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i

the finishing line was a huge loss to all project members that will be felt for years. At last
but not less important I want to thank prof. dr. J.W. Geus from Utrecht University for all
his advice, sharing knowledge and long talks about nano-silica and life. It was my honour
to collaborate with one of the most famous catalytic materials researcher.
I also want to express my gratitude to prof.dr. H. Justnes (NTNU), prof.Dr.Dr. H.
Pöllmann (MLU at Halle-Wittenberg), prof.dr.ir. T.A.M. Salet (TU Eindhoven),
prof.dr.ir.Dr.-Ing.e.h. J.C. Walraven (TU Delft) and Dr. K. Luke (Trican Well Service
Ltd) for reading and commenting on my Thesis and forming the PhD defence committee.
Parts of this research could not have been finished without the contributions of two of my
Master students and friends at the same time, E.P.M. (Ellen) Boesten and J.J.G. (Jeffrey)
van der Putten, thank you a lot for helping me with my research, I hope that my guidance
also helps both of you in your initial professional lives. Furthermore, parts of this Thesis
could not have been written without the contributions of four of my colleagues and best
friends dr. P. Spiesz, dr. A. Lazaro, dr. M. Florea and dr. Q. Yu (all TU Eindhoven),
thank you for your help, advice, discussions and friendship during my stay in the
Netherlands. Without your guidance, help and advice it would have been much more
difficult. Uncle Przemek and my nano-colleague Alberto, both of you will always be
friends for me and my family. Miruna thanks for helped me with improving the quality of
this Thesis. Qingliang thanks for always helping me at the university and on the road!
My thanks are also given to the following colleagues: Martin, Mili, Ariën, Azee, ŠtČpán,
Rui, Pei, Chris, Perry, Guillaume, Veronika, Katrin, Bo, and Xu. It was a pleasure to
work with such a special and diverse group. My appreciations are also expressed to BPS
secretaries: Renée, Yeliz, Janet and Ginny. My thanks are also given to all the supporting
staff in the TU/e BPS laboratories. I need to express my special gratitude to Peter, GeertJan, Wout, and Harrie.
Finally, but also most importantly, I need to sincerely thank my family, Lily, Miguel and,
especially, my daughter Isabella, she is always going to be my miracle, thanks God to
allow her to be with us. Also my thanks and love to my mother for teaching me all my
values and for guiding me. Further thanks to others members of my family, my brothers
and sisters, Iliana, Gustavo, Alicia, Miguel, Julio, Malule, Rafael and Mariela. Thanks to
my other family, my mother in law Ana, my father in law Hector† and my brothers and
sisters in law, Ana, Luisana, Hector and Jorge. Special thanks also to my brother in law
Carlucho, thanks for being my father and example in life. Without my family’s
encouragement, support, care and advice all this would not have been possible. My
success, including this book, is dedicated to all of you.

George Quercia Bianchi
Calgary, July 2014
ii

Contents
Preface ................................................................................................................................. i
1

Introduction ............................................................................................................... 1
1.1 Concrete ............................................................................................................... 1
1.1.1 Environmetal impact of concrete .................................................................... 2
1.2 Nanotechnology in construction........................................................................... 4
1.3 Nano-silica ........................................................................................................... 6
1.3.1 Production methods of nano-silica (nS) .......................................................... 6
1.3.2 Effect of nano-silica addition in concrete and mortars.................................... 7
1.3.3 Applications of nano-silica in concrete ........................................................... 9
1.4 Research aim and strategy .................................................................................. 10
1.5 Outline of the Thesis .......................................................................................... 11
1.5.1 Chapter 2 ....................................................................................................... 12
1.5.2 Chapter 3 ....................................................................................................... 13
1.5.3 Chapter 4 ....................................................................................................... 13
1.5.4 Chapter 5 ....................................................................................................... 13
1.5.5 Chapter 6 ....................................................................................................... 14
1.5.6 Chapter 7 ....................................................................................................... 14
1.5.7 Chapter 8 ....................................................................................................... 14
1.5.8 Chapter 9 ....................................................................................................... 15

2

Test procedures and materials characterization .................................................. 17
2.1 Introduction ........................................................................................................ 17
2.2 Characterization techniques for aggregates, powders and amorphous micro- and
nano-silica particles .............................................................................................. 18
2.2.1 Particle size and distribution.. ....................................................................... 18
2.2.2 Morphology ................................................................................................... 22
2.2.3 Specific surface area ...................................................................................... 23
2.2.4 Density measuments ...................................................................................... 25
2.2.5 Mineralogy and chemical composition ......................................................... 26
2.3 Characteristic of aggregates ............................................................................... 27
2.3.1 Coarse aggregates .......................................................................................... 27
2.3.2 Fine aggregates .............................................................................................. 29
2.4 Characteristic of fines and powder materials ..................................................... 31
2.4.1 Binders........................................................................................................... 31
2.4.2 Supplementary cementitious materials and fillers......................................... 34
2.5 Characteristic of admixtures (superplasticizers) ................................................ 39
2.6 Rheology and workability .................................................................................. 42
iii

2.6.1 Rheological models ....................................................................................... 42
2.6.2 Rheological tests............................................................................................ 44
2.6.3 Workability tests............................................................................................ 46
2.7 Cement hydration and hardened paste phase assembly ..................................... 48
2.7.1 Isothermal Calorimetry.................................................................................. 51
2.7.2 Thermal and derivative gravimetric analysis (TGA/DTG) ........................... 53
2.8 Conclusions ........................................................................................................ 55
3

Characterization of morphology and texture of amorphous nano-silica ........... 57
3.1 Introduction ........................................................................................................ 57
3.2 Materials and experimental methods.................................................................. 58
3.2.1 Materials ........................................................................................................ 58
3.2.2 Experimental methods ................................................................................... 59
3.3 Results and discussions ...................................................................................... 61
3.3.1 Morphology, particle size distribution (PSD) and specific surface area
(SSASph) ...................................................................................................................... 61
3.3.2 Adsorption/desorption isotherms .................................................................. 69
3.3.3 Specific surface areas by BET (SSABET) and t-plot methods (SSAt-plot and
SSAext)… ........................................................................................................ 70
3.3.4 Pore diameter and pore size distribution (BJH method) ............................... 74
3.3.5 Specific density by glass and helium pycnometry ........................................ 76
3.3.6 Behavior of standard mortars with nano-silica in fresh and hardened state .. 78
3.4 Conclusions ........................................................................................................ 85

4

Water demand and workability of amorphous nano-silica/cement mixtures .... 89
4.1 Introduction ........................................................................................................ 89
4.1.1 Application of nano-silica in cement paste ................................................... 90
4.1.2 Effect of nano silica addition on the workability .......................................... 90
4.1.3 Effect of nano-particles addition on the granular mix ................................... 91
4.2 Materials and experimental methods.................................................................. 93
4.2.1 Materials ........................................................................................................ 93
4.2.2 Experimental methods ................................................................................... 93
4.3 Results and discussions ...................................................................................... 98
4.3.1 Mini slump-flow test ..................................................................................... 98
4.3.2 Water layer thickness analysis .................................................................... 105
4.3.3 Effects of superplasticizers on the water layer thickness ............................ 108
4.3.4 Particles grading and determination of distribution modulus of cement/nanosilica pastes .................................................................................................. 112
4.3.5 Sensivity analysis of the mix optimization algorithm ................................. 116
4.4 Conclusions ...................................................................................................... 126
iv

5

Application of olivine nano-silica (OnS) in cement and concrete composites .. 129
5.1 Introduction ...................................................................................................... 129
5.1.1 Review of the properties of nano-silica synthesized by the dissolution of
olivine .......................................................................................................... 130
5.2 Materials and experimental methods................................................................ 137
5.2.1 Materials ...................................................................................................... 137
5.2.2 Experimental methods ................................................................................. 138
5.3 Results and discussions .................................................................................... 147
5.3.1 Behavior of cement pastes with OnS in fresh and hardened states ............. 147
5.3.2 Behavior of standard mortars with OnS in fresh and hardened states......... 162
5.3.3 Normal vibrated concrete with OnS ............................................................ 165
5.3.4 Ecological self compacting concrete (eco-SCC) with OnS......................... 166
5.4 Conclusions ...................................................................................................... 173

6

SCC modifications by the use of various amorphous nano-silica ..................... 177
6.1 Introduction ...................................................................................................... 177
6.2 Materials and methods ..................................................................................... 178
6.2.1 Materials and SCC mix design .................................................................... 178
6.2.2 Test methods................................................................................................ 180
6.3 Results and discussions .................................................................................... 185
6.3.1 Fresh concrete properties............................................................................. 185
6.3.2 Hardened concrete: mechanical properties.................................................. 186
6.3.3 Hardened concrete: durability ..................................................................... 190
6.3.4 Microstructural analysis. ............................................................................. 200
6.4 Conclusions….. ................................................................................................ 206

7

Influence of olivine nano-silica additions in oilwell cement slurries: an
explorative study.................................................................................................... 209
7.1 Introduction ...................................................................................................... 209
7.1.1 Use of amorphous silica in oilwell… .......................................................... 211
7.2 Materials and experimental methods................................................................ 212
7.2.1 Materials ...................................................................................................... 212
7.2.2 Experimental methods ................................................................................. 213
7.3 Results and discussions .................................................................................... 218
7.3.1 Calorimetric studies of standard density slurries ........................................ 218
7.3.2 Degree of hydration (Į) and activation energy (Ea) of standard density
slurries ......................................................................................................... 223
7.3.3 Performance tests of conventional oilwell slurries with OnS ..................... 230
7.4 Conclusions ...................................................................................................... 238
v

8

Photovoltaic waste as silica-rich supplementary cementitious material .......... 241
8.1 Introduction… .................................................................................................. 241
8.2 Materials and experimental methods................................................................ 244
8.2.1 Materials ...................................................................................................... 244
8.2.2 Experimental methods ................................................................................. 244
8.3 Results and discussions .................................................................................... 249
8.3.1 Characterization of the PV silica-rich sludge .............................................. 249
8.3.2 Dispersability study with high shear energy mixer and zeta potential (ȟ)
measurements .............................................................................................. 256
8.3.3 Hydration kinetics of cement pastes with nano-silica sludge...................... 259
8.3.4 Compressive strength of cured cement mortars and puzzolanic activity .... 264
8.3.5 Characterization of the hydrated mortar ...................................................... 267
8.4 Conclusions.. .................................................................................................... 273

9

Conclusions and recommendations...................................................................... 275
9.1 Conclusions ...................................................................................................... 275
9.1.1 Nano-silica characteristics ........................................................................... 277
9.1.2 Effects of nano-silica in the mix design tool ............................................... 278
9.1.3 Production and testing of OnS in cement and concrete composite ............. 279
9.1.4 Effect of nano-silica in the durability of self-compacting concrete ............ 281
9.1.5 Effects of nano-silica on the sustainability of concrete ............................... 282
9.2 Recommendations for future research.............................................................. 283

Bibliography .................................................................................................................. 285
List of abbreviations and symbols ............................................................................... 307
Appendix 1 ..................................................................................................................... 313
Appendix 2 ..................................................................................................................... 315
Summary ........................................................................................................................ 319
List of publications........................................................................................................ 321
Curriculum vitae ........................................................................................................... 327

vi

Chapter 1

1

Chapter 1
1 Introduction1
1.1 Concrete
The construction industry uses concrete to a large extent. It is the most used manmade
material worldwide. In 2013, about 3.97 billion tons of cement was produced around the
world (Global cement report, 2013). Based on this estimated value and considering
average cement content of 11% and 70% of the cement-based product shared market, the
worldwide production of concrete is about 30.6 billion tons. Another statistic estimated
that on average, approximately 1 ton of concrete is produced each year for every human
being in the word (Lippiatt and Ahman, 2004). The amount of concrete used worldwide,
ton for ton, is twice that of steel, wood, plastics, and aluminium combined. Concrete's use
in the modern world is exceeded only by that of naturally occurring water (Cement trust,
2013). Concrete is used in infrastructure and in buildings. It is composed of granular
materials of different sizes and the size range of the composed solid mix covers several
decades as is illustrated in Figure 1.1.

C-S-H sheets

C-S-H flocs

Figure 1.1: Particle size range and specific surface area of concrete ingredients, adapted from
Sobolev and Ferrara (2005) and Ye (2006).
1

Parts of this chapter were published elsewhere [Quercia, G., Brouwers, H.J.H. (2010). Application of nano-silica (nS) in concrete
mixtures. In Gregor Fisher, Mette Geiker, Ole Hededal, Lisbeth Ottosen, Henrik Stang (Eds.), 8th fib International Ph.D. Symposium
in Civil Engineering. (pp. 431-436). Lyngby, Denmark: DTU Byg].
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The overall grading of the mix, containing particles from 300 nm to 32 mm determines
the properties of the concrete (Reinhardt, 1998; Neville, 2000). The properties in fresh
state (flow properties and workability) are for instance governed by the particle size
distribution (PSD), but also the properties of the concrete in hardened state, such as
strength and durability, are affected by the mix grading and resulting particle packing
(Hüsken and Brouwers, 2008). One way to further improve the packing is to increase the
particle size spectrum, e.g. by including particles with sizes below 300 nm (Figure 1.1).
Possible materials which are currently available are ground minerals like limestone and
silica fines such as silica flour (Sf), micro-silica (mS) and nano-silica (nS) (Dunster,
2009).
Because of extensive use of concrete worldwide, it is necessary to evaluate the
environmental impact of this material. Additionally, to ensure the future competitiveness
of concrete as a building material, it is essential to improve the sustainability of concrete
structures. In the following, it is explained how the environmental impact and
sustainability of concrete can be improved using different approaches and the combined
use of silica fines with a concrete mix design tool developed by Hüsken and Brouwers
(2008).
1.1.1. Environmental impact of concrete
The major environmental impact of concrete is attributed to CO2-emissions during
cement production, as a result of the calcination and grinding process (Proske et al.,
2013). The CO2-emissions are mainly related to the decarbonation of limestone and the
energy (electricity and fuel) consumed during the production of clinker (Van den Heede
and De Belie, 2012). Different authors estimated that annually approximately 4.5 to 8%
of the global anthropogenic CO2-emissions are caused by the worldwide cement
production (Naik and Kumar, 2010; Van den Heede and De Belie, 2012; Olivier et al,
2013). Therefore, reducing the cement clinker content might have positive effects on the
environmental aspects of concrete. The amount of CO2-emissions depends on the
concrete type (strength class, binder type and amount) and the production process
(precast, self-compacting, vibrated, etc.) which also affects the embodiment energy used
for production (Hammond and Jones, 2011). In Figure 1.2 it is possible to observe that
even though concrete is associated with high CO2 foot-print, it is still a material with a
low relation between equivalent CO2 and energy required for production compared to
other building materials (e.g. steel or aluminium). The main problems of concrete are the
relative low price and the worldwide extensive use. Concrete represents by volume 84%
of all construction materials according to Kline and Barcelo (2012), which significantly
affects the environment. Different approaches or potential opportunities for reducing the
environmental impact and consumption of scarce resources have been already identified
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Equivalent CO2-emmsions
(kgCO2/kg material)

(Graubner et al, 2009) in the field of concrete construction, especially in the production
of raw materials, concrete technology and structures.

Embodied energy (MJ//kg )
Figure 1.2: Equivalent CO2-emissions and embodied energy of different construction materials (Kline
and Barcelo, 2012). Data adapted from (Hammond and Jones, 2008).

The approaches to reduce the environmental impact of concrete include optimized
calcination and grinding process of raw materials, new concrete technology methods such
as optimized grading curves, and use of new superplasticizer and inert fillers or reactive
binders, which modify the hydration behavior (accelerators or retarders). A summary of
the different opportunities to decrease the environmental impact of concrete is displayed
in Figure 1.3.

Concrete technology

Raw material for concrete

Calcination
Grinding
Transport

Packing density

Grading curve
New superplasticizer
Inert/reactive filler

Secondary raw materials

Fly ash, silica fume
Granulated slag
Recycled and waste

High-performance binder

Cement strength class
Ultrafine cement
Accelerator

Structures/processing

Hybrid multi-layered
Composite structures
S.S. reinforcement

Figure 1.3: Approaches to decrease the environmental impact of concrete. Adapted from Grubner et
al. (2009) and Proske et al. (2013).
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Currently, concretes which are produced taking into account some of the previously
mentioned approaches to make the concrete more environmentally friendly received the
name “Green Concrete” (Nielsen et al., 2007; Meyer 2009) or eco-concretes. However,
the implementation of these “green” concepts implies that certain parameters in the mix
design need to be changed to obtain a sufficiently workable, strong and durable concrete.
Moreover, the specific application and the environment (exposure class) in which the
concrete will be used, needs to be considered (Van den Heede and De Belie, 2012).
Recent developments in nanotechnology show significant promise in addressing many of
the challenges to produce environmentally friendly concrete. Some of the approaches
previously discussed are implemented in this PhD thesis and will be explained in the
following sections.

1.2 Nanotechnology in construction
The application of nanotechnology provided already breakthroughs in many areas such as
medicine and healthcare, energy, biotechnology, information technology, electronics,
materials and manufacturing, and many others (Sobolev et al., 2006; Sanchez and
Sobolev, 2010). The nanotechnology concept was introduced for the first time by
Feynmam (1960) with his famous work entitled ‘‘There’s plenty of room at the bottom”.
This latter term was without a real meaning until Taguchi (1974) related the
nanotechnology to the processing of materials, atom by atom or molecule by molecule.
Later, a more accurate definition of nanotechnology was presented by Drexler (1981),
such as the production with dimensions and precision between 0, 1 and 100 nm. Another
accepted terms is that nanotechnology involves the study at nano-range (1 nm = 1x10-9
m). The report of the RILEM Technical Committee 197-NCM, ‘‘Nanotechnology in
construction materials” (Bartos et al., 2004), is the first document that emphasizes clearly
the potential of nanotechnology in terms of the development of construction and building
materials. As Figure 1.1 shows, concrete is a multi-scale material which can be
considered starting from the nano-scale (10-9 m) up to the macro-scale (10-2 m). This
holds also for both concrete ingredients (from nano-powders to coarse aggregates) and
concrete microstructure (nano-sized C-S-H gel to coarse aggregates). Nevertheless, the
construction sector is relatively slow to adopt the revolution in nanotechnology that is
ongoing in other fields of materials research (Garboczi, 2009). There are several possible
reasons for that delay, including the lack in the understanding of the physical and
chemical mechanisms and structure at nanometer scale, lack of proper instrumentation
and also a relatively low price of concrete, which is often a limiting factor for the
implementation of nanotechnology. Currently, the application of nano-materials and the
investigation of concrete at the nano-scale are considered as emerging topics of interest
and have become a focus for many researchers.
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The processes that occur at the nano-scale in concrete define its properties at the macroscale. The main cement hydration product, the C-S-H gel, is a nano-structured phase
(Richardson, 2008). This phase is mainly responsible for the strength of concrete as well
as its durability. It is known that the use of supplementary cementitious materials (SCM)
promotes the creation of refined and denser C-S-H gel and improvement of the
interparticle transition zone (ITZ) of aggregates, which in turn improves the mechanical
properties and durability of concrete (Lothenbach, 2010; Spiesz, 2013). Nevertheless, the
common SCM are in general micro-materials, with their particle size in the range of 0.1 –
50 ȝm, as it is obvious from Figure 1.1. Here, following the “Plenty of Room at the
Bottom” approach (Feynmam, 1960), the nano-materials can be introduced. By
increasing the range of the particle sizes of concrete ingredients, its properties can be
improved, as it is a common practice to obtain high performance and self-compacting
concretes. As Figure 1.1 shows, the uses of nano-particles will extend the concrete
particles grading from five decades (conventional concrete) to seven decades, making
concrete a nano-engineered composite.
Only a few nano-materials have been investigated as concrete additives or admixtures,
including nano-titanium dioxide (nano-TiO2), nano-alumina (nano-Al2O3), nano-clay,
nano-iron oxide (nano-Fe2O3), nano-CaCO3 and nano-silica (nano-SiO2). In general,
nano-particles influence concrete in many different ways, as they behave as nano-sized
fillers (densifying the structure of the hydration products and the ITZ), nucleation sites
for the cement hydration products and also active reactants in the hydration process
(Sanchez and Sobolev, 2010). Nano-TiO2 has been applied into concrete (Hunger, 2010;
Hüsken, 2010; Hunger et al., 2010; Ballari and Brouwers, 2013) and gypsum (Yu, 2012)
to promote the self-cleaning and air-purifying properties, as the TiO2 its modification can
be activated by UV light and act as a catalyst in the photocatalytic oxidation of various
air pollutants. There are also some studies showing that the nano-TiO2 accelerates the
early-age strength (Jayapalan et al, 2009) and improves the flexural and compressive
strength of concrete (Li et al., 2006; Li et al. 2007). Nano-Al2O3 has been added to
concrete to improve its modulus of elasticity and to improve the strength slightly (Nazari
et al., 2010; Oltulu and Sahin, 2011). Nano-Fe2O3 was found to improve the strength of
concrete (Li et al, 2004a; Li et al, 2004b) and mortars (Tobon, 2010) and additionally, to
provide concrete with a self-sensing ability (Li et al, 2004a). This ability is related to the
change of the electrical resistivity of concrete with nano-Fe2O3 at different applied loads
(different stress levels). The application of natural or calcined nano-clays (e.g. metakaolin)
in concrete has also shown positive effects, such as the improvement of the strength and
reduction of the permeability (Sabir et al., 2001; Poon et al., 2006; Kim et al., 2007;
Antoni et al., 2012). Nano-CaCO3 has been proven to increase the hydration rate of
cement at early age, behaving as nucleation sites for hydration products (Raki et al., 2010;
Kawashima et al., 2013), but also to have a small reactivity. Additionally, the nano-
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particles of calcium carbonate act as fine filler, increasing the density of concrete at the
nano-scale.
Although the nano-materials listed above show various positive effects on the properties
of concrete, the most often investigated and used nano-material in concrete is nano-silica
(nS) which is also the main topic of the present PhD research. In the following section an
extended summary of nano-silica used in concrete is provided.

