scattering
intensities are
% calculated in the matrix 'veldvanpunten'
% This loop is a time-consuming process
veldvanpunten = zeros(teller (fotonr,1l),PSD*veelvoud) ;
for j=l:teller(fotonr,1)
tekstvoorscherm = ['angle nr ', num2str(j), ' of ',
num2str (teller (fotonr,1))]1;
disp (tekstvoorscherm) ;
for i = 1:PSD*veelvoud
% Calculation of the Mie scatttering functions
S1 and S2
S12 = Mie Sl2(refractiveindexparticle,
(lambda/1000) * (Rintegratie(i)), cos(teta(]j, fotonr))
veldvanpunten(j,i) = (lambda * 1le-9)72 / 16
pi”2 * (abs(3 * S12(1)"2 + 2 * S512(1) * S12(2) + 3
S12(2)"2))"2;
end
end

) ;
/

*

% matrix B is the matrix which needs to be inverted
B = zeros(teller (fotonr,1l),PSD-4);
for j=l:teller(fotonr,1)
for 1 = 3:PSD-2
if veelvoud <2
B(j,1i-2)= veldvanpunten(j,1i);
else
optelling = zeros (veelvoud,1l);
for k = 1l:veelvoud
optelling (k)=veldvanpunten (j,veelvoud*i-
1.5*veelvoud+k) ;
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end
B(j,1-2)=sum(optelling) /veelvoud;
end
end
end
% matrix B is saved in an excell file
xlswrite ('B.x1ls',B);

disp(['matrix B is calculated']);
% Condition number kappa
% a large kappa indicats an i1l conditioned problem

kappa = norm(B) *norm(pinv(B)) ;

%% CALIBRATION OF TEST SETUP OR A MEASUREMENT

% 1 = calculation of the particle size distrubution
based on a measurement
% 2 = calibration of test setup

kalibratie = 2;

%% SOLVING MINIMALISATION PROBLEM WITH REGULARISATION
% This sections uses a long calculation time

\o

3 Part 1: Finding the optimum alpha

[

% interval of alphas
mina=1o0gl0(0.001) ;

maxa=1logl0(0.1);

aantala=6;

alphas=logspace (mina,maxa,aantala);

o)

% number of iterative calculations of a solution for
each alpha

% I recommend 4 to 6 in order to get a proper L-curve
aantalberekeningen = 5;

oe

Regularisation matrix L
One option is the identity matrix
= zeros (PSD,PSD) ;
for i=1:PSD
L(i,1)=1;
end

oe

=

% Iterative calculation of the solution

% The first and last two PSD points are set to zero.
This is to force the

% calculated PSD curve to go smoothly to zero when a
second order

Q

% derivative regularization matrix is used.
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oplvoorgegalpha = zeros (PSD-4,aantalberekeningen) ;
for tellera=0:aantala

for iteratie = l:aantalberekeningen
if iteratie <2 % for the first
iteration
if kalibratie <2 % 1f its not a
calibration
goedeinB=round (PSD*2/3) ; % start with
calculating the smallest particles distribution
else
goedeinB = PSD-4; s for a

calibration, all the particles are considered from the
first iteration

end

xexp = [l:1l:goedeinB];

% first the PSD is determined without
regularization. This

% solution is then used as initial value
with regularization

if tellera>0

for i = l:goedeinB
xexp (1)= oplvoorgegalpha(i,tellera);
end
else
for i=l:goedeinB
xexp (1)=0; % without
regularization: alpha = 0
end
end
else
goedeinB=PSD-4; % not the first

iteration => consider all particle sizes
for i = 1:PSD-4
xexp (i) =oplvoorgegalpha (i, tellera+l);
initial value = result previous iteration
end
end

o)

$ iteration itself

if tellera>0 % with regularization,
alpha is not =zero
options = optimset ('MaxFunEvals',

1000000000, '"MaxIter', 1000000000,
'PlotFcns', Qoptimplotfval);