1.3 Nano-silica
1.3.1 Production method of nano-silica (nS)
Nowadays, there are different methods to produce nS products. One production method is
based on a sol-gel process (organic or water route) at room temperatures. In this process,
the starting materials (mainly Na2SiO4 and organometallics like TMOS/TEOS) are added
to a solvent and the pH of the solution is changed, reaching the precipitation of silica gel.
The produced gel is aged and filtered to become a xerogel (Sakka and Kosuko, 2000).
This xerogel is dried and burned or dispersed again with stabilization agents (Na, K, NH3,
etc.) to produce a concentrated dispersion (20 to 40% solid content), suitable for use in
concrete industry (Sobolev and Ferrara, 2005; Sobolev et al 2006).
An alternative production method is based on vaporization of silica between 1500 to
2000 °C by reducing quartz (SiO2) in an electric arc furnace. Furthermore, nS is produced
as a by-product of the production of silicon metals and ferro-silicon alloys, where it is
collected by subsequent condensation to fine particles in a cyclone (Jonckbloedt, 1997;
Dunster, 2009). Nano-silica produced by this method is a very fine powder consisting of
spherical particles or microspheres with a mean diameter of 150 nm with high specific
surface area (15 to 35 m2/g).
Estevez et al. (2009) developed a biological method to produce a narrow and bimodal
distribution of nS from the digested humus of California red worms (between 55 nm to
245 nm depending on the calcination temperature). By means of this method, silica
nanoparticles having a spherical shape can be obtained with a 88% process efficiency.
These particles were produced by feeding worms with rice husk, a biological waste
material that contains 22% of equivalent SiO2.
Furthermore, nS can also be produced by precipitation method. By this method, nS is
precipitated from a solution at temperatures between 50 to 100 °C, and is called
precipitated silica (Iler, 1955; Lieftink, 1997; Sobolev et al., 2006). It was first developed
by Iller (1955). This method uses different precursors like sodium silicates (Na2SiO3),
burned rice husk ash (RHA), semi-burned rice straw ash (SBRSA), magnesium silicate
and others (Iler, 1955; Lieftink, 1997; Sakka and Kosuko, 2000; Zaky, 2008; Thuadaij
and A. Nuntiya, 2008).
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In addition, nano-silica (nS) is being developed via an alternative production route.
Basically, olivine and sulfuric acid are combined, whereby precipitated amorphous silica
with high fineness and purity but agglomerated form is synthesized (nano-sized particles
between 6 to 30 nm), and even greener (lower CO2 foot print) than contemporary microand nano-silica (Lazaro et al., 2012). The feasibility to produce olivine nano-silica (OnS)
has been proven in two preceding PhD theses and published data (Schuiling, 1986,
Lieftink, 1997, Jonckbloedt, 1997; Jonckbloedt, 1998). Currently, Lazaro (2014) has
investigated the process to produce nano-silica from the dissolution of olivine (on
laboratory and industrial scale) in large quantities, for concrete production. Furthermore,
the combinations of raw materials and process parameters on the production process have
been examined. Parts of these findings were executed, summarized and discussed in the
present PhD thesis (Chapter 5).
1.3.2 Effect of nano-silica addition on concrete and mortar properties
In concrete, the current practice in some special applications is characterized by the
addition of amorphous micro-silica that is also composed of a high fraction of nanoparticles. Micro-silica (mS) works on two different levels in cement-based systems. The
first one is the chemical effect: the pozzolanic reaction of silica with calcium hydroxide
forms more C-S-H gel at final stages. The second function is a physical one, because
micro-silica particle is about 100 times smaller than cement (Dunster, 2009). Micro-silica
can fill the remaining voids in the young and partially hydrated cement paste, increasing
its ultimate density (Sakka and Kosuko, 2000). Some researchers (Qing et al., 2007;
Dunster, 2009; L. Senff et al., 2009) found that an addition of 1 kg of micro-silica permits
a reduction of about 4 kg of cement, and this number can be higher if nano-silica (nS) is
used. Another possibility is to maintain the cement content at a constant level but
optimizing particle packing by using fillers to obtain a broad PSD range (Hüsken and
Brouwers, 2008). Optimizing the PSD will improve the properties (strength, durability)
of concrete due to the acceleration effect of nS in cement paste (Sobolev et al., 2006;
Senff et al., 2009). Nano-silica addition in cement paste and concrete can result in
different effects (Figure 1.4). The accelerating effect on the hydration of the cement paste
is well reported in the literature (Qing et al, 2007; Lin, et al., 2008; Senff et al., 2009).
The main mechanism of this working principle is related to the high surface area of nS,
because it works as a nucleation site for the precipitation of C-S-H gel. However,
according to Bjornstrom et al. (2004) it has not yet been determined whether the more
rapid hydration of cement in the presence of nS is due to its chemical reactivity upon
dissolution (pozzolanic activity) or to its considerable surface activity. Also the
accelerating effect of nS addition was established indirectly by measuring the viscosity
change (rheology) of cement paste and mortars (Senff et al., 2009, Senff et al., 2010).
The viscosity change shows that cement paste and mortar with nS addition need more
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water in order to keep the workability of the mixtures constant (higher water demand). It
was also concluded that nS exhibits a stronger tendency for adsorption of ionic species in
the aqueous medium and the formation of agglomerates is expected. In the latter case, it
is necessary to use a dispersing additive or superplasticizer to minimize this effect.
Small particles of
amorphous silica
Fill-in voids
(nano-filler)

Lower free-water
(anti-bleeding)

Pozzolanic
More C-S-H gel

Nucleating agent
(accelerating effect)

Denser
packing

Improved
ITZ

Consume Ca(OH)2
(anti Ca+2 leaching)

Smaller C-S-H gel
structure

Lower permeable
porosity

Improved final
strength

Improved
toughness

Enhance use of
other filler

Improved
durability

Figure 1.4: Schematic representation of the effects of adding nano-silica in mortar and concrete.

Ji (2005) studied the effect of nS addition on concrete water permeability and
microstructure. Different concrete mixes were evaluated incorporating nS particles of 10
to 20 nm (SSA of 160 m2/g), fly ash, gravel and plasticizer to obtain the same slump time
as for normal concrete and nS concrete. The test results show that nS can improve the
microstructure and reduce the water permeability of hardened concrete. Lin et al. (2008)
demonstrated the effect of nS addition on the permeability of eco-concrete. They have
shown by mercury intrusion porosimetry tests that the relative permeability and pores
sizes decrease with nS addition (1 and 2% bwoc). Decreasing permeability in concrete
with high fly ash content (50%) and similar nS concentrations (2% of nS power) was
reported by Li (2004). Microstructural analysis of concrete by different electronic
microscope techniques such as SEM, ESEM, TEM and others revealed that the
microstructure of the nS concrete is more uniform and compact than that of normal
concrete (Ji, 2004; Björnström et al., 2004; Qing, 2007; Lin et al., 2008; Senff et al., 2009;
Senff et al., 2010). Ji (2005) demonstrated that nS can react with Ca(OH)2 crystals, and
reduce their size and amount, thus making the interfacial transition zone (ITZ) between
the hardened cement paste and aggregates denser. The nS particles fill the voids of the CS-H gel structure and act as nucleus to tightly bond with C-S-H gel. This means that nS
application reduces the calcium leaching rate of cement pastes and therefore increases
their durability (Qing et al, 2007; Gaitero et al., 2008).
The most commonly reported effect of nS addition is the impact on the mechanical
properties of concrete and mortars. As it was explained before, the nS addition increases
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the density, reduces porosity and improves the bond between cement matrix and
aggregates (Li, 2004; Sobolev and Ferrara, 2005a; Green et al., 2006; Sobolev et al, 2006;
Qing et al., 2007; Lin et al., 2008; Senff, 2010). These result in concrete that shows
higher compressive and flexural strengths (Sobolev and Ferrara, 2005b; Nanoforum
Report, 2006). Also, it was concluded in the literature that the effect of nS depends on the
nature and production method (colloidal or dry powder). Even though the beneficial
effect of nS addition is reported, the used amount was normally controlled at a maximum
level between 5% to 10% based on the weight of cement (bwoc), depending on the author
(Li, 2004; Green et al., 2006; Sobolev et al., 2006; Lin et al., 2008; Gaitero et al., 2008;
Senff et al., 2010). At high nS concentrations, the autogenous shrinkage due to selfdesiccation increases, consequently resulting in a higher cracking potential. To avoid this
effect, high amount of superplasticizer and water must be added and appropriate curing
methods applied (Björnström et al., 2004).
1.3.3 Application of nano-silica in concrete
Nano-silicas currently available on the market have one very clear drawback – a
relatively high price. Hence, despite its very positive influence on the properties of
concrete, the economic factor strongly limits its use in concrete mass products. At present
nano-silica is only used in the so-called high performance concretes (HPC), eco-concretes
and self compacting concretes (SCC) (Sari et al., 1999; Sobolev and Ferrara, 2005;
Sobolev et al., 2006). For eco-concrete and SCC, the application of nano-silica is a
necessity (Sari et al., 1999; Collepardi et al., 2000; Li, 2004; Park et al., 2007; Lin et al.,
2008a; Lin et al., 2008b; Chen and Lin, 2009). Also, some explorative applications of nS
in high performance well cementing slurries (Roddy et al., 2008), specialized mortars for
rock-matching grouting (Green, 2006; Butrón et al., 2009), and gypsum particle board
(Wen et al., 2006) can be found, but nS is not used in practice yet. The application of
these concretes can be, both in infrastructure and in buildings. Nano-silica is applied in
HPC and SCC concrete mainly as an anti-bleeding agent. It is also added to increase the
cohesiveness of concrete and to reduce the segregation tendency (Sari et al., 1999;
Sobolev and Ferrera, 2005b; Green, 2006; Nanoforum report, 2006). Some researchers
found that the addition of colloidal nS (range 0 to 2% bwoc) causes a slight reduction in
the strength development of concretes with ground limestone, but does not affect the
compressive strength of mixtures with fly ash or ground fly ash (Collepardi et al., 2000).
Similarly, Sari et al. (1999) used colloidal nS (2% bwoc) to produce HPC concrete with
the compressive strength of 85 MPa, anti-bleeding properties, high workability and short
demolding times (10 h). Another application of nS well documented and referred to in
several technical publications (Sari et al., 1999; Collepardi et al., 2000; Park et al., 2007;
Lin et al., 2008a; Lin et al., 2008b; Chen and Lin, 2009), is the use as an additive in ecoconcrete mixtures and tiles (Wen et al., 2006). Eco-concretes are mixtures where cement
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is replaced by waste materials mainly sludge ash, incinerated sludge ash, fly ash or others
supplementary waste materials. One of the problems of these mixtures is their low
compressive strength and long setting period. This disadvantage is solved by adding nS to
eco-concrete mixes to obtain an accelerated setting and higher compressive strength (Sari
et al., 1999; Collepardi et al., 2000; Park et al., 2007; Lin et al., 2008a; Lin et al., 2008b;
Chen and Lin, 2009). Roddy et al. (2008) applied particulate nS in oil well cementing
slurries in two specific ranges of particles sizes, one between 5 to 50 nm, and a second
between 5 and 30 nm. They also used nS dry powders in encapsulated form
atconcentrations of 5 to 15% bwoc. The respective test results for the slurries
demonstrated that the addition of nS reduces the setting time and increases the strength
(compressive, tensile, Young’s modulus and Poisson’s ratio) of the hardened cement
compared to other silica based additives tested (amorphous silica with 2.5 to 50 ȝm,
crystalline silica with 5 to 10 ȝm and colloidal suspension with 20 nm in particle size,
respectively).
Despite the available literature related to nano-silica and its positive influence on the
properties of concrete, to the author’s knowledge, there is no systematic study on the
influence of nano-silica on the durability of concrete. Also in the case of the application
of nano-silica in concrete, most of available literature only superficially investigates its
durability. Additionally, there is no study available yet on the difference in reactivity and
effects of nano-silica produced through different production routes. The durability and
sustainability of concrete are continuously becoming of an increasing importance for the
construction industry. Nevertheless, only a limited amount of information can be found
regarding the durability of concrete with nano-silica. Again, the economic factor strongly
limits the nano-silica use in concrete mass products. Nevertheless, with the ongoing
research on the cheap production of precipitated olivine nano-silica (Lazaro et al, 2012;
Lazaro, 2014) as well as with the new sources of waste nano-silica from other processes
(further explained in Chapter 8), in the future nano-silica will be available at a much
lower price so that its application in concrete will become more attractive.
Considering nano-silica as a potentially very effective additive for the improvement of
the concrete’s durability and sustainability, its application and effects are investigated and
analyzed in this PhD thesis.

1.4 Research aim and strategy
Currently, micro-silica is only applied in special cases, due to its high price and limited
availability, and nano-silica is not used in practice yet. The newly developed nano-silica
from olivine dissolution can be produced in such quantities and for low price that mass
application in concrete is within reach. It may replace cement in the mix, which is the
most environmentally unfriendly component in concrete. The use of nano-silica makes
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the produced concrete financially more attractive and reduces the CO2 foot-print of
concretes produced thereof.
The aim of this research is to create a practical application method and an extended mix
design tool to use commercial (nS), newly developed (OnS) and waste nano-silica (nSS)
in concrete.
The final outcome is a methodology to design concrete and a practical framework which
allows the optimum application of nano-silica in concrete, given the available raw
materials and the desired properties of the end-product. Three main approaches to
increase the sustainability of concrete are used:
1. Combined use of nano-silica and optimized particle packing with the mix design
tool developed by Hüsken and Brouwers (2008) to increase quality as well as the
overall properties of concrete, allowing the use of lower amount of materials for
the same functionality.
2. Addition of nano-silica to enhance the use of other supplementary cementitious
materials such as fly ash and granulated blast furnace slag and the incorporation
of other waste materials and recycled products.
3. The use of olivine nano-silica or waste silica sludge as reactive filler or
accelerator to decrease the total binder content and the corresponding
environmental impact of self-compacting concretes and early hydration of oil well
cement slurries.
Finally, the experimental and theoretical results are used to relate knowledge on nanosilica and raw material properties, the mix design tool and the experiments with the full
scale testing.

1.5 Outline of the Thesis
As explained, in this research, a newly developed nano-silica produced from olivine is
applied and tested. In addition to this, a design tool used for the mix design of SCC is
extended to account for particles in the nano range, whereby special effects may occur.
The aim of the present research is to create a practical application method and a model to
use the newly developed as well as commercial (available) nano-silica in concrete. Thus,
it obviously leads to investigating a variety of complex topics starting from nano-silica
characteristics and properties to concrete full scale testing. The research is performed
based on experimental and multidisciplinary point of view to obtain concrete with better
properties and lower environmental impact. The underlying research framework and the
correlation between 9 chapters of this thesis are presented in Figure 1.5. The content of
the chapters is explained in the following sections.
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1.5.1 Chapter 2
This chapter gives an overview of test procedures and material characterization
techniques with relevance to this research. Based on this overview, the properties of the
applied materials and the hardened cement matrix are characterized. Furthermore,
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suitable test methods for evaluating the properties of mortars, normal vibrated and selfcompacting concrete, and oil well cement slurries are introduced and discussed.
1.5.2 Chapter 3
This chapter gives a description of the physic-chemical properties of different micro- and
nano-silica additives, and contributes to the understanding of the influence of the main
silica characteristics on the properties of concrete. To generate a detailed characterization
of the main properties of micro- and nano-silica, seven selected silica samples produced
by different routes were thoroughly studied in this chapter. The resulting characteristics,
such as shape, particle size, specific surface area, density and pore-size distribution are
related and compared. Finally, the effects of the nano-silica characteristics on the slumpflow diameter and mechanical properties of standard mortars are discussed. The
knowledge of the main physico-chemical characteristics of silica additives, such as
morphology and texture, are important parameters for design and for predicting the water
demand of concrete mixes.
1.5.3 Chapter 4
This chapter addresses the theoretical background and experimental procedures to study
the water demand of amorphous nano-silica particles. This section focuses on the nanosilica/cement water demand, the respective measurements and their flow behavior. The
common mini spread-flow test was thoroughly analyzed and used for a derivation of
optimum water layer thickness. With the help of flow experiments, relations previously
established by Hunger (2010) for micro-powder are validated for nano-particles. These
relations take into account the specific surface area, void fraction, the water demand and
related workability of nano-silica/cement pastes mixtures. A validation of a constant
water layer thickness for nano-particles allows, in reverse, the prediction of flow behavior
and workability of mixes with a known granulometric composition and water content.
Furthermore, the granulometric properties of the paste are analyzed and relations of the
resulting calculated void fraction and distribution modulus q are made using the results
obtained by an optimization algorithm developed by Hüsken and Brouwers (2008).
1.5.4 Chapter 5
This chapter gives a detailed description of the production of nano-silica from the
dissolution of olivine in acid. Literature related to the application of olivine nano-silica
(OnS) in cement-based systems is scarce; only one research work performed by Justnes
and Ostnor (2001) is available. Thus, the effect of adding OnS in cement and concrete
composites has not been studied sufficiently. Based on this consideration, this chapter
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also elucidates the effects of olivine nano-silica (OnS) on the fresh and hardened cement
pastes, standard mortars, normal vibrated concrete (NVC) and self-compacting concretes
with a low CO2 foot-print (eco-SCC). Finally, to demonstrate the industrial feasibility of
OnS, self-compacting concrete mixes with lower environmental impact are designed and
tested in a pilot scale.
1.5.5 Chapter 6
In this chapter, three different types of nano-silica are applied in self-compacting
concrete (SCC), one produced by the controlled dissolution of mineral olivine and two
having similar particle size distributions, but produced through two different processes
(precipitation and pyrolysis). The influence of the nano-silica on SCC was investigated
with respect to the properties of the concrete in fresh (workability) and hardened state
(mechanical properties and durability). Additionally, the densification of the
microstructure of the hardened concrete was analyzed by SEM and EDS techniques.
1.5.6 Chapter 7
This chapter gives an explorative study to determine the influence of OnS as an additive
on cementitious slurries for oil and gas wells. In this context, the heat evolution of normal
density slurries of Class G oil well cement and olivine nano-silica, cured under different
temperatures and atmospheric pressure, is examined by isothermal calorimetry. Under the
isothermal and isobaric conditions, the dependency of cement hydration kinetics on
curing temperature is related to the activation energy and the degree of hydration of the
cementing slurries. Furthermore, the apparent activation energy of the different slurries
with OnS is estimated using static and dynamic methods. Finally, the effect of adding
OnS in conventional density slurries is investigated in this chapter. These mixes are
tested using available methods and procedures such as prescribed by corresponding
ISO/API standards (ISO 10426, parts 1, 2, 3, 5 and 6).
1.5.7 Chapter 8
This chapter presents the characteristics and experimental investigations to determine the
potential use of photovoltaic silica-rich sludge (waste nano-silica or nSS) as
supplementary cementitious material (SCM) in concrete. In this chapter, the main
properties of three different samples of photovoltaic silica-rich waste sludge are
physically and chemically characterized. The final aim is to demonstrate that nSS can be
utilized as SCM to replace cement in mortars partly, thereby decreasing the CO2 footprint of concrete and to avoid the environmental impact of photo voltaic (PV) wastes
landfill.
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1.5.8 Chapter 9
This chapter gives the conclusions of the research with general recommendations for the
use of nano-silica and the design of cement and concrete composites by an optimized
particle packing. Practical applications for the design of sustainable concrete mixes and
oil well cementing compositions are proposed and starting points for further research
being continuation of this work are outlined.
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Chapter 2
1 Test procedures and materials characterization
2.1 Introduction
Concrete with nanoparticles (nano engineered concrete) is composed of granular
materials of different sizes (seven orders of magnitude or decades of particles) and, as
already explained in Chapter 1, the size range of the composed mixture covers a wider
range as that of a conventional concrete (5 decades). The smallest particle size of the
finest component, i.e. nano-silica, is typically 3-150 nm, whereas the largest particle of
the coarsest component, gravel, can usually be 8-32 mm. The combination of all the
individual particle size distributions (PSD) of all granular materials used results in an
overall PSD of the mixture. This overall grading of the mix, containing particles from 3
nm to 32 mm, so 7 decades, would determine the properties of concrete. The fresh state
properties, i.e. the flow properties and workability, are governed by the particle size
distribution (Hüsken and Brouwers, 2008). Also the hardened state properties of concrete,
such as strength and durability, are determined by the particle size distribution (Neville,
2002). Therefore, in industrial production processes, the grading of concrete, which
follows from the individual components, is of utmost importance. An accurate
description of the mixture and its particle size distribution is essential to understand the
material behavior and accurately predict the product properties (Hüsken, 2010). There are
two technological developments which enabled the development of concretes with
addition of nanoparticles. One is the development of technological tools such as laser
light scattering (LLS) and dynamic light scattering (DLS) devices to characterize the
particle size in the range of 2 nm to 500 ȝm and, the second one, is the introduction of
new generation superplasticizers. To make use of the full potential of the finest particles
in a mixture, one must be able to characterize them with respect to their granulometric
properties and to avoid agglomeration. With contemporary laser diffraction technologies,
particles can be characterized, and with polymers and co-polymers (surfactants and
superplasticizer) effectively dispersed. When nanoparticles are used, special effects may
occur in cement-based composites (surface effects, zeta potential changes, agglomeration,
etc.). Such effects are normally controlled by the physico-chemical characteristics of the
nanoparticles used to formulate the nano-engineered concretes.
To apply nano-silica in concrete, a number of material properties need to be determined,
and subsequently the material can be fitted in a concrete mix design. Relevant silica
properties are, among others, specific surface area, particle size distribution (PSD),
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agglomerated state, amount of surface silanol-groups (Si-OH), chemical composition
(impurities) and internal porosity (Sobolev et al., 2006). The particle size distribution and
specific surface area of nano-silica are of major importance for their applicability in
mortar and concrete. In this chapter, conventional concrete components such as cement,
fillers, sand and gravel are characterized by standard methods. In addition, existing and
newly developed nano- and micro-silicas are characterized using different techniques
such as laser granulometry (laser light scattering and dynamic light scattering), scanning
and transmission electron microscopy (SEM and TEM, respectively), physic-adsorption
of nitrogen gas (by BET and t-plot method) and others. PSDs among the various types of
concrete components are compared, and specific surfaces obtained with the different
experimental methods are evaluated. For applications of nano-silica in concrete,
flowability and compactibility are important. To assess the intrinsic water and
superplasticizer need of fine materials, various tests have been compared and evaluated,
and the spread flow test proved to be suitable to relate the basic water demand to a
number of material properties (Hunger and Brouwers, 2009). Finally, different
procedures and characterization techniques, carried out to determine the properties of
various materials used to formulate different types of concretes, mortars and oilwell
cementing slurries with nanoparticles, are fully explained.

2.2

Characterization techniques for aggregates,
amorphous micro- and nano-silica particles

powders

and

The properties of concrete aggregates, powder, and fine additives (mainly micro- and
nano-silica particles) are important for the design of concrete mixtures. The aimed
composition of concrete mixtures in terms of workability, strength, durability, and
sustainability requires a thorough analysis of both physical and chemical material
properties by adequate characterization techniques. Therefore, a brief overview of
relevant characterization techniques used for determining the physical and chemical
properties is given in this section.
2.2.1 Particle size distribution
The particle size distribution (PSD) or so-called grading of aggregates and powders is an
important parameter for the mix design of concrete as the workability of concrete
mixtures is influenced by the particles grading and the resulting paste requirements
(Hüsken, 2010). There are specific techniques available to characterize the PSD of
aggregates and fines and the selection of each one depends on the particle size range
(nanometric, micrometric or millimetric range) and the limitation of the selected
technique. In the following, the different techniques and procedures used to characterize
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the PSD of aggregates, powders (including binders) and amorphous micro- and nanosilica particles are explained in detail.
Coarse and fine aggregates
The size of aggregates used in concrete in general ranges from 32 mm (or higher) down
to particles with sizes not lower than 63 ȝm. For the production of low-grade concrete,
aggregate from natural deposits containing a wide range of sizes is sometimes used. An
alternative way, always used in the manufacturing process of good quality concrete, is to
use the aggregate in at least two size groups, the main classification being between fine
aggregate, often called sand, not larger than 4 mm, and coarse aggregate, which
comprises material of at least 4 mm in size. In the United States for example, the division
is made at No.4 ASTM sieve, which is 4.75 mm (Neville, 2002). More information about
grading will be given in the later sections, but this basic classification makes it possible to
distinguish between fine and coarse aggregate. The grading of aggregates is determined
by sieve analysis and described in standards (EN 933-1, ASTM C117, ASTM C136, and
others). In the sieve analysis, the aggregate samples pass through a stack of sieves that
are arranged in the order of decreasing sieve openings. The sieve openings are
standardized by different norms (ISO 3310, ASTM E11 and BS 410). An overview of
varying sieve sizes and designations used in the present research is given in Table 2.1.
Table 2.1: Sieves that have been used in the present study according to (ISO 3310, ASTM E11 and BS
410).
US sieve types
ISO sieve sizes
US sieve types
ISO sieve sizes
ASTM
Tyler
(mm)
(inch)
ASTM
Tyler
(ȝm)
(inch)
63.0
2.480
24 Mesh
710
0.028
N° 25
31.5
1.240
32 Mesh
500
0.020
N° 35
22.4
0.882
60 Mesh
250
0.010
N° 60
5/8 in.
16.0
0.630
80 Mesh
180
0.007
N° 80
5/16 in.
2 ½ Mesh
8.00
0.315
115 Mesh
125
0.005
N° 120
3 ½ Mesh
5.6
0.220
170 Mesh
90
0.004
N° 3 ½
N° 170
5 Mesh
4.0
0.157
250 Mesh
63
0.002
N° 5
N° 230
7 Mesh
2.80
0.110
N° 7
9 Mesh
2.00
0.079
N° 10
12 Mesh
1.40
0.055
N° 14
16 Mesh
1.00
0.039
N° 18

The grading is usually expressed as a percentage of material passing through each sieve,
which is also referred to as the cumulative finer fraction. The percentage of material
passing each sieve can be expressed on mass or volume basis. A volume-based
expression is more suitable for the composition of materials that have different densities
and is obtained by considering the specific density of each material.
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Powder materials
Powders are defined as inorganic materials with particles size lower than 125 ȝm (NEN
EN 206-1, 2008). Powders can be inert (fillers) or reactive (binders). More details about
the characteristics of powders are given in Section 2.4. The presence of powder particles
induces the formation of interparticle forces that affect the results of the sieve analysis.
This generally holds for particles smaller than 100 ȝm as, with decreasing particle size,
the interparticle forces prevail over the particles. For dry particles, electrostatic forces are
generated as a result of particle collisions or induced by particle friction and lead to the
formation of agglomerates (Hüsken, 2010). These agglomerates influence the results of
the sieve analysis of particles smaller than 100 ȝm to a large extent and the sieve analysis
in dry state becomes inappropriate. Consequently, the fine particles have to be dispersed
in an appropriate solution (depending on their reactivity) and their size is measured by
scattering of the laser beam using the principles of laser light scattering (LLS).
Measurement of particle size distributions (PSD) is a major aspect of powder technology.
There are numerous methods suitable for determining PSDs, even though, the most used
for fine powders are laser light diffraction (LLD) and dynamic light scattering (DLS).
LLD was used in the present research to determine the PSD of powder (reactive and
inert), sand fines and different amorphous silica micro- and nanoparticles studied. This
technique has become the most prevalent measurement method for characterization of
powders in research and industry (Cyr and Tagnit-Hamou, 2001). The device used in this
study (Figure 2.1) allows measuring a large range of particle sizes. Accurate results are
possible for the range from 1 - 3000 ȝm (1 μm - 3 mm), depending on the detector
sensitivity, deployed optical system and underlying computational theory (ISO 13320-1,
2009).
a)

(1)
(2)
(3)
(4)
(5)
(6)

Laser
Blue light source
Measurement zone
Side scatter detectors
Back scatter detectors
Focal plane detectors
1

b)
6

3

2
5

Blue light
source

4

Large angle
detectors

Focal plane
detector

Red light
source
Back scatter
detectors

Figure 2.1: a) Typical systems (Mastersizer® 2000) with their key modules, b) Diagram showing the
diffraction pattern for a particle (Courtesy of Malvern Instruments, Ltd, 2010).

This method is using the feature that diffraction angles of laser beams on particle surfaces
are inversely proportional to the particle size. A projection of this diffracted light wave is
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analyzed and the particle size is computed. With special analysis software, conclusions
can be drawn even in regard to the particle shape (Hunger, 2010). However, the
assumption of spherical particle shape was assumed to calculate the PSD and the
computed specific surface area (Section 2.2.3). All PSDs of the powders have been
measured in liquid dispersion (using water and isopropanol for inert and reactive powders,
respectively) with a Malvern® Mastersizer® 2000 (Figure 2.1), using Mie scattering as
measuring principle and following the ISO standard 13320-1 (1999). This setup has two
different light sources for detecting purposes: a red helium-neon-laser and a blue solidstate laser. A Hydro S unit was applied as wet dispersing unit.
Micro- and nano-silica particles
The principle of laser light scattering (LLD) becomes unsuitable for particles smaller than
500 nm due to limitations that are related to the wavelength of the applied laser beam.
Here, the principles of dynamic light scattering (DLS) are used for analyzing the grading
of nanoparticles smaller than 500 nm. Dynamic light scattering (DLS), sometimes
referred to as Photon Correlation Spectroscopy (PCS) or Quasi-Elastic Light Scattering
(QELS), is a non-invasive, well-established technique for measuring the size of
molecules and particles typically in the submicron region and, with the latest technology
lower than 1 nm. Typical applications of DLS are the measurements of the size and size
distribution of particle emulsions and molecules dispersed or dissolved in a liquid. i.e.
proteins, polymers, micelles, carbohydrates, nanoparticles, colloidal dispersion, a micro
emulsions, etc. Particles, emulsions and molecules in suspensions undergo Brownian
motion. This is the motion induced by the bombardment by solvent molecules that
themselves are moving due to their thermal energy. If the particles or molecules are
illuminated with a laser (Figure 2.2), the intensity of the scattered light fluctuates at a rate
that is dependent upon the size of the particles as smaller particles are pushed further by
the solvent molecules and move more rapidly. Analysis of these intensity fluctuations
yields the velocity of the Brownian motion and hence the particle size is obtained using
the Stokes-Einstein relationship (Malvern Instruments, 2010; Zetasizer user manual,
2007-2009):
d( H )

kT
3SK D f

(2.1)

Where d(H) is the hydrodynamic diameter, k the Boltzmann constant, T the absolute
temperature, K the viscosity of the dispersing media and Df the diffusion coefficient
(Zetasizer user manual, 2007-2009; ISO 13321, 2006).
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The diameter that is measured in DLS is called the hydrodynamic diameter (d(H)) and
reflects on how a particle diffuses within a fluid. The diameter obtained by this technique
is that of a sphere that has the same translational diffusion coefficient as the particle
being measured. The translational diffusion coefficient will depend not only on the size
of the particle core, but also on the surface structure, as well as the concentration and type
of ions in the medium. This means that the size can be larger than measured by electron
microscopy, for example, where the particle is removed from its native environment (ISO
13321, 2006). The PSDs of the smallest samples studied in the present research have
been measured in liquid dispersion (water) with a Malvern® Zetasizer Nano model ZS
DLS device (Figure 2.2), following the ISO standard 13321 (2006). This setup has one
light source for detecting purpose, a red helium-neon-laser. A conventional cell was used
for particle size measurement (distribution in volume).
a)

Cuvette
cover

b)

Cover

Autocorrelation Function

(d(H))
Cuvette or
cell
On/Off
Detector
Detector

Size Distribution

Cell
Cell
Detector
Fiber Optics Assembly

Laser
Lens
Laser Light

Scattering from particles

Figure 2.2: a) Diagram of DLS device (Malvern Zetasizer ZS, 2007-2009), b) Concept of DLS
technique (University of Jyväskylä, 2010).

2.2.2 Morphology
Morphology, in the field of material science, is the study of shape, size, textural and
phase distribution of physical objects. For the design of a concrete mix, it is important to
consider the fine particles morphology, as they have an influence on the water demand
and, consequently, on the fresh and hardened concrete properties such as porosity,
permeability and mechanical strength. Since the fine powders are the particles with the
largest specific surface area, they affect most strongly the total water demand of a
concrete mix. Accordingly, the water demand of the fines depends on their morphology
and chemical composition. In addition, the geometry (shape) of the particles and their
surface roughness affect the bonding behaviour, absorption capacity, etc. The techniques
available to establish the morphological characteristics of fines include scanning electron
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microscopy (SEM), scanning and transmission electron microscopy (STEM and TEM,
respectively) and elemental analysis by energy-dispersive X-ray spectrometry (EDS).
Based on these, the size and morphology of fines in the present research were analyzed
using a scanning electron microscope (FEI XL-30 FEG-SEM) and a transmission
electron microscope (Tecnai model 20FEG), both equipped with a Schottky field
emission gun operated at 20 and 200 keV, respectively. Furthermore, an elementary
analysis was performed using an EDAX® energy-dispersive spectroscopy (EDS) device.
2.2.3 Specific surface area
Computed specific surface area (SSA and SSASph)
The specific surface area (SSA) is a property of solids that represents the total surface
area of a material per unit of mass (m2/g), solid or bulk volume (m2/m3), or crosssectional area. Taking into account the specific density ȡspe of the solids, the computed
spherical specific surface area SSAsph can also be expressed as an area per unit volume
(cm2/cm3). Beside the mass and solid volume, the SSAsph can also be related to the bulk
volume (taking into account the void fraction). The SSAsph in this study was derived
indirectly from the particle size distribution obtained by sieving, LLD or DLS analysis,
using the procedure described by McCabe and Smith, (1956) and later by Hunger (2010).
This procedure takes into account the specific density and measured particle size
distribution to compute the SSASph of all materials using the following equation:
n

SSASph

6 [ ¦
i 1

wi
Di ,arith  U spe

(2.2)

where wi is the corresponding mass of the grain fraction i and Di,arith is the arithmetic
mean diameter between two consecutive sieve size fractions, Di and Di +1. For the SSASph,
ȟ is the shape factor of the particles and was assumed to be 1 for all nano-silica particles
studied. In the case of the other materials (aggregates and powders) a corresponding
shape factors (ȟ) reported by Hunger (2010) were used to compute their specific surface
area (SSA).
Specific surface areas by N2 physisorption analysis (SSABET, SSAt-plot and SSAext)
Gas sorption (both adsorption and desorption) is the most commonly used method to
determine the surface area of powders as well as the pore-size distribution of porous
materials. A Micromeretics Tristar 3000 equipment, using N2 and an evacuation time of
12 h at 120 °C, was used for the gas physisorption analysis. Using the BET theory
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(Brunauer et al., 1938) and the standard procedure described in (DIN ISO 9277, 1995),
the specific surface area (SSABET) of the cement and silica samples was determined.
The nitrogen sorption data was used to compute the total specific surface area (SSAt-plot),
the external specific surface area (SSAext) and the micro pores volume (VMP) following the
t-plot method described by (De Boer and Lippens, 1964). The statistical thickness (tlayer)
of the adsorbed gas layer at a given value of x =P/P0, calculated using the model proposed
by (Harkins and Jura, 1944), was plotted against the volume of liquid taken up (nv). The
external specific surface area (SSAext) in m2/g, defined here as the surface area of pores
larger than micropores, was determined from the slope of the first linear segment within
the pressure region 0.10 < P/P0 < 0.35 using the following equation:

nv ( x) VMP  k1  SSAext  tlayer ( x)

(2.3)

where, VMP is the adsorption in saturated micropores (micropore volume), and k1 is a
constant that depends on the units and is equal to the inverse value of 1.5468
[cm3/m2·nm].
The total specific surface area (SSAt-plot), that includes all pores, was determined from the
slope of the linear segment passing through the origin at the pressure region (P/P0) lower
than 0.10, using the following equation:

nv ( x) k1  SSAtplot  tlayer ( x)

(2.4)

Finally, using the different specific surface areas, the sizes of the primary and
agglomerated particles were calculated based on (Thiele et al., 2007) as follows:
di

6000

U  SSAi

(2.5)

Where di is the diameter [nm] of the particle or agglomerate, ȡ is the density and SSAi is
the specific surface area determined by the BET method (SSABET) or by geometrical
considerations (SSASph).
Pore-size and distribution (BJH method)
The data obtained from the nitrogen physical adsorption isotherms was used to determine
the pore-size distribution and the surface area of the pores of a specific radius (rp) of the
amorphous micro- and nano-silica samples. For this purpose, the Kelvin equation, which
describes the pore radius considering the pore as a cylinder, was used (Barret et al., 1951):
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2VVN 1

RT rp

(2.6)

where V is the surface tension and VN is the molar volume of liquid nitrogen, R is the gas
constant and T is the absolute temperature in K. Furthermore, taking into account the
thickness (tlayer) in nm of the liquid nitrogen condensated in the wall of the pores in a
relative pressure interval, gives as described by Halsey in (Gregg and Sing, 1952):

tlayer

ª
º
«
»
5.00 »
3.54 «
« § P ·»
« ln ¨ ¸ »
¬ © P0 ¹ ¼

0.333

(2.7)

The pore diameter in nm (dp) is defined for each interval of the relative pressure as:

dp

2(rp  tlayer )

(2.8)

Inserting equations (2.6) and (2.7) into (2.8) and using the BJH method described by
(Barret et al., 1951), the pore diameter for each relative pressure interval where
condensation of liquid nitrogen occurred was derived.
The BJH method was applied for the adsorption and desorption isotherms to derive the
pore-sizes and their distribution, however, for comparison purpose. It is known that this
method takes into account several assumptions (Groen et al., 2003; Sing, 2004).
Nevertheless, it is still widely used to characterize the pores in the size range of 2-50 nm.
2.2.4 Density measurements

In the first stage of this study, the density of the samples was measured according to DIN
EN 1097-7 (1999), using a calibrated glass pycnometer. However, this technique presents
some difficulties in the calibration stage of the glass pycnometer and the results also
depend on the operator. To avoid these effects, an automatic helium pycnometer
AccuPyc® II 1340 from Mircromiretics® (Figure 2.3a) was also used to determine the
specific density of several powder samples. Gas pycnometry is a commonly used
analytical technique that is based on the displacement of gas (Figure 2.3b) to accurately
measure the sample’s volume. An inert gas, in this case helium (A), see Figure 2.3b, was
used as the displacement medium. The samples (D) are sealed in the instrument

26

Test procedures and materials characterization

compartment (C) of a known volume (100 cm3), and the inert gas is introduced through
the valve (B). Once the pressure is equilibrated to a value of 19.5 psi (134.4 kPa), the gas
expands, by opening valve (F), into another internal volume with a known size (I). The
pressure before and after expansion is measured (E and G), and used to compute the
volume of the sample (H). Dividing this volume by the weight of the sample yields the
gas displacement density.
a)

b)

Helium tank (A)

Reference chamber (I), (H)

System valves (B), (F), (J)

Pressure transducers (E), (G)

Figure 2.3: a) Helium Pycnometer AccuPyc® II (Micromiretics, 2013), b) Measurement principia of
gas displacement density method.

Before the density measurements, the samples are dried and degassed at 105 °C for 24
hours. Helium is used as the displacement medium. For the determination of the density,
ten purges of the system are performed (to assure equilibrium and to complete a total
degassing of the sample) and followed by twelve consecutive volume measurements
performed to obtain an average density value.
2.2.5 Mineralogy and chemical composition

The mineralogical phases and chemical composition of the concrete raw materials
determine some of the fresh and hardened concrete properties. For that reason the X-ray
diffraction (XRD) and X-ray flourence (XRF) analyses were performed to characterize
the phases content and chemical composition of the concrete raw materials and the
hydrated system. XRD is a commomly used technique which allows identification of
crystalline phases. Each crystalline phase has a unique XRD pattern determined by the
spacing of the crystallographic planes described by Bragg's law (Michell, 2004):

nO 2d sinT

(2.9)

where n is an integer for constructive interference, Ȝ is the X-ray wavelength, d is the
interplanar spacing, ș is the incident angle. Thus, it is possible to distinguish the
particular phases from their characteristic XRD pattern. All patterns for known crystalline
phases are combined in the Inorganic Crystal Structure Database (ICSD). The
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comparison between the characteristic pattern and the experimental data is based on
multiple parameters such as the presumed amount of the particular phase as well as the
crystalographic and equipment parameters. Sample type and preparation method used in
the XRD analysis depends on the system and required results and can either be powders,
solid or hydrated paste. To analyze the composition of fine aggregates, binder and fillers,
powder samples were prepared and used. With hydrated samples, solid paste or ground
paste (after stopping hydration by ethanol) were used for the analyses.
X-ray fluorescence (XRF) is the emission of characteristic secondary (or fluorescent) Xrays from a material that has been excited by bombarding with high-energy X-rays or
gamma rays (Beckhoff et al., 2006). The phenomenon is widely used for elemental
analysis and chemical analysis, particularly in the investigation of building materials. A
quantitative X-ray fluorescence (XRF) analysis by the fusion method (routine 4C) was
performed. The results were obtained by an external laboratory (Activation Laboratories
Ltd, Canada). In addition, part of the samples were analyzed by a PANalytical B.V.
Epsilon 3 (9 W) XRF device, using the press and liquid methods acoording to TU/e
internal procedures.

2.3 Characteristic of aggregates
Because up to three-quarters of the volume of concrete is occupied by aggregates, it is not
surprising that their quality is of considerable importance. Not only may the aggregate
limit the strength of concrete, as aggregate with undesirable properties cannot produce
strong concrete, but the properties of aggregate greatly affect the durability and structural
performance of concrete. For example, aggregate with reactive silica can produce cracks
in existing structures due the formation of an expansive gel inside the concrete (alkalisilica reaction or ASR). An overview of the most relevant material characteristics of the
aggregates used in this research is given in the following sections.
2.3.1 Coarse aggregates

Most of the coarse aggregates used for the experimental work reported in this thesis are
of natural origin like fluvial gravel or crushed granite rocks. In this context, different
types of river gravel, primarily consisting of quartz and dredged from areas along the
Meuse River in the Netherlands, were used as coarse aggregates. Broken aggregates from
natural rock were used in addition to the river gravel. The broken aggregate is generated
from granite extracted in the Glensanda Quarry located on the west coast of Scotland. All
the river gravels and broken granite that have been used in this study are certified for the
use in concrete and fulfil the requirements on concrete aggregates according to EN 12620.
The most relevant physical properties of aggregates were determined by characterization
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techniques described in Section 2.2. An overview of the chemical properties is given in
Tables 2.2 and 2.3 for all the coarse river and crushed granite aggregates used. The river
aggregates were applied in the fractions 0-8 mm and 4-16 mm. The crushed granite
gravel were used in the fraction 2-8 mm and 8-16 mm. In Figure 2.4 the PSD of all coarse
aggregates is shown taking into account the sieve sizes (ISO sieves) presented in Table
2.1
Table 2.2: Loss on ignition (LOI) and chemical composition by XRF
of the coarse gravel used.
Type of aggregate
Fluvial
Crushed granite
Fraction
0-8 mm
4-16 mm
2-8 mm
8-16 mm
Content
(%)
(%)
(%)
(%)
SiO2
92.2
93.7
61.7
61.7
Al2O3
4.2
3.9
14.0
14.0
0.63
0.48
3.2
3.2
Fe2O3
CaO
0.63
0.20
5.8
5.8
MgO
2.0
2.0
3.3
3.3
Na2O
K2O
0.89
0.99
3.7
3.7
0.2
0.2
SO3
0.09
0.06
0.6
0.6
TiO2
MnO
0.01
0.1
0.1
0.37
0.31
P2O5
NiO
ZnO
SrO
0.01
ZrO2
BaO
0.01
0.01
0.2
0.2
Cl
LOI
0.97
0.49
5.2
5.2
Total
100
100
100
100

Table 2.3: Physical properties of the used coarse gravel.
Type of aggregate
Fluvial
Crushed granite
Fraction
0-8 mm
4-16 mm
2-8 mm
8-16 mm
Specific density (g/cm3)
2.646
2.618
2.620
2.650
Loose packing density (g/cm3)
1.590
1.567
1.380
1.361
Vibrated packing density (g/cm3)
1.754
1.728
1.578
1.523
0.180
0.180
0.710
1.4
Dmin (mm)
5.6
16
8
16
Dmax (mm)
11,919
1,035
1,740
515
Computed SSA (m2/m3)
Shape factor (ȟ)*
1.10
1.10
1.26
1.26
(*) Referencial values taken from (Hunger, 2010).
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Figure 2.4: Grading of coarse aggregate determined by sieve analysis.

2.3.2 Fine aggregates

Similar to the coarse aggregate, different fluvial and stone waste fines were used as fine
aggregates or sand in the mortars and concretes developed in the present research. The
fluvial sand is expected to have the same mineralogical composition as the coarse
aggregates discussed before and was extracted from the same place (Meuse River in the
Netherlands). The river sand has been applied in fraction 0-4 mm. Besides the river sand,
two fine aggregate types generated during the production of broken aggregates were
applied as sand. The first one was a waste from a quarry produced during the crushing of
coarse aggregates and it is mainly composed of sandstone fines. This sand, in this study
called “microsand”, has been applied in fraction 0-1 mm. The second one is called
“Premix 0-4”, and is an intermediate product that is generated from the crushing and
sieving of coarse granite aggregate, described in Section 2.3.1. This intermediate product
or crushed sand applied in fraction 0-4 mm has 10% by mass of granite fines with particle
size smaller than 125 ȝm. All the previously described fine aggregates fulfil the
requirements for the use in mortar and concrete prescribed in NEN-EN 12620, NEN-EN
13139 and NEN-EN 13043. Finally, for the production of standard cement mortars and
for the determination of the pozzolanic index of different silica fines, a CEN reference
sand prescribed by the norm CEN-EN 196-1 (2005) was used. This reference sand has
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particle fractions between 0-2 mm and it is siliceous sand consisting of rounded particles
with a silica content of at least 98 %. An overview of the physical and chemical
properties of fine aggregates is given in Table 2.4 and Table 2.5 for all the types of sand
used. In addition, Figure 2.5 shows the PSD of all the sands, taking into account the sieve
sizes presented in Table 2.1
Table 2.4: LOI and chemical composition by XRF of the used fine aggregates or sands.
Fluvial
Waste sandstone
Granite fines CEN Reference
Type of aggregate
Sand
(Microsand)
(Premix 0-4)
Sand
Fraction
0-4 mm
0-1 mm
0-4 mm
0-2 mm
Content
(%)
(%)
(%)
(%)
SiO2
93.7
68.8
59.5
93.5
Al2O3
3.9
12.3
15.8
3.8
0.48
3.2
3.6
0.62
Fe2O3
CaO
0.20
6.4
4.6
0.22
MgO
1.7
4.3
Na2O
0.99
2.8
3.2
0.88
K2O
SO3
0.06
0.50
0.09
TiO2
MnO
0.05
0.02
0.31
0.44
0.36
P2O5
NiO
ZnO
SrO
0.04
0.04
0.01
ZrO2
BaO
0.01
0.05
0.01
Cl
Others
1.98
LOI
0.49
3.4
7.3
0.5
Total
100
100
100
100
Table 2.5: Physical properties of used sand.
Fluvial
Waste sandstone Granite fines
Type of aggregate
sand
(Microsand)
(Premix 0-4)
Fraction
0-4 mm
0-1mm
0-4 mm
Specific density (g/cm3)
2.664
2.7212
2.652
Loose packing density (g/cm3)
1.618 *
1.353
1.621*
1.847 *
1.643
1.941*
Vibrated packing density (g/cm3)
0.063
0.042
0.028
Dmin (mm)
Dmax (mm)
5.6
1.0
5.6
14,251
193,514
126,320
Computed SSA (m2/m3)
Shape factor (ȟ)*
1.10
1.10
1.26
(*) Taken from (Hunger, 2010).

CEN reference
sand
0-2 mm
2.640
1.636
1.825
0.040
1.4
17,568
1.10
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Figure 2.5: Grading of fine aggregates or sands by sieve analysis and laser light diffraction (LLD).