[oplminimalisatie, fval] = fminsearch (Q(y)
teminimaliseren(y, IR,B,alphas(tellera),L,PSD,teller (foto
nr,1l),fotonr,goedeinB), xexp,options);

tekstvoorscherm = ['alpha ',
num2str (alphas (tellera)), ' yet to do ',
num2str ( (aantala-
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tellera) *aantalberekeningentaantalberekeningen-iteratie),
' funval ', num2str(fval)];

disp (tekstvoorscherm) ;

else

% alpha is 0, no reularization

options = optimset ('MaxFunEvals',
1000000000, '"MaxIter', 1000000000,
'PlotFcns', Qoptimplotfval);

[oplminimalisatie, fval] = fminsearch (Q(y)
teminimaliseren(y, IR,B,0,L,PSD,teller (fotonr,1),fotonr,g
oedeinB) , xexp,options) ;

tekstvoorscherm = ['alpha ', num2str(0), '
yet to do ', num2str((aantala-
tellera) *aantalberekeningen+aantalberekeningen-iteratie),
' funval ', num2str(fval)];

disp (tekstvoorscherm) ;

end

o)

% writing solution to matrix 'oplvoorgegalpha'
for i=l:goedeinB
oplvoorgegalpha (i, tellera+l) =

sgrt (oplminimalisatie(i)) "2; % sgrt”2 in order to
cancel out negative values
end
end
end

%% 2) WRITING TO OUTPUT FILE
% output file = to be exported to excel
output = zeros (PSD+10+teller (fotonr,1)+10,aantala+2);

[

% first column = particle sizes
for i=1:PSD

output (i,1)=R(1,1);
end
% second to ... column = calculated PSD for each
corresponding alpha
for tellera=0:aantala

% 2a) The PSD

for i=3:PSD-2

output (i, tellera+2)=(oplvoorgegalpha (i-

2,tellera+l))"2;
end

% 2b) The corresponding alpha
if tellera>0
output (PSD+2, tellera+2) = alphas(tellera);
else
output (PSD+2,2) = 0;
end
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[

$ 2c) norm(I-B*x)
tijdelijkevector = zeros(PSD-4,1); % vector with PSD
for i=3:PSD-2
tijdelijkevector (i-2,1)=output (i, tellera+2);
end
tijdelijkevector2 = zeros(teller(fotonr,1),1); %
vector with measured image at first column
for i=1:teller (fotonr, 1)
tijdelijkevector2(i,1)=IR (i, fotonr);
end
tijdelijkevector3 = B*tijdelijkevector; % vector
with calculated image at other columns
for i=l:teller (fotonr,1)
tijdelijkevector3(i,l)=tijdelijkevector3(i,1);
end
output (PSD+3, tellera+2) = norm(tijdelijkevector2-
tijdelijkevector3);

$ 2d) norm(L*x)

tijdelijkevector = zeros(PSD,1);

for i=1:PSD

tijdelijkevector (i, 1l)=output (i, tellera+2);

end

output (PSD+4, tellera+2) = norm(L*tijdelijkevector);
end
% The optimum solution is at the corner of the L-curve:
the plot of

[

$ norm(L*x) as a function of norm(I-B*x)

o)

% 2e) calculated approximation of images (overwriting
first ones)
beelden = B* (oplvoorgegalpha.”"2);
for i=l:teller(fotonr, 1)
output (PSD+10+1i,1)=IR(i, fotonr);
for j=0:aantala
output (PSD+10+1i,2+7)=beelden(i,j+1);
end
end
% scattering angles
for i=l:teller (fotonr,1)
output (PSD+10+1, 3+aantala)=teta (i, fotonr);
end

Q

% output exported in excel
xlswrite ('output PSD.xlsx',output);
disp ('Output file is ready');
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Appendix E

This function is the number which needs to be minimized in the fminsearch
function used in Annex B.

function uitkomst =
teminimaliseren (xexp, IR,B,alpha, L, PSD,aantall, fotonr, goe
deinB)