2.4 Characteristic of fines and powder materials
Fines and powder materials have a large impact on the properties of concrete because
their physical and chemical characteristics affect the paste layer that covers the
aggregates in concrete. This paste layer is mainly composed of smaller particles (less than
125 ȝm) and water. In concrete, the paste has different functions and determines the fresh
and hardened concrete properties. The workability of fresh concrete is governed by the
rheological properties of the paste and in hardened state the mechanical strength and
durability of concrete are characterized by the microscopic properties of the paste. Fines
can be classified based on their hydraulic, pozzolanic or inert nature as binders,
supplementary cementitious materials (SCM) and fillers. In the following, the most
relevant material properties of the fines used for the experimental work of this research
are discussed.
2.4.1 Binders

There are many different types of binders used in the construction industry. By far, the
most important in terms of the used volume is Portland cement and cements that are
based on Portland cement. Portland cement is the most common example of a hydraulic
binder. Such a binder sets and develops compressive strength as a result of hydration,
which involves chemical reactions between water and the compounds present in the
cement. The development of strength is predictable, uniform and relatively rapid. A
special chemical notation established by cement chemists is frequently used in this PhD
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dissertation. In this context, the chemical formulas of many cement compounds can be
expressed as a sum of oxides. For example, tricalcium silicate, Ca3SiO5, can be expressed
as 3CaO.SiO2. Abbreviations are given for the oxides most frequently encountered, such
as C for CaO and S for SiO2. Thus Ca3SiO5 becomes C3S. A complete list of
abbreviations is given in Appendix 1. Portland cement consists principally of four
compounds: tricalcium silicate or Alite (C3S), dicalcium silicate or Belite (C2S),
tricalcium aluminate (C3A) and tetracalcium alumino-ferrite (C4AF). These compounds
are formed in a kiln by a series of reactions at temperatures as high as 1500°C between
lime, silica, alumina and iron oxide. In the manufacturing process, selected raw materials
are ground to a fine powder, and proportioned in such a way that the resulting mixture
has a desired chemical composition. After blending, the raw material mixture is fed into a
kiln and converted to cement clinker. The clinker is cooled, a small amount of gypsum (3%
to 5%) is added, and the mixture is pulverized. The finished pulverized product is
Portland cement. The two main clinker phases, C3S and C2S, react with water to form
fibrous calcium silicate hydrates (C-S-H gel) that give the strength to the hardened
concrete (Mindess et al., 2002). The specifications of cements used for concrete
production are established by different standards (EN 197-1, ASTM C150/C595, etc.). In
particular in the standard EN 197-1, the types of cement are classified according to their
content of clinker, gypsum, supplementary additions, fineness and 28-day compressive
strengths. For example, cement composed only of clinker and gypsum is classified as
cement type I (CEM I) and cement with supplementary cementitious materials (SCM),
blended cement, as ground granulated blast furnace slag (GGBFS) is classified as
composite cement (CEM II/A-S or CEM II/B-S) or cement type III (CEM III) depending
on the GGBFS content.
Based on the previous notation, several cements type I of different grades (CEM I 52.5N
and CEM I 42.5N) were used in the experiments performed in this study. Furthermore, a
slag-blended cement type CEM III/B 42.5 N with a low hydration heat release (LH) and
high sulfate resistance (HS) was used for the main experiments on eco-SCC mixes. The
blending of ordinary Portland cement (OPC) with slag-blended cements is a commonly
used practice in the Dutch precast concrete industry to increase the early strength of the
final products and to obtain a denser microstructure and better durability (Hüsken, 2010).
An OPC with rapid strength development (CEM I 52.5R) is mainly used for
manufacturing prefab SCC elements in the Netherlands and to obtain 16-hr strength for
productivity purpose. For that reason it was included in the study. In addition, an oilwell
cement type G (CEM G) was used for the explorative study to use olivine nano-silica
(OnS) in cementing slurries. The oilwell cement class G is specified by the American
Petroleum Institute (API) and by International Standard Organization by the norm ISO
10426-1 (2009). An overview of the physico-chemical properties determined for all the
cements used in this study is given in Tables 2.6 and 2.7. Additionally, in Figure 2.6 the
PSDs of all cement determined by LLD are given.
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Table 2.6: LOI, chemical and mineralogical composition of used binders by XRF and XRD.
Content by XRF
CEM I
CEM I
CEM I
CEM III/B
CEM G
(%)
52.5N
52.5R
42.5N
42.5N LH/HS
HSR
SiO2
19.64
20.54
19.31
28.78
20.12
Na2O
0.35
Al2O3
4.80
3.50
3.93
8.40
2.90
3.28
2.91
3.25
0.92
4.76
Fe2O3
CaO
63.34
64.48
64.02
50.95
65.04
Cl
0.06
0.04
0.02
0.04
0.02
0.59
0.31
0.80
0.32
0.40
P 2O 5
K2O
0.06
0.82
0.64
0.82
0.78
MgO
1.99
0.64
1.80
3.45
1.34
0.34
0.21
0.29
0.99
0.47
TiO2
2.07
4.85
3.69
4.66
3.09
SO3
Others
0.62
0.19
1.00
0.49
0.21
LOI
1.56
1.51
1.25
0.18
0.87
Total
100
100
100
100
100
XRF
XRD
XRF
XRD
N/P
Mineralogy (%)
Bogue
Rietveld +
Bogue ࢫ
Rietveld +
Alite (C3S)
58.67
64.84
59.33
64.00
Belite (C2S)
17.05
10.03
17.12
11.92
3.24
6.14
4.04
1.20
Aluminate (C3A)
10.26
8.86
8.70
16.6*
Ferrite (C4AF)
Calcite
3.01
2.59
Anhydrite
2.99
3.05
Bassanite
1.16
0.91
Syngenite
0.94
0.01
Ca-Langbeinite
0.53
0.01
0.06
0.01
Gypsum (Cጟ ሻ
Free lime (CaO)
0.97
0.29
Periclase (MgO)
0.97
1.33
1.80
Others
0.15
10.13
2.61
4.00
Slag content
72
Clinker content
96.95
95
94.33
24
95
(*) C4AF+2C3A, (+) Hunger, 2010; (ࢫ) Garnier, 2014, N/P not possible.

Table 2.7: Physical properties of the cement used.
CEM I
CEM I
CEM I
CEM III/B
Properties
52.5N
52.5R
42.5N
42.5N LH/HS
Specific density (g/cm3)
3.149
3.150
3.152
2.962
Loose packing density (g/cm3)
0.814*
0.804 +
1.173
0.832*
1.134*
1.072 +
1.386
1.166*
Vibrated packing density (g/cm3)
0.42
0.42
0.28
0.96
Dmin (ȝm)
40
91
180
91
Dmax (ȝm)
Computed SSA (m2/m3)
2,332,923 1,865,538
1,699,093
992,163
Shape factor (ȟ)*
1.73
1.73
1.73
1.73
(*) Taken from (Hunger, 2010), (+) Taken from (Hüsken, 2010).

CEM G
HSR
3.207
0.42
125
1,206,804
1.73
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Figure 2.6: PSD of the different cement used determined by laser light diffraction (LLD)

2.4.2 Supplementary cementitious materials and fillers
Supplementary cementitious materials (SCMs)

Today supplementary cementitious materials (SCMs) are widely used in concrete either
in blended cements (as described before) or added separately. The use of SCMs such as
ground granulated blast furnace slag (GGBS) or fly ash (FA) from coal combustion,
currently represents a viable solution to partially substitute Portland cement clinker. The
use of such materials, where no additional clinkering process is involved, leads to a
significant reduction in CO2 emissions per ton of cementitious materials (grinding,
mixing and transport of concrete use very little energy compared to the clinkering process)
and is also a means to utilize by-products of industrial manufacturing processes
(Lothenbach, 2011). SCMs are also considered as reactive fines and are added to concrete
to improve or influence certain properties, such as workability, strength development or
heat release during hydration. These fines are acting partly as filler material to improve
the particle packing in the micro-range (Hüsken, 2010).
SCMs may be divided into natural materials and artificial ones. The natural materials are
true pozzolans and volcanic tuffs (out of the scope of this thesis). The artificial materials
are comprised of siliceous by-products and wastes, such as fly ashes, condensed silica
fume (amorphous silica), metallurgical slags (blast furnace slag and other types of slags)
and other new waste products such as photovoltaic’s waste sludge originating from the
manufacturing process of solar panels and electronics (further described in Chapter 8),
which presents pozzolanic activity. According to ASTM C 595, a pozzolana is defined as
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a siliceous and/or aluminous material, which in itself possesses little or no cementitious
value, but, in the presence of moisture, chemically reacts with calcium hydroxide
Ca(OH)2 to form hydrated compounds. This means that a pozzolanic material or SCMs
require Ca(OH)2 in order to form hydration products, whereas a cementitious material or
OPC itself contains limited quantities of CaO and exhibit a self-hydraulic activity. Based
on the previous classification (natural or artificial SCM), nano-silica particles can be
classified into the category of artificial SCMs and will be described and characterized in
detail in Chapter 8. The other SCMs used in the present research are described below.
Fly ash (FA)

Fly ash (FA) is a combustion residue (coal mineral impurities) in coal-burning electric
power plants, which flies out with the flue gas stream and is collected by mechanical
separators, electrostatic precipitators or bag filters (Papadakis and Tsimas, 2002). Fly
ashes consist mainly of SiO2, but can contain also significant quantities of Al2O3. In
addition, fly ashes are spherical in nature. Besides the pozzolanic activity, FA plays a role
of a micro filler (micro-sized aggregate), water reducing agent (the "ball-bearing" effect
of spherical FA particles creates a lubricating action in fresh concrete) and prevents the
formation of micro-cracks at early ages due to the slow release of the hydration heat
(Spiesz, 2013). The amount of CaO in FA is limited for some applications and it is highly
variable depending on the origin. Several standards differentiate and classify fly ashes
(BS EN 450-1, ASTM C618, etc) in high calcium (Class C) and low-calcium (Class F)
ashes. Fly ash type F is the most abundant and used in the Netherlands. Class F fly ashes
contain between 15 and 35% alumina, so the blending of OPC with such fly ash results in
high amounts of Al-rich phases and thus increased durability of concrete is obtained.
Silica fume

Condensed silica fume or micro-silica (mS) is produced in electric arc furnaces as a byproduct of the production of metallic silicon or ferrosilicon alloys (Vijayarethinam, 2009).
Micro-silica consists nearly exclusively of spherical SiO2 of very fine particle size and a
relatively high pozzolanic activity. In contrast to nano-silica, the use of micro-silica in
concrete is standardized and its quality specification and conformity parameters can be
found in EN 13263-1 and EN 13263-2. As micro-silica has a high content of particles
smaller than 1 ȝm, in some cases, it is named nano-silica. More details on the
characteristics of the silicas used are presented in Chapter 3.
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Ground granulated blast furnace slag (GGBS)

Ground granulated blast furnace slag (GGBS) is another SCM that is used in the present
research. GGBS was part of the composition of the blended cement (CEM III/B 42.5N
LH/HS), used for the development of eco-SCC (Chapter 6). GGBS is a by-product of the
manufacturing of iron. About 220 to 370 kg of blast furnace slag is produced per 1000 kg
of pig iron (Chen, 2007). A typical slag has latent-hydraulic properties, which means that
it is reactive in the water, but the reaction is very slow. When activated by clinker (OPC)
or lime, the GGBS reaction is triggered at much higher rates. The pore size and structure
of the hydrated paste of GGBS are more refined compared to the OPC hydrated paste.
Additionally, due to the slower hydration of slag, a lower amount of heat is released,
which reduces the amount of the microcracks in the hardening material (Spiesz, 2013).
Because of the effective reduction of the pore size and volume, application of GGBS
leads to more durable and impermeable concrete (Song and Saraswathy, 2006).
k-value concept

The European standard NEN-EN 206-1 (2008) considers some SCMs as reactive
materials, i.e. type II additions. They can partly be counted as cement by means of the kvalue concept. The k-value concept has been first established for fly ash and silica fume
(amorphous silica), but other type II additions can be applied by following the equivalent
concrete performance concept as given in NEN-EN 206-1. In the k-value concept, a part
of the initial water (mw), the amount of addition (madd) is reduced by a factor k and added
to the cement content (mc) to form a new equivalent water/binder ratio (w/b), which reads
as:
w/b

mw
mc  k  madd

(2.10)

Minimum cement content and maximum w/b ratio are important design parameters using
exposure classes as defined in NEN-EN 206-1. In this way the k-value concept can be
used to achieve certain w/c (or w/b) ratio limits by actually using less cement. The
applied k-values are hereby depending on the type of reactive powder and cement type.
They are also subject of limited amounts (Table 2.8). Thus, only a certain percentage of
cement is considered for the calculation of the equivalent w/b ratio. Amounts exceeding
these limits are treated as fillers or non-reactive powders in concrete. In the present
research, the k-value concept was used for the design of different mortars and concrete
mixes. In addition, it was assumed that nano-silica presents the same k-value as silica
fume or micro-silica, due to the fact that both additions are mainly composed of
amorphous SiO2 particles.
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Table 2.8: k-values for fly ash and silica fume according to NEN-EN 206-1 (2008).
Cement type
Fly ash (FA)
Silica fume (mS)
Addition/cement ratio
FA/c İ 0.33
mS/c İ 0.11
CEM I 32.5
0.2
CEM I 42.5 or higher
0.4
CEM III A/B(*)
0.4
2.0
CEM I (w/c İ 0.45)
CEM I (w/c > 0.45)
2.0
CEM I (w/c > 0.45) exposure classes XC and XF
1.0
(*) According to DIN EN 206-1(2001).

Fillers

As mentioned before, SCMs are considered as reactive fillers because they both improve
the particle packing in the micro-range and participate in the cement hydration. On the
contrary, inert fines, also referred to as non-reactive fines or fillers in the present research,
do not actively participate in the cement hydration, but can have an accelerating effect on
the strength development at early ages as the fines act as nucleation sites for C-S-H gel
(Domone, 2007; Reschke, 2000). Fillers, such as ground limestone, silica flour or
hydrated lime are blended with OPC to form cement with improved workability and
water retention (Mindess et al., 2002). The self-compacting concretes (SCC) produced in
the Netherlands are characterized by a high content of paste (powder type SCC) that
requires large amounts of inert fillers (mainly limestone) or partially inert fillers like fly
ash. In addition, these fillers are normally used to increase the packing density (in
combination with reduced binder content), early strength (16-hrs) and durability of the
SCC precast products. Limestone is a sedimentary rock composed mainly of calcium
carbonate or calcite (CaCO3) and other minerals such as magnesite (MgCO3) and quartz.
In recent years there has been an increased interest in the use of limestone powder as
partial cement replacement material. Limestone has the advantages of being abundant,
relatively inexpensive, and free of the environmental costs associated with Portland
cement. Portland–limestone cements are the most widely used cements in Europe
(Lothenbach, 2008). Following CEN EN 197-1, there are two types of cements: CEM
II/A-L and CEM II/B-L in which the maximum content of limestone is 20 and 35%,
respectively. Besides these special classes, limestone is widely used in all other European
common cement types as 0–5% minor additional constituents and as a filler for special
concretes. The use of appropriate size ranges of limestone powder as a filler material has
been reported to result in similar or better fresh concrete properties of SCC, in spite of
reduced cement contents (Felekoglu, 2007). The use of fine limestone powder (finer than
OPC) in small additions provides nucleation sites and thus accelerates C3S hydration
(Vance et al., 2013), while participating to a limited extent in the cement hydration.

38

Test procedures and materials characterization

Different types of reactive and inert fines have been applied as fillers in this research.
Stone waste powders in the form of premixed sand (Premix 0-4) were used as inert fines
to improve the packing of mortars. The properties of the granite fines are addressed in
Section 2.3.2. Furthermore, a fly ash type F originating from a power plant in the
Netherlands (Hemweg) and two different limestone powders (LP1 and LP2, respectively)
originating from Germany (Omya and Betofill®) were used in the experimental work to
develop self-compacting concrete with a low CO2 foot print (eco-SCC) and improved
durability, as discussed in Chapters 5 and 8, respectively. Finally, an oilwell grade microsilica (Microlite®-P) originating from Norway was used as a filler and strength
retrogression additive in the experiments discussed in Chapter 7. An overview of the
physico-chemical properties determined for all SCMs and fillers applied in this study are
given in Tables 2.9 and 2.10. Additionally, Figure 2.7 shows their PSDs determined by
LLD.
Table 2.9: LOI and chemical composition by XRF of the used SCM and fillers.
Limestone powder 1
Limestone powder 2
Micro-silica
Content by XRF (%)
Fly ash
(LP1)
(LP2)
(Microlite®-P)
SiO2
56.18
0.62
0.45
96.74
Na2O
1.25
0.18
18.91
0.29
0.20
0.99
Al2O3
8.72
0.11
0.19
0.14
Fe2O3
CaO
4.35
67.77
68.33
0.29
Cl
0.10
0.37
0.18
0.08
P 2O 5
2.23
0.15
0.18
0.98
K 2O
MgO
1.94
0.56
0.24
0.41
0.85
0.01
0.01
0.01
TiO2
0.35
0.15
SO3
Others
1.05
0.05
0.10
0.03
C-Total
2.76
0.80
LOI
3.70
30.26
30.30
1.94
Total
100
100
100
100
Table 2.10: Physical properties of the SCM and fillers used.
Limestone
Limestone
Properties
Fly ash
powder 1 (LP1)
powder 2 (LP2)
Specific density (g/cm3)
2.382
2.728
2.716
Loose packing density (g/cm3)
0.885
0.848*
0.893
1.155
1.154*
1.229
Vibrated packing density (g/cm3)
0.42
0.42
0.42
Dmin (ȝm)
250
125
250
Dmax (ȝm)
649,889
1,234,362
9,784,11
Computed SSA (m2/m3)
Shape factor (ȟ)*
1.09
1.22
1.22
(*) Taken from (Hunger, 2010).

Micro-silica
(Microlite®-P)
2.253
0.381
0.453
0.04
316
26,566,335
1.00
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Figure 2.7: PSD of the different SCM and fillers determined by laser light diffraction (LLD).

2.5 Characteristic of admixtures (superplasticizers)
For the optimum use of powders or very fine particles, dispersing admixtures are
indispensable ingredients in the concrete mix design. Concrete admixtures are liquid or
powdery substances, which are added during the concrete mixing process in order to
influence the properties of concrete such as workability, setting time, curing or durability.
Their mode of action is based on either physical or chemical effects. The European
standard NEN-EN 934 (2007) defines and classifies concrete admixtures. A proper
dispersion of agglomerated cement and nanoparticles is a key point for improving the
workability of concrete and mortar or for reducing the amount of water. This is the main
objective of superplasticizers (SP) or high range water reducers (HRWR) (Houst et al.,
2008). Some of them also introduce air into fresh concrete mixture because of their
amphiphilic nature.
The most effective superplasticizers are comb-type copolymers which consist of anionic
backbone and uncharged side chains (Rivera-Villareal, 1997; Artelt and Garcia, 2008;
Houst et al., 2008; Plank et al., 2009). Superplasticizers and water reducers generally
improve the flow of liquid cement pastes by changing the degree of flocculation in the
system. It is believed that these materials are adsorbed at the solid-liquid interface and
alter the degree of flocculation in three different ways: (1) increasing the zeta potential of
the material due to larger repulsive forces between the particles; (2) increasing the solidliquid affinity and (3) steric hindrance as a result of physical barriers to flocculation
(Houst et al., 2008). The first category of superplasticizers used in concrete industry
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includes lignosulfonates, modified lignosulfonates and hydroxycarboxylic acids such as
citric acid, tartaric acid, salicylic acid, gluconic acid, and glucoheptonic acid. These
products mainly act by induced electrostatic repulsion of cement grains (Nelson and
Guillot, 2006; Schmidt, 2014). The second category consists of superplasticizers that
include polynaphthalene sulfonates (PNS), polymelamine sulfonates (PMS), and other
sulfonated polymers such as polystyrene sulfonates. Finally, the third and the most
important category are polycarboxylate based products (PAC and PCEs), which prevent
the flocculation of cement grains by the hindrance of steric mechanism (Nelson and
Guillot, 2006). Different researchers reported the need of superplasticizers in mixes that
contain nano-silica or other nanometric materials (Rivera-Villareal, 1997; Artelt and
Garcia, 2008; Houst et al., 2008; Plank et al., 2009). Table 2.11 presents a summary of
applications of superplasticizers and different concentrations and types of amorphous
silica (colloidal, powder and fumed).
Based on the available literature, some observations and indications are drawn. Sobolev
et al. (2006) reported that the concentration of superplasticizers necessary to obtain
workability properties similar to a reference cement paste is in general 0.21% bwoc of SP
for each 1% bwoc of nS addition. This value was calculated for nano-silica produced by
sol-gel methods in different route (acid or alkaline media). Another important observation
is that nano-silica or micro-silica particles normally have a positively charged surface
when they are in the pore solution of cement paste, mainly due to the adsorption of Ca+2
cations at the negatively charged surface of amorphous silica. This means that nano-silica
competes with cement grains, which are also positively charged, in the adsorption of the
superplasticizers polymer chains (Alsayed, 1998, Houst et al., 2008; Artelt and Garcia,
2008). Furthermore, dissimilar adsorption behaviour was reported for different structural
characteristics of the PAC/PCE type superplasticizers (length of polymer chains and
molecular weight), which are the most commonly used water reducing agents and
reported for applications of micro-silica in concrete (Alsayed, 1998, Houst et al., 2008).
This phenomenon is related to the high specific surface area of nano-silica compared to
cement grains. It was concluded by (Houst et al., 2008) that methacrylated based
polymers disperse cement, whereas allylether based PCEs are more effective with silica
fume in the paste of high performance concretes. Thus, a blend consisting of a
methacrylated and allylether based PCE is recommended for mixes that contain nanosilica particles. Based on these reports, different commercial PCE type superplasticizers
were selected and used in this research. An overview of the physico-chemical properties
of the PCE-type SPs used is given in Table 2.12.
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Table 2.11. Summary of superplasticizers (SP) used in cement paste with nS addition.
nS or mS amount
SP amount
Particles sizes
Type SP
Silica form
w/c
(% bwoc)
(% bwoc)
(nm)
2
1.5
PAC (BASF)
Colloidal
0.5
5 to 50
1.5
0
Colloidal
0.4
5
4
0
Colloidal
0.9
20
0,2.5
2
PCE (Glenium® 51)
Colloidal
0.35
9
3.5,7
3
PCE (Glenium® 51)
Colloidal
0.35 to 0.47
9
6
0
Colloidal
0.4
30
6
0
Colloidal
0.4
20
6
0
Colloidal
0.4
120
1.2
0.7 to 1.56
PAC (Dymons®)
Colloidal
0.5
5 to 50
2
2.75
Colloidal
0.43
50
3,6,10,12
1.8 to 3.3
PAC (Econex®)
Powder
0.5
40
1,2,3
0
Powder
0.7
2,4,6,10
0
Powder
0.5
50
3,6,9,12
1.2 to 3.3
PAC (Econex®)
Powder
0.28 to 0.48
40
3
3
Nafthalene
Powder
0.4
15
1,2,3,5
2.5
Sulfunate melamine
Powder
0.22
15
1.2
0
Powder
0.7
10
6
0
Powder
0.4
15
4.16
2
Nafthalene
Powder
0.28
10
5 to 15
0.5 (retarder)
Powder/Colloidal 0.3 to 0.8
5 to 50
5,10,15
1.9 to 2.2
PAC (Econex®)
Fumed
0.5
100
5,10,15
1.9 to 2.2
PAC (Econex)
Fumed
0.48
100
2,3,5
2.8
Sulfunate melamine
Fumed
0.22
180
20.10
0.7 to 1.2
PCE (Glenium® 51)
Fumed
0.35
145
7.5
2.75
Fumed
0.43
100
PCE: Modified polycarboxylate ether-based, NLS: Napthalene lignosulfonate ether-based, PAC: Polyacrylated-based co-polymer,
Taken from (Collepardi, 2000; Björnstrom et al., 2004; Li, 2004; Sobolev and Ferrara, 2005a; Sobolev and Ferrara, 2005b; Ji, 2005;
Green, 2006; Qing et al., 2007; Park et al. 2007; Lin et al., 2008; Gaitero et al., 2008; Lin et al., 2008; Senff et al., 2009; Chen and Lin,
2009; Butrón et al., 2009; Senff et al., 2010).

Table 2.12. Main characteristics of the commercial superplasticizer used in this study.
Density Equivalent
Solids
Dosage
Name
Type
(g/cm3) Na2O (%wt)
(% wt)
(% bwoc)
BASF Glenium® 51 (SP1)
CUGLA R11 (SP2)
Ha-Be PANTARHIT® RC 100 (SP3)
Ha-Be PANTARHIT® RC 176 (SP4)

PCE
NLS
PCE
PCE

1.095
1.170
1.070
1.050

5.0
4.2
4.0
8.5

35
35
30
25

0.2 – 1.0
> 0.8
0.2 – 2.7
0.2 – 2.7

Ha-Be PANTARHIT® PC 150 (SP5)

PCE

1.050

4.0

20

0.2 – 2.1

PCE: Modified polycarboxylate ether-based, NLS: Napthalene lignosulfonate ether-based.
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2.6 Rheology and workability
Rheology is the study of the deformation and flow of materials. Additionally, rheology
can be described as a field science that attempts to determine the intrinsic fluid properties
(mainly viscosity-ȝ) necessary to determine the relationship between the flow rate (shear
rate-Ȗ) and the pressure gradient (shear stress-Ĳ) that cause fluid movement (Nelson and
Guillot, 2006). At the same time, workability can be defined as a property of freshly
mixed concrete or mortar that determines the ease (and partly also the homogeneity), with
which it can be mixed, placed, consolidated and finished (Griesser, 2002). It often
contains personal impressions with regard to the ability of concrete to be transported,
pumped and placed, to flow and to segregate, to have a good consistency and stability. In
general, both terms (rheology and workability) are widely used in the concrete industry
and in some cases are interchangeable. Despite the fact that an extensive research has
been performed during the past 50 years, a complete rheological characterization of
concrete has not been achieved yet. This is because the rheology and workability of
concrete depend on many parameters such as the w/b ratio, specific surface area of the
cement and powders, size and shape of the coarse and fine aggregates, chemical
composition and PSD of the SCMs used, type of admixtures and mixing and testing
procedures. In the following part the main definition and procedures to determine the
rheology of paste, mortars as well as vibrated and self-compacting concrete are explained.
2.6.1 Rheological models

The rheological properties of concrete at early ages depend almost entirely on the cement
paste. The properties of fresh concrete evolve, starting from the time at which the water
and the cement are in contact, from a fluid to a viscous solid. Different rheological or
flow models have been applied to explain the flow behavior of cement paste and
construction materials (Vikan, 2005). The simplest behavior is the Newtonian fluid,
which has a linear correlation between shear stress and shear rate (Figure 2.8). The shear
stress of this fluid (i.e. superplasticized cement paste) can be described by:

W

K uJ

(2.11)

where Ĳ is the shear stress, Ș the constant of proportionality, which is called the
coefficient of viscosity, and Ȗ the shear rate. Only a single point is needed to determine
this flow behavior (Figure 2.8). However, most cement pastes and construction materials
are non-Newtonian fluid, which means that more than one point is needed to describe
their flow behavior (Figure 2.8). Cement paste, mortar and concrete can be described as
viscoplastic suspensions (Griesser, 2002). This means that below a critical stress value
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(i.e. the yield value Ĳ0) the material behaves like a solid, but flows like a viscous liquid,
when this stress is exceeded (Ĳ > Ĳ0 ) (Nelson and Guillot, 2006). The simplest type of this
behavior is the linear Bingham flow behavior shown in Figure 2.8 and described by the
following mathematical approximation:

W

W0  P J

(2.12)

where Ĳ0 is the yield value, ȝ is the plastic viscosity, which has the dimension of viscosity,
and Ȗ the shear rate. The plastic viscosity is the slope of the line of a Bingham fluid. In
many cases, the flow behavior of cement paste, mortar or concrete can be expressed by
this formula. The yield value is a measure of the force necessary to start a movement of
the paste or concrete (flow resistance), whereas the plastic viscosity is a measure of the
resistance of the fluid against an increased speed of movement.
However, cement paste and, in particular, cementing slurries do not always exhibit a
linear flow behavior. In addition to being temperature and pressure dependent, cement
paste viscosities can either decrease with shear rate (shear thinning behaviour) or increase
with shear rate (shear thickening behaviour). In such cases non-linear models like the
model of Herschel-Buckley may be applied (Griesser, 2002):

W W0  k J n

(2.13)

where k is the consistency factor that is considered as a pseudo-viscosity, n is the
pseudoplastic index, Ĳ0 and Ȗ have the same meaning as previously described. A particular
case of a Herschel-Buckley fluid is the so-called power law fluid, which is a HerschelBuckley fluid without a yield point (Ĳ0) as it is displayed in Figure 2.8. In addition, in the
Herschel-Buckley and power law fluid, when n is greater than 1, the fluids are shear
thickening. On the contrary, when n is less than 1, they are shear thinning. It is also
evident, when n is equal to 1, that these two fluid models are reduced to a Newtonian one
(Nelson and Guillot, 2006). There are other rheological models that are often quoted in
the literature concerning cement paste, cementing slurries and suspensions. An example
is the Casson model described in Eq. 2.14.

W

( W 0  Pc  J ) 2

(2.14)

where ȝc is the so-called Casson viscosity, Ĳ0 and Ȗ have the same meaning as previously
described.
This model was originally introduced by Casson (1959) for the prediction of the flow
behaviorof pigment-oil suspensions. The Casson model is based on a structure model of
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the interactive behavior of solid and liquid phases of a two-phase suspension (Casson,
1959). Additionally, this model has often been used for describing the steady shear
stress–shear rate behavior of blood, yoghurt, tomato pureé, molten chocolate, etc. The
flow behavior of some colloidal suspensions also closely approximate to this type of
behaviour.
60
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Figure 2.8: Different fluid flow models, a) Newtonian fluid, b) Bingham plastic fluid, c) nonlinear
Herschel-Buckley fluid and d) power-law fluid.

2.6.2 Rheological tests

Different types of devices are used for measuring the rheological properties. For cement
paste and mortars, these devices are focused on systems that measure the shear rheology.
Basically, shear rheometry devices can be divided into two groups: drag-flow based and
pressure-driven flow based. In the drag-flows, shear is generated between a fixed solid
surface and a moving surface. Employing a pressure-driven flow, shear is generated due
to a pressure difference in a closed channel (op de Hoek, 2010). The most used drag-flow
rheometer for cement paste uses a rotational motion to measure the shear forces between
two concentric cylinders (Couette rheometer). A concentric-cylinder rheometer measures
the viscosity properties by using an outer static cylinder and a rotating inner cylinder, the
latter suspended by a torsion wire. The gap between the inner cylinder and the cup (outer
cylinder) is loaded with cement paste to be examined. The inner cylinder is preset at a
certain angular velocity. Due to the rotating part, the cement paste is sheared and the
resisting torque is measured by the torsion wire. The shear stress is related to the
measured torque and the shear rate to the angular velocity. Outlines of these relations to
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determine the true Ĳ vs. Ȗ curves using geometric considerations can be found in
Appendix 2. A HAAKE Rotovisco RV 20 concentric cylinder rheometer (Figure 2.9a)
with a measuring system M10 (which indicates the type of motor and calibration spring)
was used in the present research to measure the rheological properties of some nanoparticle suspensions and cement pastes with nano-silica additions (further developed in
Chapter 5). This rheometer was coupled with a thermostatic bath, which was used to keep
the test sample at 20°C. The test samples were loaded and sheared between two
concentric cylinders with a gap of 2.6 mm allowing measurement of slurries with
maximum 260 ȝm of particle size. The inner cylinder (MV 2P sensor) and the outer
cylinder walls are profiled with a saw-tooth pattern (Figure 2.9b). This surface
configuration was used to avoid dynamic sliding of the rotating cylinder and to keep the
cement particles in suspension. More details about the principle of operation and
measurement methods can be found in (op de Hoek, 2010).
a)
Thermal
bath

b)
M10 sensor

Serrate spindle
(MV 2P sensor)

Measuring cup

Control unit

Paste sample for
test (55 ml)
Figure 2.9: a) Experimental setup containing the HAAKE rotovisco RV 20 rheometer (op de Hoek,
2010), b) Representation of the concentric cylinder and MV 2P sensor used.

A similar concentric cylinder rheometer was used to determine the fluid properties of
oilwell cementing slurries (Chapter 7). This has the same principle of operation but
different cylinder sizes and configurations (Couette-type coaxial cylinder). The
specifications and the measuring protocol of this type of rheometer for oilwell slurries
can be found in the API recommended practice 10B (ISO 10426-2:2003).
2.6.3 Workability tests
As already explained before, the workability of a concrete mix is affected by its mix
proportion (cement, aggregates, water), the chemical and physical properties of cement or
binder, the physical properties of aggregates (particle size, shape, water adsorption,
surface texture), the presence, quantity, and mode of introduction of admixtures as well
as the time of hydration (Neville, 2002). In practice, there are several testing devices to
measure workability such as the slump or the slump-flow test, flow table test, mini-cone
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test, and many others (Figure 2.10). The slump or slump-flow tests are used in the present
research to determine the workability of vibrated (VC) and self-compacting concrete
(SCC) following the corresponding European standards. Another special test to assess the
filing ability of self-compacting concrete is the V-funnel test. This test is an indirect
measurement of the viscosity class of SCC. Another test carried out to assess the
workability of cement pastes and mortars is the mini-cone test (further explained in
Chapter 4). Brief descriptions of the conducted tests are given in this section.
Slump test

The apparatus consist of a mould in the shape of a truncated metal cone (Abrams’ cone),
open at both ends (Figure 2.10a). The internal diameter of the slump cone is 200 mm at
the base, 100 mm diameter at the top and has a height of 300 mm. This device is usually
provided with foot pieces and handles. Basically, the measurement procedure consists of
filling the metal cone with concrete in three layers and each layer is compacted 25 times
using a 16 mm rod. Thereafter, the metal cone is lifted, leaving the concrete sample
behind, which slumps down by the action of gravity. Slump is measured from the highest
point according to the standard BS EN 12350-2 (2009). Different slump class are
specified by NEN EN 206-1 (2008).
Flow table test

The slump flow test has become more widely used in recent years, as it is appropriate for
concrete of high and very high workability including flowing concrete, which would
exhibit a collapse slump. The apparatus consists of a flow table over which concentric
circles are marked. A standard mould made from smooth metal in the form of a frustum
cone (dimension are different than the Abram’s cone) is kept on the centre of the table,
firmly held and is filled in two equal layers, by compacting with a wooden bar (40 x 40
mm). Each layer is compacted 10 times as in slump test. After lifting the mould, the table
is jolted 15 times and the average diameter of the spread is noted (Figure 2.10b). The
flow diameter was measured according to the standard BS EN 12350-5 (2009). Similar
test was performed for mortars but using the so-called Hägermann cone and a mortar
flow-table (Jolting table), following the specification and procedure described by (DIN
EN 1015-3, 2007).
Slump-flow test

Slump-flow test is an alternative test for highly workable mixes and has been
incorporated in the guidelines for the control quality of SCC by the European Federation
of Producers and Contractors of Specialist Products for Structures (EFNARC, 2005) and
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the procedure is described in (BS EN 12350-8, 2010). The procedure consists of filling
the metal cone with SCC. Thereafter, the metal cone is lifted, leaving the concrete flow
down by the action of gravity, finally the diameter is measured (Figure 2.10c). Different
slump-flow class are specified by (NEN EN 206-1, 2008; BRL 1801, 2006).
As already mentioned, the rheological behavior of fluids depends on the applied shear
rate. In order to fit a linear regression for the mathematical model of a Bingham fluid, at
least two points at different shear rates are necessary. The above mentioned tests (slump
and slump-flow test) only describe the flow behavior at a constant shear rate. They are
therefore called one-point tests or stoppage test (Roussel et al., 2005), whereas tests
measuring at different shear rates are called two-point tests. The stoppage tests are based
on the fact that if the shear stress in the tested sample becomes smaller than the plastic
yield value, the plasticity criterion is not fulfilled anymore, thus, the flow stops. The
shape at stoppage (spread, slump or height) is directly linked to the plastic yield value,
which may even be calculated. The relation between the plastic yield value and slump for
the Abram’s cone has been studied by several researchers (Christensen, 1991; Hu, 1995;
Roussel et al., 2005).
V-funnel test

The V-funnel test is used to assess viscosity and filling ability of self-compacting
concrete. Basically a “V” shaped funnel (Figure 2.10b) with a smooth internal surface is
filled with fresh concrete and the time taken for the SCC to flow out of the funnel is
measured and recorded as the V-funnel flow time (tv). The same procedure is repeated
two times. Afterwards the funnel is filled again and the V-funnel time is measure after 5
min in static conditions (tv,5 min). The difference between the 5 min measurement and the
average of the initial times is the so called stability time (tv,stab), which gives an empirical
value related to the segregation resistance of the SCC mixes (Hunger, 2010). The Vfunnel has internal dimensions and tolerances that depend on the maximum concrete
aggregate size used (4, 8, 16 or 32 mm) as specified by (BRL 1801, 2006). The standard
measurement procedures are established in the EFNARC guidelines for SCC and the
draft standard EN 12350-9 (2010). Other characterization methods for SCC, used in this
study, will not be explained in this section as a broad overview of workability tests can be
found in the literature (Bartos et al., 2002; Ferraris, 1996; Koehler and Fowler, 2003). In
addition, suitable tests for the characterization of SCC could be found in (Hunger, 2010),
where they are discussed and their relevance for practical applications is addressed.
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a)

Slump

c)

Slump-flow diameter

Abrams’ cone

b)

Flow table

Flow after 15
strokes

d)

V-funnel (0-16 mm)

Figure 2.10: Examples of the workability tests performed for different types of concrete, a) slump
test (VC), b) Flow table test (VC), c) Slump-flow test (SCC) and d) V-funnel test (SCC).

2.7 Cement hydration and phase assembly of hardened cement paste
The hydration of Portland cement involves the reaction of anhydrous calcium silicate
(C3S and C2S) and aluminate phases (C3A and C4AF) with water to form hydrated phases.
These solid hydrates occupy more space than anhydrous particles and the result is a rigid
interlocking mass whose porosity is a function of the ratio of the initial water to cement
ratio (w/c). Provided that the mix with a sufficient workability was fully compacted, the
lower the w/c was, the higher the compressive strength of the hydrated cement
paste/mortar/concrete and the resistance to penetration by potentially deleterious
substances from the environment (Neville, 2002).
As explained in Section 2.4.1, Portland cement consists of five major compounds: C3S,
C2S, C3A, C4AF and Gypsum (CSࡄ ) and a few minor compounds. Small amounts of uncombined lime (CaO) and magnesia (MgO) are also present, along with alkalis and minor
amounts of other elements (Taylor, 1990). Figure 2.11 shows a schematic diagram
displaying the variations in the type and relative contents of phases during the formation
of Portland cement clinker. Table 2.6 already shows some examples of the typical
mineral composition of different OPC. The OPC reaction with water is termed
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"hydration". This involves many different reactions, often occurring at the same time. As
the reactions proceed, the products of the hydration process gradually bond together the
individual sand and gravel particles and other components of concrete, to form a solid
mass.

Figure 2.11: Schematic of the reactions taking place during raw-meal burning to clinker (Hewlett,
2004).

To understand the OPC hydration process and the final phase assemblies in the hardened
products, it is important to have an overview of the hydration products resulting from the
individual clinker mineral composition. Cement hydration is complex and it is
appropriate to consider the reactions of the silicate phases and the aluminate phases
separately. The hydration process has been comprehensively reviewed by (Taylor, 1990).
Hydration of silicates (C3S and C2S)

Both C3S and C2S react with water to produce an amorphous calcium silicate hydrate
known as C-S-H gel which is the main product that binds the sand and aggregate particles
together in cement mortars and concrete. Alite or C3S is much more reactive than Belite
(C2S) and under standard temperature conditions of 20 °C, the development of heat
increases rapidly to the maximum in a few hours. Approximately half of the C3S present
in typical cement will be hydrated after 3 days and 80% after 28 days. The hydration of
C3S can be accelerated by the addition of anhydrite, gypsum or fine inert calcium
carbonates (Hewlett, 2004). In contrast, the hydration of C2S does not normally proceed
to a significant extent until 14 days. The C-S-H gel produced by both C3S and C2S has a
typical Ca to Si ratio of approximately 1.7. This is considerably lower than the 3:1 ratio
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in C3S and the excess Ca+2 is precipitated as Portlandite (CH) crystals. C2S hydration also
results in some CH formation. The following equations approximately summarize the
hydration reactions of silicates (estimated in dried samples):
C3 S+3.9HĺC1.7 SH2.6 +1.3CH+¨HĹ(~500 Ȁmol)

(2.15)

C2 S+2.9HĺC1.7 SH2.6 +0.3CH+¨HĹ(~260 Ȁmol)

(2.16)

An important characteristic of C3S hydration is that after an initial burst of reaction with
water, it passes through a dormant or induction period where reaction appears to be
suspended. This is of practical significance because it allows concrete to be placed and
compacted before the setting and hardening commence. Several theories have been
developed to explain this induction period like the dilution theory summarized by
(Juilland et al., 2010). Other mechanisms of cement hydration have also been reviewed
recently by (Bullard et al., 2011). Nevertheless, the most accepted theory is that the initial
reaction forms a protective layer of C-S-H on the surface of the C3S and the induction
period ends when this is destroyed or rendered more permeable by ageing or a change in
structure (Taylor, 1990).
Hydration of aluminates (C3A and C4AF)

The reactions of C3A and C4AF with water are complex phenomena and are still under
investigation. Nevertheless, Odler (1998) extensively studied the hydration of laboratoryprepared samples alone or in the presence of calcium sulfate and calcium hydroxide. The
finding can be used to explain the complex mechanism of hydration of these phases;
however, this should be interpreted with caution as the composition of the aluminate
phases in industrial clinker differs considerably from that prepared synthetically. In
addition, the hydration of cement is strongly influenced by the much larger quantity of
silicates reacting and also by the presence of alkalis. Generally, in the absence of soluble
calcium sulfate, C3A reacts rapidly with water to form the C2AH8 and C4AH19 phases,
which subsequently convert to C3AH6. This is a rapid and highly exothermic reaction
(~866 kJ/mol). If finely ground gypsum (CaSO4·2H2O) or hemihydrate (CaSO4·0.5H2O)
is blended with the C3A prior to mixing with water, the initial reactions are controlled by
the formation of a protective layer of ettringite (C3A·3CSࡄ ·32H) on the surface of the C3A
crystals. The reaction (at 100% RH) can be summarized as:
C3 A + 3C + 3ܵҧ + 32H ĺ C3 A·3Cܵҧ·32H + ¨H Ĺ (~866 kJ/mol)

(2.17)

where Sժ represents SO3, H represents H2O (see Appendix 1) and ǻH is the heat released
due to hydration, i.e. the previous reaction can be interpreted as:
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C3A + dissolved calcium (Ca2+) + dissolved sulfate (SO42–) + waterė ettringite
The more rapid dissolution of dehydrated forms of gypsum ensures an adequate supply of
dissolved calcium and sulfate ions and will be more effective in controlling the reaction
of finely divided or highly reactive forms of C3A. In most of the commercial Portland
cements there will be insufficient amounts of sulfate available to sustain the formation of
ettringite. When the available sulfate has been consumed, the ettringite reacts with C3A to
form a phase with a lower SO3 content known as monosulfate. The reaction can be
summarized as:
C3 A·3Cܵҧ·32H + 2C3 A + 4H ĺ 3ሾC3 A·Cܵҧ·ͳʹHሿ + ¨H Ĺ

(2.18)

Many studies have shown that the hydration of C4AF is analogous to that of C3A but
proceeds slower (Taylor, 1990). C4AF is a solid solution between the end members C2F
and C2A. The iron enters into a solid solution in the crystal structures of ettringite and
monosulfate substituting for aluminium. In order to reflect the variable composition of
ettringite and monosulfate formed by mixtures of C3A and C4AF, they are referred to as
AFt (alumino-ferrite trisulfate hydrate) and AFm (alumino-ferrite monosulfate hydrate)
phases, respectively.
Others types of hydration products are formed in the presence of partially reactive filler
such as limestone powder. It is now well understood and recently studied by (Chowaniec,
2012) that limestone reacts with C3A to produce mono- and hemi-carboaluminate phases.
The formation of mono-carboaluminate (Mc) and hemi-carboaluminate (Hc) phases
occurs mainly by the partially substitution of SO42- and Al(OH)4- by CO32- in the AFt and
AFm phases (Taylor, 1990; Chowaniec, 2012). This effect is going to be further
discussed in Chapters 5 and 8.
As discussed before, the hydration of Portland cement involves exothermic reactions
(heat release). The progress of the reaction can be monitored using the technique of
isothermal conduction calorimetry and TG/DTG. These techniques are the mostly used
for following hydration reaction of binder and phase identification and for studying the
effect of admixtures and pozzolanic additives. In this section both techniques and the
general procedure carried out are explained in detail.
2.7.1 Isothermal Calorimetry

Isothermal Calorimetry is a technique which allows following the kinetics of the
hydration reaction of cement. The hydration reaction can be divided into several stages,
as illustrated in Figure 2.12. During these stages several reactions take place which are
described and explained in the following part (Taylor, 1990: Hewlett, 2004).
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Figure 2.12: Typical Isothermal Calorimetry curve for Portland cement hydration
(CEM I 52.5N, w/c = 0.5, 20°C).

Initial Dissolution (stage I): occurs as soon as cement comes into contact with water,
when easily soluble components like alkalis, calcium sulfate phases and free lime are
dissolved by the surrounding water, as a consequences Na+, K+, Ca2+, SO42- and OH- ions
enrich the pore water. Meanwhile, Ca2+ and H2SiO42- ions are hydrolyzed from the most
reactive cement particles, particularly from C3A and C3S. Ettringite is formed around the
C3A particles surfaces. From the rheological point of view, this reaction is the most
important one. The initial C3A dissolution rate may be increased by the dissolved alkalis.
Besides ettringite, a small amount of C-S-H gel is formed around the C3S containing
cement grains (Bullard et al., 2011). Secondary gypsum may precipitate from the
supersaturated pore solution. After some minutes, the cement grains are coated with a
protective layer of hydration products. At this stage the reaction stops and the heat flow
drastically decreases initiating the induction period (Figure 2.12).
Induction period (stage II): is a slow reaction period whose duration is up to about 3
hours and can change with the temperature, composition of cement, w/c ratio, chemical
admixtures, etc. During this period, the concrete has to be transported and placed because
it stays workable. This period is characterized by a very low heat flow. Nevertheless, the
surface gel layer surrounding the cement grains is thickening and the ettringite needles
are slightly growing (Bullard et al., 2011).
Acceleration period (stage III): in this period the silicate reactions proceed rapidly up to
the maximum of the heat evolution and give C-S-H gel and CH as main products. Several
effects have been considered to explain the start of the acceleration period: disruption of
the protective hydrates layer, nucleation and growth of C-S-H gel phases or portlandite
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and re-crystallization of ettringite (Bullard et al., 2011). However, during the acceleration
period the concrete loses its workability and is converted into a stiff solid, which is no
longer possible to cast. The intense hydration of C3S during the acceleration period is
associated with the formation of C-S-H gel phases and the precipitation of portlandite.
C2S starts to hydrate, C3A and to a smaller extent C4AF continue to hydrate. During the
acceleration period, the calcium and sulfate ion concentration in the pore solution
decreases due to the ettringite formation. The pore water normally consists of alkali
hydroxides with a pH of 13 to 14 (Griesser, 2002).
Deceleration period (stage IV): the formation of C-S-H gel and CH decelerate, while the
aluminate reaction reaches its maximum. This stage is characterized by the hardening of
the cement paste or concrete. Due to a lack of sulfate ions (sulfate depletion) in the pore
water, ettringite is converted into monosulate (small peak in Figure 2.12). During the
deceleration period the hydration reactions become more and more diffusion controlled.
Pore volume decreases with increasing time and decreasing w/c ratio. Having completely
hydrated, the cement paste mainly consists of C-S-H gel and portlandite (Griesser, 2002).
In this research, an isothermal calorimetric analysis of cement pastes and mortars with
w/c ratio of 0.5 was performed in order to study the hydration kinetics of pastes and
mortars. For this purpose, an 8-channel TAM® Air isothermal micro calorimeter from
TA Instruments (U.S.A.) was used. Samples of cement paste or mortar were placed in
glass ampoules of 20 ml, followed by immediate placement of the ampoules in the
calorimeter chamber. The mass of cement paste was 10 grams. All the samples were
tested twofold for 72 h and at different temperatures (20, 40 and 60 °C). The cement
pastes were mixed with a hand mixer for 1 min or by a high energy (600 W) hand blender
(Philips HR1363) for 2 min. The calorimetric analyses were performed to assess whether
the nano-silica particles exhibit an acceleration effect or any pozzolanic activity. The
results were analyzed using the TAM assistance software. By means of the software tool,
the induction period, relative setting time (RST) and time to reach the maximum
hydration peak (TMHP) were determined as proposed by (Bensted, 1983; Bensted, 1987;
Wadsö, 2005). These parameters are defined and calculated in the present study as
follows: The induction period is the time between the lower point of the heat flow curve
and the first inflexion point in the main peak, RST is the time between the first and the
second inflexion point in the heat flow curve and finally, TMHP is the time between the
first heat reading after the introduction of the sample in the calorimeter and the maximum
heat value measured in the hydration peak.
2.7.2 Thermal and derivative gravimetric analysis (TGA/DTG)