% This function is the number which needs to be
minimized in the fminsearch function

xl=zeros (PSD-4,1);
for i=1l:goedeinB

x1(1i,1)=(xexp(i))"2; % The PSD we are
looking for is xexp”2. This is implemented to evade
negative values in the PSD

end
x2 = zeros (PSD,1);
for i=3:2+goedeinB
x2(1i,1)=(xexp(1i-2))"2;
end
meting = zeros (aantall,l);
berekeningl = B*x1; % The SALS image
corresponding with PSD x1
berekening?2 = zeros(aantall,l);
for i=l:aantall
meting(i,1)=IR (i, fotonr); % The measured SALS
image
berekening2 (i, 1) =berekeningl (i,1) -
berekeningl (1,1); % The diffference between the
calculated and the measured image
end
% uitkomst = difference measured image & calculated

image + regularization
uitkomst = norm(meting-berekeningl)+alpha”2*norm(L*x2) ;

end
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Appendix F

The Matlab code Mie_S12, Mie_abcd, and Mie_pt are used to calculate the Mie
scattering functions S1 and S2. The code was written by Christian Matzler [436].

function result = Mie S12(m, x, u)

oe°

Computation of Mie Scattering functions S1 and S2
for complex refractive index m=m'+im",

size parameter x=k0*a, and u=cos(scattering angle),
where kO=vacuum wave number, a=sphere radius;

s. p. 111-114, Bohren and Huffman (1983) BEWI:TDD122
C. Matzler, May 2002

o d° o o°

oe

oe

uses Mie abcd
uses Mie pt

oe

nmax=round (2+x+4*x" (1/3)) ;
abcd=Mie abcd (m, x) ;
an=abcd (1, :);
bn=abcd (2, :);
pt=Mie pt (u,nmax);

pin =pt(1l,:);
tin=pt(2,:);
n=(1l:nmax) ;
n2=(2*n+1) ./ (n.* (n+l));
pin=n2.*pin;
tin=n2.*tin;
Sl=(an*pin'+bn*tin');
S2=(an*tin'+bn*pin');
result=[S1;S2];

function result = Mie abcd(m,x)

% Computes a matrix of Mie coefficients, a n, b n, c_n,
4

f orders n=1 to nmax, complex refractive index
l+iml|,

and size parameter x=k0*a, where k0= wave number

in the ambient medium, a=sphere radius;

o° Q.
5 0 B3

oe oo 3
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% p. 100, 477 in Bohren and Huffman (1983) BEWI:TDD122
C. Maetzler, June 2002

o

nmax=round (2+x+4*x”~ (1/3)) ;

n=(l:nmax); nu = (n+0.5); z=m.*x; m2=m.*m;
sgx= sqrt (0.5*pi./x); sqgz= sqrt(0.5*pi./z);
bx besselj (nu, x).*sgx;

bz = besselj(nu, z).*sqgz;

yX bessely (nu, x).*sgx;

hx = bx+i*yx;

blx=[sin(x)/x, bx(l:nmax-1)];
blz=[sin(z)/z, bz (l:nmax-1)];
ylx=[-cos(x)/x, yx(l:nmax-1)];

hlx= blx+i*ylx;

ax = x.*blx-n.*bx;

az = z.*blz-n.*bz;

ahx= x.*hlx-n.*hx;

an = (m2.*bz.*ax-bx.*az)./(m2.*bz.*ahx-hx.*az);
bn = (bz.*ax-bx.*az)./(bz.*ahx-hx.*az);

cn = (bx.*ahx-hx.*ax)./(bz.*ahx-hx.*az);

dn = m.* (bx.*ahx-hx.*ax) ./ (m2.*bz.*ahx-hx.*az);

result=[an; bn; cn; dn];

function result=Mie pt (u,nmax)

% pi n and tau n, -1 <= u= cos? <= 1, nl integer from 1
to nmax

% angular functions used in Mie Theory

% Bohren and Huffman (1983), p. 94 - 95

p(l)=1;

t(1l)=u;

p(2)=3*u;

t (2)=3*cos (2*acos (u)) ;

for nl=3:nmax,
pl=(2*nl1-1)./(nl-1).*p(nl-1).*u;
p2=nl./(nl-1).*p(nl-2);
p(nl)=pl-p2;

tl=nl*u.*p(nl);
t2=(nl+l).*p(nl-1);

t(nl)=tl-t2;

end;

result=[p;t];
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