TGA is a method for the determination of the composition by detecting the sample’s
mass loss with increasing temperature and comparison with the thermal data for pure
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phases, possibly present in the sample. The obtained mass loss curve is later transformed
into derivative form (DTG), where the mass loss effects are more visible (Figure 2.13). In
the cement research TG/DTG is mostly used for hydration reaction, phase identification
and studying the effects of pozzolanic additives (Ramachandran et al., 2002).
In this project, a STA 449 F1 Jupiter (Netzsch Instruments) was used to perform the TG,
DSC and DTG analyses. The temperature was increased gradually from room
temperature to 1000 °C at 10 or 5 °C /min, keeping it constant for 2 h at 1000 °C. Some
samples were tested as received and, for some, a simple hand grinding was performed
prior to the testing. Other samples were ground extracted-slides of each paste or mortar
composition at different ages. The cement paste and mortar samples were soaked in
isopropanol for three days to stop the hydration. Afterwards, the extracted-slides were
crushed and pulverized by the use of an automatic mortar crusher for 1 min and dried at
70 °C for three days. The tests were performed at atmospheric pressure with a nitrogen
flow of 20 mL/min in the chamber during the heating in order to avoid carbonation of the
samples during the test. Alumina (Al2O3) crucibles were used in the experiments.
The extent of cement hydration was estimated from changes observed by TGA/DTG and
taking into account the mass loss corresponding to each hydrated phase. It has been
reported (Taylor, 1990; Hewlett, 2004; Ramachandran et al., 2002) that the mass loss at
100–130 °C corresponds to the evaporation of adsorbed water, at 115–125 °C to C-S-H
gel, ettringite at temperatures of 120–130 °C, AFm phases at 180–200 °C, calcium
hydroxide (portlandite) in the range of 410–550 °C and calcium carbonate at 680–750 °C.
In addition, a presence of a broad initial peak, related to a CO2 release at 550–680 °C is
an indication of a significant fraction of calcium manocarboaluminate (Lothenbach and
Wieland, 2006).
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Figure 2.13: Typical TG/DTG curve for a standard CEM I 52.5N mortar (w/c=0.5).
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2.8 Conclusions
Several procedures and material characterization techniques have been discussed in this
chapter and will later be applied to obtain the main physico-chemical properties of the
materials used in this research. The materials used cover different particle sizes from
nanoparticles to coarse aggregates (7 decades) to develop mortars and concrete mixtures.
Furthermore, applicable test procedures for the evaluation of the rheology and
workability of concrete have been introduced and discussed. Finally, the most relevant
experimental techniques to study the cement hydration, phase assembly or hardened
cement pastes have been explained. Based on this, the present chapter can be concluded
as follows:
1. The characterization techniques to determine the PSD for aggregates, powders and
amorphous nanoparticles are specific and the selection of each one depends on the
particle size range (nanometric, micrometric or millimetric range) and the limitation of
the selected technique.
2. The computed specific surface areas are affected by the selected techniques to obtain
the respective PSD (sieve, LLD or DLS). In addition, the computed SSA values are
affected by the particle shape factor assumed for each type of granular material.
3. The densities measured using a gas pycnometer appears to be more accurate and faster
than using a glass pycnometer. Fewer errors were introduced using a glass pycnometer
compared to the liquid pycnometer method and showed difference lower than 5%
compared to the helium pycnometer.
4. As all the other experimental techniques, XRF analysis proved to be sensitive to the
sample preparation or form of the sample (liquid, loose powder or tablet). In addition,
it is demonstrated that XRF analysis is the faster technique to estimate the
mineralogical composition of cement using the Bogue methodology.
5. PCA/PCE type superplasticizers are the most referred and used additives to improve
the workability and to reduce the water demand of cement paste and mortars in
presence of amorphous, nano-sized silica particles. For this reason, different
commercial samples of PCE superplasticizers were selected and tested.
6. The rheology and workability of a concrete depend on many parameters such as the
water to binder ratio, specific surface area of the cement and powders, the size and
shape of the coarse and fine aggregates, chemical composition and PSD of the SCMs
used, type of admixtures and the mixing and testing procedures. It was found that the
most referred and used device to determine the rheological properties of cement pastes
and mortars is a Couette-type coaxial cylinder viscometer. Thus, this method is
extensively used in this research.
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7. It was demonstrated that cement hydration is complex. Therefore, it is appropriate to
consider the reactions of the silicate phases and the aluminate phases separately in
order to obtain a better insight. The hydration process has been reviewed and two most
suitable techniques to study the hydration have been further described (isothermal
conduction calorimetry and derivative thermal analysis). These techniques are the
mostly used for the analysis of the hydration reaction, phase identification and the
effect of admixtures and pozzolanic additives.
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Chapter 3
1 Morphology and texture of amorphous nano-silica1
3.1 Introduction
The properties of freshly prepared concrete, such as its flow behavior and workability,
are governed by the particle size distribution of all applied solid constituents. Moreover,
the properties of hardened concrete, such as strength and durability are affected by the
grading of the mix and the resulting particle packing (Reinhardt, 1998). One way to
further improve the packing is to increase the solid size range. Possible materials which
are currently available to broaden the size range are limestone and silica fines, like microsilica (mS) and nano-silica (nS). The main characteristics of silica fines, such as their
particle size distribution, specific density, specific surface area, pore structure, and
reactivity (surface silanol groups), depend on the production method (Sobolev et al.,
2006).
As discussed in Chapter 1, different types of micro- and nano-silica additives are
available on the market for the use as admixtures in concrete. The silica additives are
produced by different procedures or routes, such as sol-gel, precipitation, flame
hydrolysis, etc. Even though there are several studies that describe the main properties of
nano-silica particles (Bhambhani et al., 1971; Lieftink, 1997; Szekeres et al., 2002; Dutta
et al., 2005), most publications focus on the applications of nano-silica in catalysis, but
not in concrete. The knowledge of the main physico-chemical characteristics of silica
additives is important because parameters such as morphology and texture are significant
and influence the water demand of concrete mixes.
The objective of this chapter is to describe and determine the physico-chemical properties
of different micro- and nano-silica additives, and to contribute to the understanding of the
influence of their main characteristics on the concrete properties. In the field of
construction and building materials, a detailed and profound consideration of micro- and
nano-silica, to the author’s knowledge, has never been reported. To generate a detailed
characterization of the main properties of micro- and nano-silica, seven selected silica
samples produced by different routes were thoroughly studied. The resulting
characteristics, such as shape, particle size, specific surface area, density and pore size
distribution are related and compared. Finally, the effect of the characteristics of nano-

1

Parts of this chapter were published elsewhere [Quercia, G., Lazaro, A., Geus, J.W. and Brouwers, H.J.H., Cement & Concrete
Composites 44 (2013) 77–92].
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silica on the slump-flow diameter and mechanical properties of standard mortars are
discussed. Based on these considerations, several conclusions are drawn.

3.2. Materials and experimental methods
3.2.1 Materials
Seven different silica samples (amorphous SiO2) were selected to determine their
physicochemical characteristics. The samples studied were chosen to cover a wide range
of particles sizes and production routes and are mainly classified as nano-silica when
their particles sizes were between 1 and 700 nm and as micro-silica when the samples
contain a high fraction of particle sizes in the micro-range or exhibit a specific surface
area lower than 35 m2/g, which is the maximum limit according to (NEN EN 132631+A1, 2009).
The samples were grouped and named as follows: two colloidal nano-silica suspensions
prepared by the waterglass route (samples CnS-1 and CnS-2); one fumed nano-silica in a
powder form (PnS-3), one standard micro-silica in a slurry form (PmS-4); and two
pyrogenic silica samples, nano-silica (PnS-5) and micro-silica (PmS-6), with different
BET specific surface area (SSABET), also in a powder form. In addition, one sample
prepared by the dissolution of olivine mineral in acid (POnS-7) was studied for
comparison. Tables 3.1 and 3.2 show their general characteristics (taken from the product
data sheets) and chemical composition (determined by XRF), respectively.
Table 3.1: Specification and general characteristics of the tested amorphous silica.
Name
Type
Route
ȡspe (g/cm3)
ȡbulk (g/cm3)(*)
pH
Solids (wt.%)
ȝ (mPa.s) (*)
LOI
SSABET (m2/g)
Dp (ȝm)

CnS-1

CnS-2

PnS-3
Powder
Pyrolysis
2.2
0.09-0.11
5(+)
-

PmS-4
()ݪ

Powder
Fume
1.4
1.40
5-7
48-50 (*)

PnS-5

PmS-6

POnS-7

Powder
Pyrolysis
2.2-2.3
09-0.11
5(+)
-

Powder
Pyrolysis
2.2-2.3
0.15-0.70
5-7(+)
-

Powder
Olivine
1.9-2.1
0.10
3-6 (+)
-

Colloidal
Waterglass
1.05
9-11
15 (*)

Colloidal
Waterglass
1.40
9-11
48-52 (*)

< 50 (*)

< 50 (*)

-

-

-

-

-

6.4

3.8

0.5 (*)

4.0 (*)

0.5 (*)

0.5 (*)

9.0

200-500

50

50

15-35

50

10

100-400

-

-

< 0.4

-

-

-

< 0.1

(-): Not displayed by the product data sheet or not applicable; (+): 4% m/m in water; (*): Values taken from the product data sheet;
()ݪ: Applied in slurry form with 50% solid according to (NEN-EN 13263-1, 2009).
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Table 3.2: Chemical composition of the studied amorphous silica determined by XRF analysis.
Name

CnS-1

CnS-2

PnS-3

PmS-4

PnS-5

PmS-6

POnS-7

SiO2
Al2O3
Fe2O3
MnO
MgO
CaO

97.3
0.15
0.03
< 0.01
0.02

99.3
0.07
0.03
< 0.01
0.01

99.6
< 0.01
0.34
< 0.01
< 0.01

96.1
0.86
0.34
0.04
0.53
0.39

99.6
0.18
0.05
< 0.01
<0.01

99.6
0.30
0.03
< 0.01
0.01

99.0
0.05
0.28
0.31
0.04

Na2O

2.15

0.35

< 0.01

0.21

< 0.01

0.01

< 0.01

K 2O

0.27

0.09

< 0.01

1.05

0.04

0.01

0.04

TiO2

0.02

0.02

<0.01

< 0.01

0.01

< 0.01

0.01

P2O5

0.01

<0.01

0.01

0.07

0.02

0.01

0.02

Cr2O3

0.01

<0.01

0.01

< 0.01

<0.01

0.02

0.03

SO3

0.03

0.05

0.03

0.36

0.03

0.03

0.24

C-Total

0.08

0.08

0.08

0.66

0.08

0.07

0.03

3.2.2 Experimental methods
The granulometric characteristics such as size and shape of the silica fines were analyzed
using SEM/STEM/TEM as well as the methods described in Section 2.2.2. Particle-size
distributions (PSD) of the micro- and nano-silica samples were determined by laser light
diffraction (LLD) and dynamic light scattering (DLS), using the method and devices
described in Section 2.2.1. A spherical shape of the particles was assumed to calculate the
particle size distribution and to compute the specific surface area (SSASph) for all the
tested silica samples, based on the arithmetic mean diameter of each size class and
following the procedure described by (Hunger, 2010) and using Eq. (2.2), as explained in
Section 2.2.3. The results are shown in Table 3.3.
Using the BET theory (Brunauer et al., 1938) and the standard procedure described in
Section 2.2.3, the specific surface area (SSABET) of the silica samples was determined.
The nitrogen sorption data was used to compute the total specific surface area (SSAt-plot),
external specific surface area (SSAext) and micro pore volume (VMP), following the t-plot
method described in Section 2.2.3. In addition, the total specific surface area (SSAt-plot)
that includes all the pores was determined from the slope of the linear segment passing
though zero at the pressure regions (P/P0) lower than 0.10 (Eq. (2.4)). Finally, using the
different specific surface areas, the sizes of the primary and agglomerated particles were
calculated based on (Thiele et al., 2007) and using Eq. (2.5).
Data obtained from the nitrogen physical adsorption isotherms was used to determine the
pore size distribution and the surface area of the pore of a specific radius (rp) of the silica
samples. For this, the Kelvin equation (Barret et al., 1951) shown in Section 2.2.3, which
describes the pore radius considering the pore as a cylinder, was used. Furthermore,
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taking into account the thickness (tlayer) in nm of the liquid nitrogen condensate in a
relative pressure interval at the wall of the pores and using the BJH method described by
(Barret et al., 1951), the pore diameter for each relative pressure interval where
condensation of liquid nitrogen occurred was derived. Finally, the densities of all the
samples were measured according to the procedure already described in Section 2.2.4.

Name
CnS-1
CnS-2
PnS-3
PmS-4

Table 3.3: Computed textural parameters of the selected silica.
Agglomerates
Particle size range by Particle size range by
SSASph
SEM/(S)TEM (nm)
LLD and DLS (nm) (cm2/cm3)·10-4 particle size (dagg) (nm)
2 - 50
19 - 156
14 - 187
14 - 332

0.9 -2.3
79 - 186
73 - 291
78 - 13000

364
46
48
34

1.6
124
215
169

PnS-5

23 - 391

194 - 446

22

265

PmS-6
POnS-7

29 - 658
10 - 720

348 - 12000
34 - 356

8
48

795
104

Behavior of standard mortars with nano-silica in fresh and hardened state
To determine the effects of different types of nano-silica on the behavior of mortars in
fresh and hardened state, different standard cement mortars were prepared and tested,
following the procedure established in CEN EN 196-1 (2005). A 7% replacement based
on the weight of cement (bwoc) was selected, following the procedure described by
Justnes and Ostnor (2001). Three standard prisms for each nano-silica type were tested
following the mix proportions presented in Table 3.4. The superplasticizer (SP) content
of the mixes was fixed at 0.6% based on the weight of binder (bwob) to determine the
effect of nano-silica on the slump-flow diameter of the pastes after 15 strokes on a flowtable. The flexural and compressive strengths of the prisms were determined after 28 days
of water curing. Finally, the relative pozzolanic index for each tested silica sample was
computed based on the results of the standard cement mortar tests.

Materials (g)
CEM I 52.5N
Micro-/nano-silica(+)
Water
Standard sand 0-2
mm
SP1
SP1 (% bwob)
w/c
Slump-flow (mm)

Table 3.4: Mix proportions of standard mortars.
Reference CnS-1
CnS-2
PnS-3
PmS-4
PnS-5
450.0
418.5
418.5
418.5
418.5
418.5
0
210.0
63.0
31.5
63.0
31.5
225
46.5
193.5
225
193.5
225
1350.0
2.70
0.60
0.50
292 ± 1

1350.0
*

16.2
3.60
0.50
100 ± 0

PmS-6
418.5
31.5
225

POnS-7
418.5
31.5
225

1350.0

1350.0

1350.0

1350.0

1350.0

1350.0

2.70
0.60
0.50
178 ± 1

2.70
0.60
0.50
191 ± 6

2.70
0.60
0.50
288 ± 1

2.70
0.60
0.50
217 ± 2

2.70
0.60
0.50
310 ± 1

2.70
0.60
0.50
178 ± 4

(+): Powder, colloidal or slurry form; (*) Minimum needed to have a mixable mortar.
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3.3 Results and discussion
3.3.1 Morphology, particle size distribution (PSD) and specific surface area (SSASph)
Figure 3.1 presents the particle size and morphology of all the analyzed silica samples.
For all of these nano- and micro-silica samples, a spherical shape is found to be
prevailing. The morphology changes to slightly more angular particles when the particle
size becomes smaller than 20 nm. The samples CnS-1 and POnS-7, Figures 3.1a and 3.1g,
respectively, exhibit a more irregular form and a highly agglomerated state. The resulting
SSASph, average agglomerate size (dagg) and corresponding PSD of the silica samples are
shown in Table 3.3 and are represented in Figures 3.2 - 3.4.
The results presented in Table 3.3 and Figure 3.2 illustrate that the selected silica samples
have a diverse PSD, varying between 1 nm and 13 ȝm. In general, the particle size range,
as determined by the TEM measurements, is different from the DLS and LLD results.
The difference is due to the difficulty to completely break all particle clusters
(agglomerates) during their dispersion in aqueous media. Due to the fact that the
interparticle forces increase with a decrease in the particle size, the agglomerated state is
larger with smaller elementary particles. Nevertheless, the production route of the silica
also influences the aggregated state, as shown by the samples PmS-4, PnS-5 and PmS-6,
which are produced at high temperatures. Consequently, the small particles are
irreversibly clustered (sintered or welded), as it was demonstrated by Diamond and Sahu
(2006) for similar type of silica and which is evident from the particle size ranges
determined by LLD (Table 3.3). On the other hand, the PSDs are in line with the specific
surface areas computed using geometrical considerations (SSASph) and with the estimated
average agglomerate size (Table 3.3). However, there is still a need to improve the
dispersibility of nano-silica in aqueous suspensions to obtain a better correlation between
the particle-size ranges measured by DLS/LLD and by SEM/TEM/PSD. The problem
with the dispersion clearly appears in Figures 3.3 and 3.4, where the samples PnS-5 and
POnS-7 exhibit a bimodal particle size distribution (strongly agglomerated state). Even
though the primary particle size of the olivine nano-silica sample is about 11 nm
(measured by TEM and later confirmed by BET measurements), the particle sizes
measured by DLS/LLD are between 34 and 356 nm. The clustering of the primary
particles of silica POnS-7 leads to a large difference between the aggregate sizes
estimated from SSASph (Table 3.3) and the observed and primary particle size estimated
by TEM and SSABET, respectively (Table 3.5). The reason for this discrepancy is that the
DLS method considers agglomerates or secondary particles as one particle, which leads
to a lower SSASph, whereas the BET method considers the total surface area including the
micropores, which results in higher values of the surface area.
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a)

b)
100 nm

SSAt-plot = 226.5 m2/g

SSAt-plot = 49.4 m2/g
d)

c)

SSAt-plot = 23.4 m2/g

SSAt-plot = 54.5 m2/g
e)

f)

200 nm

SSAt-plot = 49.4 m2/g
g)

SSAt-plot = 11.5 m2/g

200 nm

SSAt-plot = 276.4 m2/g
Figure 3.1: Transmission electron micrographs of the studied silica samples, a) CnS-1, b) CnS-2, c)
PnS-3, d) PmS-4, e) PnS-5, f) PmS-6 and g) POnS-7.
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Figure 3.2: Cumulative particle size distribution of the collected nano- and micro-silica samples.
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Figure 3.3: Average sieve fraction by volume of the analyzed nano-silica samples.
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Figure 3.4: Average sieve fraction by volume of the analyzed micro-silica samples.

The agglomerated state of olivine nano-silica has been previously reported (Lazaro and
Brouwers, 2010; Lazaro et al., 2012a; Lazaro et al., 2012b; Lazaro, 2014). This nanosilica is produced by dissolution of olivine in acid, where the pH is below the isoelectric
point (point of zero charge). Under these conditions a colloidal solution is unstable and
the silica particles agglomerate in 3D networks (Iler, 1979). During this process, the
elementary silica particles form chains due to the formation of siloxane bridges (į
SiíOíSiį) between the particles. The size of the agglomerates depends mainly on the
pH of the solution during their precipitation, particle-size distribution of nano-silica,
mechanical treatment and the period of time that the silica has to agglomerate (Iler, 1979;
Lazaro et al., 2012a; Gorrepati, 2010).
Table 3.5: Computed textural parameters of the selected silica samples.
Name
CnS-1
CnS-2
PnS-3
PmS-4
PnS-5
PmS-6
POnS-7

SSA BET
(m2/g)

SSA ext
(m2/g)

SSA t-plot
(m2/g)

VMP
(cm3/g)

Primary particle
size (dBET)
(nm)

Agglomeration
ratio
(dagg/dBET)

232.8
49.9
56.2
23.3
50.2
11.8
262.6

216.5
43.0
49.2
19.6
42.9
10.4
193.6

226.5
49.4
54.5
23.4
49.4
11.5
276.4

0.0051
0.0026
0.0025
0.0014
0.0028
0.0005
0.0297

12.3
54.7
49.7
114.3
55.7
226.9
11.0

0.1
2.3
4.3
1.5
4.8
3.5
9.5

Chapter 3

65

It is noteworthy to mention that some larger particles of about 20 to 200 nm were
observed in electron micrographs of sample CnS-1. Even though these particles are
present in the colloidal suspension, their concentration is lower than 2%. For this reason,
the DLS results show only particles from 0.9 to 2.3 nm when the volumetric
concentration was considered in the computation of the PSD (Figure 3.3). The DLS
results are in line with Figure 3.1a, in which only very small particles are featured.
The STEM images presented in Figure 3.5c show formation of necks between the
elementary silica particles, which is caused by the high temperature during the collection
of silica fume in dust cyclones. In addition, coalesce or aggregation of silica particles was
also evident in the CnS-2 sample. Such aggregation is one of the main mechanisms
reported for nano-silica synthesized by the waterglass route (Iler, 1979), which results in
a lower specific surface area.
Electron diffraction to complement the analysis in the electron microscope (TEM)
revealed that all silica particles are mainly amorphous (examples are shown in Figure 3.6),
with two exceptions. The first exception is the sample PmS-4, which is a standard microsilica in slurry form. This standard silica displayed a small amount of a remnant
crystalline species, which were detected by electron diffraction (Figure 3.6a). The
remnant species are mainly composed of a crystalline SiO2 (Į-quartz) and some minor
contaminants rich in Fe, Ca and P, detected by the EDS analysis, shown in Figure 3.5d
and confirmed later by XRF (see Table 3.2). These contaminants are normally found in
standard micro-silica, as reported by Friede (2006) and Plank et al. (2009). The second
exception is the sample POnS-7 which is produced by the olivine dissolution. It is mainly
amorphous (Figures 3.6e and 3.6g), however, it also contains a small amount of remnant
crystalline species, which were detected by electron diffraction (Figures 3.6g and 3.6h).
The remnant species are mainly composed of a crystalline magnesium sulfate or some
minor un-dissolved silicates originating from the raw material (olivine). These
contaminants are normally found if the precipitated silica cake is not sufficiently washed
(Lazaro, 2014).
The EDS analysis was performed to identify the main elements present in the bulk and at
the surface of the silica (Figures 3.5 and 3.7), which are in most cases silicon and oxygen.
In a standard micro-silica (PmS-4) iron, calcium and phosphorus were identified as
impurities (Figure 3.5d). In this case, these elements possibly originate from the
stabilization additive used for the silica slurries, which are mainly composed of
phosphate compounds (Rosenberg et. al, 1987; Dastol, 1994; Keiser et al., 2007). For the
POnS-7 sample, using the EDS technique, only magnesium was detected as an impurity.
Nevertheless, other elements such as iron, aluminum and sulfur were identified based on
the XRF results, as shown in Table 3.2. The presence of small amounts of these elements
is expected, because this nano-silica is produced from the dissolution of olivine in
sulfuric acid. The source of olivine is mainly a ground dunite rock composed of

66_____________Characterization of morphology and texture of amorphous nano-silica
(Mg,Fe)2SiO4 (90% by mass) and other inert minerals such as muscovite, enstatite and
serpentine (Lieftink, 1997).

Intensity (Arbitrary units)
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200 nm

200 nm

Location (10 nm)
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b)

200 nm
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c)

50 nm

Intensity (Arbitrary units)

Location (10 nm)

d)

Location (10 nm)
Figure 3.5: High angle annular dark field (HAADF) image photomicrograph and EDS line analysis
of different silica samples studied, a) CnS-1, b) CnS-2, c) PnS-3 and d) PmS-4.
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Amorphous pattern
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Amorphous pattern
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Amorphous pattern
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e)

Amorphous pattern
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POnS-7

g)

Black spots

h)

POnS-7
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Crystalline pattern

Figure 3.6: Comparison between the electron diffraction pattern (EDF) of different amorphous silica,
a) STEM image PmS-4, b) EDF Figure 3.6a, c) EDF PnS-5, d) EDF PnS-3, e) STEM image POnS-7, f)
EDF Figure 3.6e, g) STEM image POnS-7 and h) EDF Figure 3.6g.
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c)

Location (10 nm)
Figure 3.7: High angle annular dark field (HAADF) image photomicrograph and EDS line analysis
of different silicas, a) PnS-5, b) PmS-6 and c) POnS-7.

The observed agglomerated state, which depends on the type and size of the primary
silica particles, should affect the mortar and concrete performance. For example,
Diamond and Sahu (2006) found that the agglomerates from micro-silica can be broken
into separated linked clusters of spheres, similar to clusters identified in the present
research, by a sufficient ultrasonic treatment. However, sintered spheres-spheres contacts
are permanent. They also reported that the agglomerates can survive the ordinary
concrete mixing, which is not efficient in breaking the agglomerates. As a consequence,
the retained agglomerates in the concrete mix cannot clearly act as fillers, and under
some circumstances, can act as a damaging agent promoting alkali-silica reaction (ASR),
if reactive aggregates are used in the concrete recipe. This is the reason why it is usually
recommended to apply the micro- or nano-silica in slurry form together with a special
mixing sequence as was concluded in the work of Marchuk (2004). The objective is to
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avoid the presence of big agglomerates that can decrease the concrete performance. Table
3.5 presents the calculated agglomeration ratio (daag/dBET), which indicates the degree of
agglomeration of the different silica samples studied. Based on this value, it can be
concluded that the elementary silica particles in the samples PnS-3, PnS-5, PmS-6 and
POnS-7 are highly agglomerated (ratio higher than 2), which can lead to undesired effects
on the concrete performance if an appropriated mixing method is not applied. On the
other hand, samples CnS-1, CnS-2 and PmS-4, display lower agglomeration (ratio < 2),
which in theory should lead to a better dispersion of the particles during the concrete
mixing. In the following sections, more details on the implications of the silica properties
on the performance of concrete will be presented.
3.3.2 Adsorption/desorption isotherms
Figures 3.8 and 3.9 show adsorption and desorption isotherms obtained for different
amorphous silica samples. The characteristic shape and the maximum volume of nitrogen
adsorbed varies, depending on the type of nano- or micro-silica studied. In general, silica
produced at high temperature, such as the standard micro-silica and pyrogenic silica
(PmS-4, PnS-5 and PmS-6, Figure 3.9) show an isotherm shape type IV (porous materials)
according to the IUPAC nomenclature (IUPAC, 1985). The presence of a hysteresis loop
in the desorption isotherm shows that the samples are macroporous (materials with pores
larger than 50 nm). The macroporosity is mainly caused by packing effects of primary
particles having a spherical shape (validated with SEM/(S)TEM analysis), and a probable
contribution of mesoporosity (2 to 50 nm). The presence of mesoporosity is generated by
the irregular shape of silica particles in the standard micro-silica (PmS-4) and submicron
silica (PnS-3) samples combined with some carbon particles in the PmS-4 sample. The
maximum volume of the adsorbed nitrogen is related to the pore volume of the silica
samples. In general, a smaller particle size leads to a larger pore volume, as shown for the
sample POnS-7. This sample also has a type IV (H1) isotherm, mainly exhibited by
highly agglomerated and very small primary particles (11 nm). Similarly to the other
silicas studied, samples produced by the precipitation method (CnS-1 and CnS-2) show
adsorption isotherms type IV. This is characteristic for mesoporous solid materials, which
is validated by the presence of a well-defined hysteresis loop in the desorption branch
(see Figure 3.8). This type of behavior is also classified by (IUPAC, 1985) as hysteresis
loop H1 and H2, which are commonly found when cylindrical and bottleneck-type pores
are present in porous material. It is evident from these results that the production method
determines the textural properties of micro- and nano-silica samples.
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Figure 3.8: Nitrogen adsorption/desorption isotherm for nano-silica samples.
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Figure 3.9: Nitrogen adsorption/desorption isotherm for micro-silica samples.

3.3.3 Specific surface areas by BET (SSABET) and t-plot methods (SSAt-plot and SSAext)
The BET specific surface areas, calculated using the parameters obtained from the
isotherms and regression lines, presented in Figures 3.8 and 3.9, are summarized in Table
3.5 for each amorphous silica studied. Similarly to the SSABET, the total specific surface

Chapter 3

71

area (SSAt-plot), external specific surface area (SSAext) and micropore volume (VMP) were
calculated using the parameters obtained from the generated t-plot (Figures 3.10 and
3.11). The total (SSAt-plot) and external specific surface areas (SSAext) mentioned in Table
3.5 were computed using equations (2.3) and (2.4), respectively.
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Figure 3.10: t-plots for the nano-silica samples; regression lines (P/P0 < 0.1) for the determination of
the total specific surface area (SSAt-plot); and regression lines (0.10 < P/P0 <0.35) for the determination
of the external specific surface area (SSAext).

From the textural parameters computed for all silica samples, important observations can
be made.
As expected, the SSABET is larger for smaller silica particles, as the mean size of the silica
particles depends on the production procedure. The size of the primary particles and the
production method define the type of the isotherm (Table 3.5, Figures 3.8 and 3.9).
Sample CnS-1, synthesized from waterglass precursors, shows the highest SSABET of all
investigated commercial nano-silica, due to its content of micropores (51·10-4 cm3/g), as
shown in Table 3.5. On the other hand, micro-silica (PmS-4) and synthetic silica (PmS-6),
produced at high temperatures, show a low microporosity (5 to 14·10-4 cm3/g) and a
SSABET less than 24 m2/g.
The two pyrogenic silica samples (PnS-3 and PnS-5) show values of SSABET and SSAext
similar to the sample CnS-2. The three samples have the same micropore volumes
(around 27·10-4 cm3/g). The only difference displayed by these samples is in the
maximum amount of gas adsorbed, and hence, in the pore volume. Also the pore size and
pore distribution (discussed later in Section 3.3.4) are different. The difference between
the SSABET and SSAext specific surface area varies between 7 and 13% for the investigated
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samples. The variation in the SSABET and SSAext can be reduced by employing other
models to calculate the layer thickness of condensated nitrogen and micropore volume, as
stated by Lieftink (1997). For that reason, the total specific surface areas (SSAt-plot) which
includes all the pores was determined from the slope of the linear segment passing
through zero at the pressure regions (P/P0) lower than 0.10 using Eq. (2.3), see Table 3.5.
In these conditions, a multimolecular adsorption takes place as established by De Boer et
al. (1966). This surface area will not always be exactly equal to SSABET (Lippens and De
Boer, 1965), which is the case for the samples CnS-1 and POnS-7. The points where the
slope of the line changes can give an indication of the pore structure of the silica samples
studied. At higher relative pressures (higher t values) deviations from the line occur.
Based on this, Lippens and de Boer (1965) distinguished three cases: a) the surface is
freely accessible up to high relative pressures; the multilayer can be formed undisturbedly
on all parts of the surface; the adsorption branch of the isotherm has entirely the shape of
the t-plot curve; the volume adsorbed-layer thickness plot (Va-t) is linear (PmS-6); b) at a
certain pressure capillary condensation will occur in pores with bottleneck shapes and
dimensions; the material takes up more adsorbate than corresponds to the volume of the
multilayer; the adsorption branch lies above the t-plot curve; the slope of the Va-t plot
increases (CnS-1); and c) in slit-shaped pores or large holes capillary condensation is not
possible unless at very high relative pressures; then the free space in the pores becomes
smaller owing to the growth of the adsorbed layer, but at a certain moment the pore may
be completely filled by the adsorbed layer on both parallel pore walls; the Va-t plot will
now get a smaller slope, corresponding to the surface area still accessible (mainly the
case of sample POnS-7 and to a lower extent with samples PmS-4 and PnS-5).
The nano-silica produced from olivine represents a special case. This silica has the
maximum volume of adsorbed gas (720 cm3/g STP) and thus, the largest pore volume of
all the samples studied. The volume of nitrogen adsorbed per gram is more than double
compared to the colloidal nano-silica with the smallest particle size (CnS-1). This
difference is caused by the micropore volume of the sample POnS-7 (297·10-4 cm3/g),
which is one order of magnitude higher than for the other silica samples studied. The high
micropore volume is the result of the agglomerated state of small particles in three
dimensions (3D network). Thus, POnS-7 is formed by primary particles (10-20 nm),
agglomerated in clusters (secondary particles). These agglomerates are responsible for
the large volume of adsorbed gas and for presence of micro-, meso- and macropores (see
Figures 3.1g and 3.3c). The highly agglomerated state, that probably produced slit-shaped
pores, explains also the large difference between the total calculated surface areas (263
and 276 m2/g for SSABET and SSAt-plot, respectively) and the external specific surface area
(194 m2/g for SSAext). Also, the highly agglomerated state is confirmed taking into
account the arbitrary agglomeration ratio (dagg/dBET) calculated for sample POnS-7 (Table
3.5), which is the highest compared to with the rest of the silica studied (dagg/dBET lying
between 0.1 and 4.8).
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Figure 3.11: t-plots of the micro-silica samples; regression lines (P/P0 < 0.1) for the determination of
the total specific surface area (SSAt-plot) and regression lines (0.10 < P/P0 < 0.35) for the determination
of external specific surface area (SSAext).

In contrast to the results of the SSABET, the values of the SSAext (Table 3.5) clearly show
that CnS-1 has the maximum external specific surface area (217 m2/g), while the POnS-7
has 194 m2/g. This result is expected because the average primary particle size of the
CnS-1 defined by DLS is in the range of 0.9 to 2.3 nm and the primary particle size of the
olivine nano-silica is between 10 and 20 nm. Nevertheless, the calculated SSAt-plot is
higher than the SSABET for the case of POnS-7due to the presence of smaller silica
particles in clusters.
Different values of the specific surface area and the presence of a high or low micropore
volume in the silica samples studied would have consequences for the concrete
performance. Obviously, due to the difference between the surface characteristics (total
or internal surface area, micropore volume, content of silanol group, etc.), a nano-silica
with a specific surface area of 50 m2/g does not show the same performance as a nanosilica with a specific surface area of 300 m2/g. Various researchers (Kong et al., 2012;
Madani et al., 2012; Kong et al., 2013) have reported some different results attributed to
the type and surface areas of nano-silica. They found that the colloidal, precipitated and
pyrogenic nano-silica samples are in a form of relatively large aggregates (similar to the
results presented previously) and, although applying different dispersion methods that
could affect their initial aggregation status in water, it was not possible to break them into
single (primary) particles. Furthermore, they demonstrated that the ionic composition of
the fluid in the pores could significantly influence the stability of nano-silica and could
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lead to their agglomeration inside the concrete cementitious matrix. An important finding
reported by Madani et al. (2012) is that the surface area of nano-silica significantly
affects the pozzolanic reactivity. It can, therefore, be expected that the samples CnS-1
and POnS-7 should display higher pozzolanic activities. Nevertheless, it has been
reported (Kong et al., 2012; Madani et al., 2012; Kong et al., 2013) that the extent of
agglomeration of the silica particles and the presence of microporosity are additional
influencing factors. For example, due to a higher extent of agglomeration of the nanosilica particles that leads to a larger pore volume, a considerable amount of water is
absorbed in the pores of the agglomerates, resulting in a reduction of water available to
lubricate the granular system and for cement hydration; consequently leading to a lower
flowability and a lower extent of hydration (Kong et al., 2013). In general, at any given
replacement level, the workability of cement paste would decrease as the surface area of
the nano-silica increases. In addition, it was demonstrated that the CSH gel precipitated at
the surface of the nano-silica agglomerates has less favorable mechanical properties
(cannot function as a binder) and higher porosity than the gel produced by well dispersed
silica nano-particles (Berra et al., 2012; Kong et al., 2013). A presence of an interparticle
transition zone (ITZ) between the large reacted agglomerates and the bulk paste has been
reported, which acts as a weak zone that decreases the final mechanical properties of
concrete. Based on this consideration and the fact that the sample POnS-7 presents the
highest agglomeration state and microporosity, a lower flowability can be expected for
this type of nano-silica.
3.3.4 Pore diameter and pore size distribution (BJH method)
Figure 3.12 represents the pore diameters and pore size distribution of the selected silica
samples, calculated from the adsorption and desorption branches. The difference between
both pore size distributions is related to the shape of the pores. Larger differences mean
more bottleneck-type of pores (Gregg and Sing, 1982). From the pore size distributions
of the samples studied (see Figure 3.12), it is evident that the silica produced by the
precipitation route from waterglass (CnS-1 and CnS-2) shows the smallest pore diameter,
5 to 6 nm and 11 to 13 nm, respectively. From the distribution of the pore sizes and the
shape of the t-plot it can be observed that the CnS-1 sample has bottleneck-type pores
(also confirmed by the shape of the desorption isotherm) and CnS-2 has slit-shaped pores
produced by the presence of small particles. The pores size distribution is also influenced
by the high content of silanol groups on the surface, as was previously reported for this
type of amorphous nano-silica (ECETOC, 2006). Another finding is that the pore
diameter calculated for the CnS-1 sample is larger than the size of the primary particles
(0.9 to 2.3 nm). Probably this is due to the fact that the BJH method only considers the
pore size distribution between the agglomerates.
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Figure 3.12: Pore size distributions of the silica samples as calculated from the adsorption and
desorption branches.
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Additionally, the BJH method employs some approximations that are not valid for very
small particles or can only be applied to a given part of the isotherm, as was stated by
(Groen et al., 2003). Another factor that influences the pore structure of silica is the
drying procedure. As explained in the experimental procedure (Section 2.2.3), the silica
samples were dried at 105 °C for 24 hours prior to the measurements. The drying
procedure may affect the micropore structure of silica CnS-1, due to coalescence of very
small silica particles. Coalescence of silica particles will influence the textural
characteristics, such as SSABET, pore diameter and pore size distribution. Silica samples
produced at high temperatures, such as PnS-3, PmS-4, PnS-5, and PmS-6, on the other
hand, have their average pore diameters in the range of 2 to 50 nm (mesopores).
Nevertheless, some of them have macropores (larger than 50 nm), which is typical for
packed spheres. The presence of macropores is presumably due to the predominant
spherical shape of the silica particles of PmS-4 and PmS-6. From small differences in the
average pore diameters calculated from the desorption and the adsorption branches, it can
be concluded that the pores of these silicas are cylindrical (also confirmed by the shape of
the t-plot curve for sample PmS-6). Similarly to the pyrogenic and fumed silica, sample
POnS-7 has the pore diameters in the mesoporous and macroporous ranges (average
between 21 and 23 nm). When this silica is compared with the pyrogenic silica, the sole
distinction is the large difference in the pore diameters calculated from the adsorption and
desorption branches of the isotherms. The large difference can only be due to poreblocking effects, produced by bottleneck-type or slit-shaped pores. These pores are
produced by the strongly agglomerated primary silica particles. The small agglomerated
silica particles are enclosing pores with small entrances (interstitial pores). The large
number of silanol groups on the silica surface can contribute to the differences in pore
size distributions calculated from the adsorption and the desorption branch. Lieftink
(1997) reported similar behavior for other nano-silica particles also prepared by the
dissolution of olivine in acid. In addition, the shape of the t-plot curve confirms also the
presence of slip-shaped pores.
3.3.5 Specific density by glass and helium pycnometry
The values obtained from the density measurements using the procedure described in
Section 2.2.4 are shown in Table 3.6 and Figure 3.12. Table 3.6 additionally presents a
comparison between the density measurement results obtained by the glass and helium
pycnometer. The density values are in the expected range for the different silica samples.
The specific density of micro-silica is in the range from 2.2 to 2.3 g/cm3, as previously
reported (ECETOC, 2006). Silica samples PmS-4 and PmS-6 showed also values in this
range. Pyrogenic silica samples, with their high content of nanoparticles (PnS-3 and PnS5), showed, however, a lower specific density (ranging between 1.9 and 2.2 g/cm3). The
low density of the nano-silica is due to the content of silanol groups on the surface and
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the presence of micropores, as demonstrated by their pore size distribution (see Section
3.3.4). The same phenomenon was observed also for the POnS-7 sample, which displays
low density values due to high amount of water (surface silanol groups and a second
layer of adsorbed water molecules) and meso- and macroporosity due to its strongly
agglomerated state. The strong tendency to absorb water is shown in Figure 3.13, where
difficulties to completely degas the sample were observed in the first cycles of density
measurements.
Table 3.6: Computed densities of the silica samples (helium and glass pycnometry).
Helium pycnometry Glass pycnometry
Difference
Name
(g/cm3)
(g/cm3)
(%)
CnS-1
N/D
1.10*
CnS-2
N/D
1.39*
PnS-3
2.146 ± 0.012
2.101
2.1
PmS-4
2.253 ± 0.023
1.39*
PnS-5
2.145 ± 0.009
2.049
4.5
PmS-6
2.241 ± 0.001
2.187
2.4
POnS-7
2.070 ± 0.003
N/D
(*): Measured in colloidal or slurry form at 22°C.

The specific density values obtained by the helium and glass pycnometer are similar.
Nevertheless, the helium pycnometer produces more accurate results than the glass
pycnometer method (difference less that 5%). Another difference between both
techniques is the required measurement time; 12 measurements in a helium pycnometer
take about 30 min, while a single measurement using the glass pycnometer takes about
one day and require a controlled room temperature.
2.30

Specific density (g/cm3)

mS
2.20

nS

2.10

2.00
PmS-4

PnS-3

PnS-5
PmS-5

PmS-6

POnS-7

1.90
0

2

4

6

8

10

12

14

Number of cycles
Figure 3.13: Specific densities versus the number of measured cycles for helium pycnometry.
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3.3.6 Behavior of standard mortars with nano-silica in fresh and hardened state
Figure 3.14 represents the relation between the slump-flow diameter and the total specific
surface area of mortars ingredients as can be found in Table 3.4. It is evident that the
increase of the specific surface area due to the addition of nano-silica with different PSD
decreases exponentially the slump-flow value of the mortars (at the same SP contents).
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Figure 3.14: Relationship between the slump-flow diameters of standard mortars after 15 strokes in
the flow-table and the total specific surface area of the mix (cement, sand and silica).

The larger specific surface area lowers the free water available for lubricating the
granular system. The presence of a significant number of particles enhances the number
of contact points between the particles. The internal friction of the system was raised,
thus reducing the slump-flow. Several researchers (Pashias et al., 1996; Saak et al., 2004;
Roussel et al., 2005; Roussel and Coussot, 2005; Wallevik, 2006; Petit et al., 2007) have
demonstrated that the slump or slump-flow is related to the viscosity and yield point of
cement paste or mortar. Similarly, Bentz et al. (2011) found that the plastic viscosity rises
linearly with the growth of the total specific surface area of the mix. The authors
additionally found that the yield stress also increases linearly with the computed particle
number density. The particle number density is the power law proportionality between
the particle density and the measured yield stress, normally used in percolation
approaches (Bentz et al., 2011). For that reason, the observed reduction in the slump-flow
value is a consequence of changes in the viscosity and yield point of the paste due to the
presence of nano-particles. Nevertheless, based on the deviation (error) of the obtained
experimental points (Figure 3.14), it is evident that other factors also influence the
measured slump-flow diameter. These factors can include: changes in the hydration
kinetics due to differences in the density of silanol groups on the nano-silica surface,
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presence of microporosity that takes up more water, interaction between the SP and the
different impurities (C, S, Na and K) and the final void fraction (packing) of the mix. The
void fraction is normally affected by the ability of the particles to be arranged in a close
packing configuration. The ability is a function of the shape, size and compaction energy.
In the case of nano-particles, due to the high Van der Waals forces between the particles,
it is difficult to achieve the maximum packing. An evidence of this difficulty is the fact
that the silica CnS-2, PnS-3 and POnS-7 show similar slump-flow values. A lower
slump-flow diameter was expected for sample POnS-7 due to its smaller primary particle
size (reflected in higher SSABET) compared to CnS-2 and PnS-3. Apparently, the highly
agglomerated state of the silica particles of POnS-7 influenced the results. One particular
case was the sample CnS-1, which showed a very low slump-flow (almost zero) when a
higher amount of SP (3.6% bwob) was added to obtain a mortar capable to be mixed.
CnS-1 is a colloidal nano-silica with 15% solid content produced by the waterglass route.
This material has the smallest particle size (0.9 to 2.3 nm) of all the studied nano-silica
samples. Apparently, the replacement level used in this experiment (7% bwoc) was too
high to produce a flowing mortar, mainly because the water in the colloidal suspension
was not free water. It was partially adsorbed and retained at the surface of the nanoparticles. With smaller silica particles, the rate of cement hydration is also enhanced
(Land and Stephan, 2012).
Different optimum concentrations of nano-silica have been reported. For example, Said et
al. (2012) reported that at all curing ages the strength generally increased with the
addition of nano-silica (80 m2/g) up to 6% bwoc. Korpa et al. (2008), on the other hand,
reported for a pyrogenic nano-silica (200 to 300 m2/g) that the optimum content is
between 2 to 4% bwoc, while higher contents resulted in a lower workability and final
strengths values. Similarly, Stefanidou and Papayianni (2012) mentioned an optimum
amount of nano-silica ranging between 1 and 2% bwoc for pyrogenic silica with a BET
specific surface area of 200 m2/g. Based on these findings and the obtained results, it is
evident that the optimum amount of nano-silica in cement mortars depends on the
specific surface area of the silica and is lower than 7% for the silica tested here.
The remarkable decrease in workability produced by the addition of nano-silica to cement
pastes, which are observed also after the addition of a superplasticizer (SP), suggests that
the high specific surface area is not the only controlling parameter in producing the
significant increase in the yield stress and plastic viscosity. Some researchers (Berra et al.,
2012; Madani et al., 2012; Kong et al., 2013) reported a strong and ‘‘instantaneous’’
interaction between silica nano-particles (independent from their state: colloidal, powder
or slurry) and some chemical species dissolved in the liquid phase of fresh cement pastes,
leading to the formation a destabilizing gel with high water retention capacity (in form of
bound water). The results of slump-flow tests on the pastes made with the micro- and
nano-silica produced by different routes support this explanation. Furthermore, it was
demonstrated, similarly to the present study for samples PmS-4 and PmS-6 that the nano-
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particles in silica powders are often in an aggregated (firmly-held clusters) or
agglomerated (loosely-held clusters) form with a final cluster size from nanometers up to
100 ȝm (Diamond and Sahu, 2006). Even in a well-dispersed colloidal dispersion, the
nano-particles still exist as aggregates when they are incorporated into a highly alkaline
environment that is present in cement pastes (Kong et al., 2012). By using colloidal silica
such as CnS-1 and CnS-2, it is assumed that the mono-dispersed nano-particles (as
demonstrated by DLS and LLS test results) can act as a filler and nucleation seed much
more effectively than the agglomerates of silica particles generated from powders or
slurries. Nevertheless, Kong et al. (2012) revealed that the colloidal silica reacts to a gel
or coagulates immediately when cement is mixed with water containing sol due to the
rapid increase of ionic strength in the paste, rising pH and adsorption of Ca2+ ions on the
silica particles. As a result, no matter what source of nano-silica is used, it is the behavior
of the final agglomerates, rather than that of the individual nano-particles, which controls
the flowability, filling, pozzolanic and acceleration effects on the cement hydration, and
improvements of the final concrete microstructure.
The strong effect of the microporosity on the slump-flow of the mix is partially validated
by Figure 3.15, which shows that the slump-flow decreases exponentially with an
increase of the micropore volume (VMP) of the nano-silica particles.
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Figure 3.15: Relationship between the slump-flow diameter of the mortar mixes with 7% bwoc of
silica after 15 strokes and the micropore volume (VMP) of the silica samples.

The increase in the VMP reduces the amount of free water, due to the uptake of water
explained above and in Section 3.3.3, and consequently the slump-flow drops. This trend
is evident for all the silica samples studied except for the POnS-7. The olivine nano-silica
exhibited the highest difference between the total (SSAt-plot) and external surface area
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(SSAext) and thus, the highest agglomeration ratio (dagg/dBET of 9.5). The agglomerated
state explains the results considering the high water retention capacity generated by the
elevated microporosity, which is one order of magnitude higher than that of the other
samples studied. Nevertheless, further research is still required to establish whether
additional factors are contributing to the effect on the slump-flow of the nano-silica
particles produced by olivine dissolution in acid.
Figures 3.16 and 3.17 present the 28-day mechanical properties of the mortars. The
results of the flexural strength (Figure 3.16) show that the best performance was obtained
with the standard micro-silica sample (PmS-4) and the lowest value was obtained with
CnS-1. A similar behavior was also found for the 28-day compressive strength which is
given in Figure 3.17. As clearly demonstrated, the strengths (compressive and flexural)
were improved in general by incorporating pyrogenic type micro- and nano-silica (PnS-3,
PmS-4, PnS-5 and PmS-6) and colloidal silica CnS-2. However, the strength was
enhanced more significantly when incorporating PmS-4 (32% more in comparison to the
plain mortar), whereas no improvement was reached by the use of CnS-1 and POnS-7 (8%
lower in average).
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Figure 3.16: 28-day flexural strength (three point bending test) of standard mortar with silica.

The effects of the silica additives on the strength can be related to the state of
agglomeration within the different silica and thus, to their water retention capacity,
resulting in a reduction of water available for hydration of cement and consequently in
lower degree of hydration of cement at the age of 28 days. A higher degree of hydration
of cement pastes containing micro-silica compared to the pastes containing colloidal
nano-silica has been reported (Madani et al., 2012). The authors suggested that the lower
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water absorption capacity of micro-silica (pyrogenic type) causes the higher hydration
degree. As explained in Section 3.3.3, the C-S-H gel precipitated on the surface of the
nano-silica aggregates may have lower mechanical properties and higher porosity than
the gel produced by well dispersed silica nano-particles (Berra et al., 2012; Kong et al.,
2013). The presence of an ITZ between the large agglomerates with a modified surface
after reaction and the bulk paste, which acts as a weak zone, may decrease the final
mechanical properties of the mortars. This assumption was validated by the fact that the
sample POnS-7, which has the highest agglomeration ratio and microporosity, shows
lower flexural and compressive strength.

28-day compressive strength (N/mm2)

100

80
Ref.

60

82.0

40
62.2

70.5

72.2

72.1

69.0
57.4

56.6

20

0
CEM I
52.5N

CnS-1

CnS-2

PnS-3

PmS-4

PmS-5
PnS-5

PmS-6

POnS-7

Figure 3.17: 28-day compressive strength of standard mortars with different type of silica.

Taking into account the 28-day compressive strength of the reference mortar, it is
possible to calculate the relative pozzolanic index of different nano-silicas. The results
show that the colloidal nano-silica CnS-1 has the lowest pozzolanic index (91%) as
compared with the others types of silica tested (Figure 3.18). In general, the waterglass
silica (CnS-2) and the pyrogenic silica (PnS-3, PmS-4, PnS-5 and PmS-6) exhibit the
pozzolanic indices higher than 100%. The results reveal that the specific surface area of
silica is a significant factor in terms of the pozzolanic activity. The low pozzolanic index
(92%) of the olivine nano-silica is probably caused by the presence of relatively large
agglomerates of very small silica particles within this silica. Since only the external
surface of the agglomerates can participate in the pozzolanic reaction and the material
transport within the narrow pores of the conglomerates is very slow, the pozzolanic
activity of the silica from olivine can be expected to be limited. Thus, it is possible that
the significant aggregation of CnS-1 and POnS-7 in the cement matrix of mortar is one of
the main reasons for the lower pozzolanic index as compared to pyrogenic micro- and
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nano-silica samples with lower specific surface areas. Another factor to be considered is
that at 7% replacement of cement, the maximum wet packing is probably not obtained,
which results in a lower strength.
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Figure 3.18: 28-day pozzolanic activity index of standard mortar with silica.

It is important to note that no clear quantitative relations between the mechanical
properties and the morphological and textural properties of the silica have been obtained.
Nevertheless, some observations can be made. The nano-silica samples with the highest
specific surface area (smaller primary particle size) exhibited the worst performance. This
low performance can be attributed to their reactivity (CnS-1) and, particularly, to the
particle dispersibility (agglomeration) in cement paste (POnS-7). The dispersibility and,
hence, agglomeration are important parameters when nano-particles are added to the
cement paste. Sample CnS-1 was added as a well dispersed colloidal suspension and
POnS-7 was added in a powder form. The olivine nano-silica has particles which are
agglomerated in a 3D network with a strong bond between the particles, principally due
to its production route (low pH). This agglomerated state does not allow the mix to obtain
the maximum packing and, possibly due to the presence of larger microporosity, it can
produce voids and, therefore, raise the void content. The poor performance of CnS-1 can
be attributed to its high reactivity, because it has very small particles with sizes in the
range of 0.9 to 2 nm and a high content of sodium (2.5% of Na2O), as illustrated in Table
3.2. Furthermore, Land and Stephan (2012) demonstrated, using isothermal calorimetric
techniques, that the addition of nano-silica at the same mass concentration, but with
smaller particle size (7 nm vs. 295 nm) increases the heat release by C3S-accelerated
hydration rate. The smaller particles have larger effects on the behavior of the sulfate
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containing phases (AFm) in the cement paste. This phenomenon can lead to a faster
setting, increasing the viscosity, and producing a self-desiccation effect of the mortar.
The increase in the setting rate was partially demonstrated by the necessity of the
application of large amounts of superplasticizer (3.6% bwob) to obtain a workable mortar.
Another interesting finding is the fact that the nano-silica additives of the same SSABET
result in similar compressive strengths. This is displayed by the silica CnS-2, PnS-3 and
PnS-5, for which the pozzolanic activity index varied between 113 and 116%. Apparently,
as it was demonstrated by the results of the slump-flow test, the specific surface governs
the pozzolanic activity index. Comparing, on the other hand, the results of the samples
PmS-4 and PmS-6, which have SSABET of 23 and 10 m2/g, respectively, a clear influence
of the aggregation ratio is evident. Other factors, such as the presence of impurities,
shape of silica particles and PSD may affect the results as well. The fact that the PmS-4
silica showed the best performance can be related to its lower reactivity at early ages and
its wider PSD range, that produced a better packing (lower void fraction) under the
present test conditions. In this context, Korpa et al. (2008) confirmed the low pozzolanic
reactivity for micro-silica products, which was much lower than that achieved for fumed
nano-silica dispersions. Nevertheless, further research is needed to understand the
strength development of mortar with different nano-silica additives and the influence of
the application method (powder, colloidal dispersion or slurry form). Furthermore, the
optimum replacement ratio for each type of nano-silica needs to be determined.
Although no direct quantitative relation was found with the morphological characteristics
obtained in this investigation, a further analysis taking into consideration the measured
SSABET to calculate the average diameter (dBET) of the primary silica particles using
Eq.(2.5), was performed. All diameters (dBET) were plotted against the 28-day
compressive strength values (Figure 3.18). This figure demonstrates that, based on the
correlation value of the fit curve (R2 = 0.98), the compressive strength is a function of the
average diameter of the primary particles of the silica samples and, thus, indirectly a
function of the SSABET. Apparently, an optimum value of dBET (around 135 nm) is needed
to obtain the maximum compressive strength at the same w/c ratio and mass
concentration of nano-particles, assuming the nano-silica particles are well dispersed. To
the authors’ knowledge, it is the first time that this conclusion has been reported. The
presence of a maximum or optimum value can be related (in addition to the particles
reactivity and aggregate behavior) to the point where the best packing is obtained.
The theories of “filling gap materials” can be used to partially explain the results (De
Larrard, 1989; De Larrard and Sedran, 1994; Palm and Wolter, 2009). Some researchers
found for mixes of granular materials with a large difference in their average particle size,
that it is possible to achieve maximum packing and, consequently, the minimum void
fraction and increased compressive strength. This effect becomes predominant for a
difference larger than 10 in the size ratio, and preferably between 10 and 100 (Roddy et
al., 2008). The average particle size of cement used is around 13 ȝm and the optimum
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value of dBET found in Figure 3.19 is around 135 nm (100 times less than cement).
Apparently, this size ratio allows reaching the maximum compressive strength.
Nevertheless, still more research is needed to validate this hypothesis and also more tests
with representative samples with average primary particles sizes in the range of 120 to
200 nm are required.
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Figure 3.19: Relations between 28-day compressive strength and the diameter of the primary silica
particles (dBET) computed by the SSABET.

In summary, even though the studied amorphous nano-silica samples have different
textural properties such as pore diameter, pore size distribution, pore volume, shape, etc.,
apparently, the main parameters that affect the slump-flow diameter and the final
mechanical properties are their specific surface area (SSASph), average primary particle
size, micropore volume and size of agglomerates of the silica particles. Additionally,
non-direct evidence was found on the mortar properties related with the silica pore
diameter and pore-sizes distribution.

3.4 Conclusions
In this chapter, the morphology and texture characteristics of amorphous micro- and
nano-silica additives manufactured by different routes, such as precipitation from
waterglass and olivine dissolution in acids, flame hydrolysis and condensation of silica
fume, were studied. The effects on the slump-flow test and the mechanical properties of
mortars formulated with the silica samples were discussed. In addition, the implications
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of the silica characteristic towards the fresh and hardened properties of concrete were
established. Based on these considerations, several conclusions can be drawn:
1. The most observed morphology of the silica particles in the samples is spherical;
changing to more irregular (angular) when the size of the particles is reduced. The
presence of angular particles depends on the production route of the silica. In the case
of silica precipitated by waterglass and dissolution of olivine in acids, the angular
particles are the results of agglomeration of very small particles. For the pyrogenic
silica, in addition to the impurities and clustering of small particles, a presence of
angular particles is the result of sintering of spherical particles at high temperatures.
2. The powder nano-particles (pyrogenic and fumed silica) are often in an aggregated
(firmly-held clusters) or agglomerated (loosely-held clusters) state, with a final
aggregate size from nanometers up to 13 micrometers, whereas colloidal silica
samples are often present in a mono-dispersed form. The silica nano-particles
produced by the dissolution of olivine in acids are present in a polydispersed form,
with very small particles in a highly agglomerated state.
3. The silica samples are amorphous and mainly composed of SiO2 with small amounts
of impurities (Ca, P, C, Mg and Fe). The type and amount of impurities depend on the
production route of nano-silica (condensation, pyrolysis or precipitation).
4. The maximum volume of physically adsorbed nitrogen and the shape of the
adsorption/desorption isotherm depend on the production route of the nano-silica
particles. Nano-silica obtained from the olivine mineral dissolution had the largest
BET and t-plot specific surface area. Silica obtained from the precipitation route using
waterglass precursors has a higher specific surface area than pyrogenic silica.
5. The pore diameter and pore size distribution depend on the production route of silica.
The precipitated silica particles have a narrow or monomodal pore size distribution
(average 6 to 13 nm) with a micro- and mesoporous structure. The pyrogenic silica has
larger pores (average 12 to 19 nm) and a predominant macro- to mesoporous structure,
typically found in structures of packed spheres. The silica particles produced from
olivine had the distribution of the largest pores (average 20 to 23 nm) with a
mesoporous structure range caused by the highly agglomerated state and loose packing.
6. The specific density of the amorphous silica particles depends on the particle size of
the primary particles, internal pore structure and amount of surface and internal silanol
groups. For all others factors being equal, the smaller the primary particle size, the
smaller the specific density of silica samples.
7. A potential relationship between the total surface area of the mix (cement, sand and
silica) and the slump-flow of mortars with different types of amorphous silica nanoparticles was established. It was observed that the higher the total surface area of the
mortar, the smaller the mortar slump-flow. It was also found that the slump-flow can
be affected by the state of aggregation of the primary silica particles that leads to the

Chapter 3

87

presence of microporosity (with a high water retention capacity) in the nano-silica
samples. The slump-flow has an exponential relationship with the micropore volume
of the particles.
8. Even though the amorphous silicas studied have different textural properties, such as
pore diameter, pore-size distributions, shape, etc., the main parameters that influence
the slump-flow diameter (workability) and final mechanical properties are the external
specific surface area, micropore volume (which defines the water adsorption capacity)
and the state of agglomeration. These parameters control the filling capacity,
pozzolanic activity and rate of cement hydration. Thus, it is suggested that silica
should be well dispersed to obtain the intended improvement of concrete properties.
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Chapter 4
1 Water demand and workability
silica/cement mixtures1

of

amorphous

nano-

4.1 Introduction
The water demand of nano-particles, the finest particles in the new generation of
concretes, is a significant parameter for their optimum design. The total water demand is
generally composed of a layer of adsorbed water molecules around the particles (water
layer) and an additional amount needed to fill the voids in the granular system. Having a
filled void fraction, the present ratio of total specific surface area to the remaining
amount of water determines significantly the workability of a mixture. The water content,
the degree of hydration and the cement type and amount, are mainly responsible for the
amount of capillary pores, which are a direct indicator for durability of concrete and
mortars (Neville, 2002). Furthermore, it has been stated by Hunger (2010) that the water
demand, surface area, resulting consistency and void fraction are all related with each
other. As demonstrated in Chapter 3, nano-particles provided by far the biggest part of
the total specific surface area of the mix, thus they have, together with the amount of
powder, the strongest influence on the total water demand of a concrete mix.
Consequently, they affect the workability due to their higher water retention capacity.
Therefore, an appropriate determination of the amount of water needed to cover all
particles with a water layer of a certain thickness is important. The increasing thickness
of the assumed water layer determines the location of particles in the system to each other.
With further rise of the water content particles increase their distance. Thus, the densest
possible packing is not obtained anymore. In consequence, the beneficial role of nanoparticles addition is lost. Additionally, an accurate determination of the water demand is
of importance for a workable mortar or concrete mixture, in particular for selfcompacting concretes (SCC) which are very sensitive to small changes in their water
content. This chapter addresses the theoretical background and experimental procedures
to study the water demand of amorphous nano-silica.
While basic nano-silica and powder characterization were discussed in the previous
chapters, this section focuses on the water demand of nano-silica/cement mixtures, the
respective measurements and their flow behavior. The common mini spread-flow test was
thoroughly analyzed and used for the derivation of the optimum water layer thickness.
1
Parts of this chapter were published elsewhere [Quercia, G., Hüsken, G. and Brouwers, H.J.H., Cement & Concrete Research 42
(2012) 344–357].
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With the help of flow experiments, relations previously established by Hunger (2010) for
micro-powder are validated for nano-particles. These relations take into account the
specific surface area, void fraction, water demand and related workability of nanosilica/cement pastes. A validation of a constant water layer thickness for nano-particles
allows, in reverse, the prediction of the flow behavior and workability of mixes with
known granulometric composition and water content. Furthermore, the granulometric
properties of the paste are analyzed and relations of the resulting calculated void fraction
and distribution modulus q are made using the results obtained by an optimization
algorithm developed by Hüsken and Brouwers (2008).
4.1.1. Application of nano-silica in cement paste
Nano-silica addition in cement paste and concrete can result in different effects. The
accelerating effect in cement paste is well reported in the literature (Qing et al. 2007;
Senff et al. 2009, 2010; Lin et al. 2008; Byung-Wan et al. 2007). The main mechanism of
this working principle is related to the high specific surface area of nano-silica (nS),
because it works as nucleation site for the precipitation of C-S-H gel. However,
according to Björnstrom et al. (2004) it has not yet been determined whether the more
rapid hydration of cement in the presence of nS is caused by its chemical reactivity upon
dissolution (pozzolanic activity) or is related to the considerable surface activity.
Nevertheless, Byung-Wan et al. (2007) studied the accelerating effect of nS in mortars
and they found that this effect is low in the first 22 minutes, according to their
calorimetric curves presented for OPC mortar with 10% of nS. During the first stage of
reaction there is an increase in the heat release, and then this heat drops during the
beginning of the induction period of hydration. This phenomenon is also presented by
Belkowitz and Armentrout (2010), who found that in the beginning of the calorimetry test
a difference of only four degrees Fahrenheit between a reference cement paste and nS
pastes with varying particle size (8 to 508 nm) was measured. In other words, it was
observed that the accelerating effect of nS depends on the origin and the production
method (colloidal or dry powder). Even though the beneficial effect of nS addition is
reported, its concentration is limited to a maximum level of 5% to 10% based on the
weight of cement (bwoc), depending on the researcher or reference. At high nS
concentrations the autogenous shrinkage due to self-desiccation increases and results,
consequently, in a higher cracking potential.
4.1.2 Effect of nano silica addition on the workability
The accelerating effect of nS addition was established indirectly by rheological
measurements (viscosity change) of cement pastes and mortars (Senff et al. 2009, 2010).
The viscosity measurements have shown that cement paste and mortar with nS addition
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need more water to keep the workability of the mixture constant (higher water demand).
Even though rheometric techniques are more accurate, they can be time-consuming,
laborious and are often technically difficult to perform compared to standard workability
tests, like the mini spread-flow test. Another disadvantage is that cement pastes need to
be conditioned at the beginning and stirred to obtain first measurements. This procedure
takes normally about 20 min after the initial mixing and is reported by several researchers
for rheological studies on nS and mS (Mangialardi and Paolini, 1987; Vikan and Justnes,
2007; Senff et al., 2009, 2010; Esteves et al,. 2010). Furthermore, it can be concluded that
nS exhibits stronger tendency for adsorption of ionic species in the aqueous medium
(Boddy et al. 2000) and the formation of agglomerates is expected.
In opposite to the rheometric measurements, the mini spread-flow test described by
Okamura and Ozawa (1995), is an efficient and classical technique that is used nowadays
by several researchers as a method to determine the water demand of powders and
mortars (Domone and Hsi-Wen, 1997; Plank et al., 2009; Hunger and Brouwers, 2009; Li
and Kwan, 2011; Bouvet et al., 2010). It is suitable in particular for the measurement of
materials that have a collapsed slump. As was mentioned before, in the paste at the onset
of flowing, a layer of adsorbed water molecules surrounds the fine particles and an
additional amount of water is needed to fill the remaining void fraction of the granular
system. Brouwers and Radix (2005), Hunger and Brouwers (2008) and later Hunger
(2010) found a relationship between the specific surface area and the water demand of
micro powder using the mini spread-flow test. They reported a constant water layer of 25
nm for several tested powders. It is interesting to investigate if the same relationship can
be found at nanoscale. Several reports can be found in the literature on the effect of nS on
the workability of cement paste using rheometric measurements, but the effect on the
water demand using the mini spread-flow test have not be reported so far.
4.1.3. Effect of nano-particles addition on the granular mix
In most cases, in porous materials like concrete and mortar, one way to increase their
performance is the minimization of their void content, in particular, the capillary pores
(Powers, 1968; Hunger, 2010). One of the main problems that concrete technologist are
facing with is to maintain the workability when proportioning the mix constituents in
order to obtain a maximum packing factor (less void content). Concrete, in this regard,
holds a very exceptional status. It is formulated with different materials that have an
enormous size range. This range includes nanometric powders and in some cases such as
dam construction, very coarse particles as large as 125 mm (Hunger, 2010). The first
reports dealing with the improvement of concrete mix designs taking into account the
particle packing was published in 1892, but the greatest contribution in this field was
disclosed later by Fuller and Thompson in 1907 (Féret, 1892; Fuller and Thompson, 1907;
Jones et al., 2002; Hunger, 2010). These experiments resulted in optimal distribution
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curves which are currently accepted as standards (Jones et al., 2002). One of the early
examples is presented by Fuller and Thompson (1907) in a series of curves which are
widely used for the optimization of concrete and asphalt aggregates nowadays. Because it
is relatively simple to achieve the “target” distribution with a minimum deviation using a
few (at least two) sets of particulate materials (Hüsken and Brouwers, 2008; Fuller and
Thompson, 1907; Jones et al., 2002), this optimal distribution method is extensively used.
In spite of its usefulness, this method cannot predict the packing degree of the resultant
mixture.
This research treats combined mortar or concrete grading solely, whereby combined
stands for the combination of aggregates and powders, i.e. all solids. Such grading is
henceforth referred to as total grading. To improve the grading and increase the packing
for concrete, Hüsken and Brouwers (2008) and later Hunger (2010) developed a new mix
design tool based on the modified Andreasen & Andersen equation suggested by Funk
and Dinger (1994). This mix design tool generates total grading based on continuous
geometric random packing of polydisperse particles. Nevertheless, this tool needs to be
validated or modified to take into account the effect of nano particle additions. Brouwers
and Radix (2005) concluded in a previous work that it could be expected that if one
would optimize the PSD down in the nanometer range, the workability and stability could
be maintained while further reducing the necessary superplasticizer content. In this
context, a brief overview on the development of grading algorithms incorporate nanoparticles is given as a first stage. Table 4.1 shows a summary of different grading models
reviewed that partly include fillers or binders in nanoscale range (considering Dmin
values).
From Table 4.1 it is possible to assume that the majority of the existing models take as a
convention a minimum particle size (Dmin) of the grading of 100 nm. Nevertheless, these
values normally depend on the user’s demand. Maybe the minimum particle diameter is
limited Dmin, because at this level another force appears that affects the particle packing
such as Van der Walls force, zeta potential and other electrostatic particle interactions
(Diamond and Sahu, 2006). Some researchers found that small particles obtain a lower
packing factor and higher porosity than the bigger ones (Yu et al., 1997; Reschke et al.,
2001; De Larrard and Sedran, 2002; Palm and Wolter, 2009). The most important feature
of the packing of fine particles is the formation of agglomerates because of the relatively
strong cohesive forces (Yu et al., 1997). As a consequence, the particles do not behave
individually at macroscopic level. The interesting range of nano-particles is between 10
and 100 nm (Sobolev et al., 2006) as at this size range the relation between surface
energy and the bulk is more important. Furthermore, it is possible at this size range to
obtain a real change in the material properties. For this reason, an analysis of the
developed grading algorithm is also given with the objective to test its applicability for
particles at nanoscale.
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Table 4.1: Summary of particle packing distribution models in concrete technology.
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Funk & Dinger (1994)

P' d

d q  dmin q
dmax q  dmin q
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0.5

125

0.37

Brouwers & Radix (2005)

P' d

d q  dmin q
dmax q  dmin q

Cont.

0.1

125

0.1-0.28

ND: not determined; Cont.: continues grading; (*): Ternary blend. Taken from (Fuller and Thompson, 1907; Furnas, 1928;
Andreasen and Andersen, 1930; Plum, 1950; Bolomey, 1947; De Larrard, 1989; Funk and Dinger, 1994; Brouwers and Radix, 2005;
Hüsken and Brouwers, 2008; Hunger and Brouwer, 2008; Hunger, 2010).

4.2. Materials and experimental methods
4.2.1 Materials
The Portland cement used was CEM I 52.5 N, as classified by CEN EN 197-1 (2000).
This cement consists to more than 95% by mass of Portland cement clinker; the initial
setting time is 45 min, a water demand of 38.9% by weight, and compressive strength of
more than 30.0 N/mm2 for 2 days and more than 52.5 N/mm2 at 28 days (ENCI, 2007) is
obtained. Other physical properties are shown in Table 2.6. The same amorphous silicas
as analyzed in Chapter 3 were selected to determine the water demand and to perform the
subsequent analysis.
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4.2.2 Experimental methods
Water demand, void fraction and workability of cement/nano-silica pastes
Cement pastes with different silica addition were prepared at variable water/powder
ratios between 0.5 and 0.7. In total, 97 cement pastes were produced with 0, 0.5, 1.5, 3.0
and 4.5% silica addition based on the weight of cement (bwoc), maintaining a constant
weight of 1 kg of cement for each mix and without SP (see Table 4.2).
Table 4.2: Analyzed paste formulations (without SP).
(% wt)

w/p

Water (ml)

Cement (g)

Silica fine (g)

0

0.50
0.55
0.60
0.65
0.70

500 ± 1
550 ± 1
600 ± 1
650 ± 1
700 ± 1

1000
1000
1000
1000
1000

-

0.5

0.50
0.55
0.60
0.65
0.70

498 ± 1
548 ± 1
598 ± 1
662 ± 1
701 ± 1

1000
1000
1000
1000
1000

5
5
5
5
5

1.5

0.50
0.55
0.60
0.65
0.70

504 ± 1
554 ± 1
604 ± 1
655 ± 1
721 ± 1

1000
1000
1000
1000
1000

15
15
15
15
15

3.0

0.50
0.55
0.60
0.65
0.70

510 ± 1
562 ± 1
613 ± 1
665 ± 1
716 ± 1

1000
1000
1000
1000
1000

30
30
30
30
30

4.5

0.50
0.55
0.60
0.65
0.70

518 ± 1
570 ± 1
622 ± 1
675 ± 1
727 ± 1

1000
1000
1000
1000
1000

45
45
45
45
45

The same procedure used by Okamura and Ozawa (1995), and later by Domone and HsiWen (1997) was followed (no use of superplasticizer in the first instance). The effect of
plasticizers is addressed in Section 4.3.3. The cement pastes were mixed according to EN
196-1 (2005) using a 5 l Hobart mixer. The pastes were tested after mixing using the mini
spread-flow test applying the Hägermann cone described in NEN EN 1015-3 (1999). The
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testing after mixing was done in order to minimize the effect of possible reactivity of the
silica fines, assuming that in the first eight minutes no considerable dissolution of the
silica takes place. The relative slump (īp) was calculated according to Okamura and
Ozawa (1995) from:
2

*p

ª § D1  D2 · º
«¨ 2 ¸ »
¹ » 1
«©
D0
«
»
«¬
»¼

(4.1)

Where D1 and D2 are the spread-flow of the sample measured perpendicular to each other,
and D0 is the cone base diameter (100 mm). At least three to five mixes with different
water (Vw) to powder (Vp) ratio, by volume, were prepared in order to obtain a trend line
for the regression analysis. All computed values (īp) were plotted versus the respective
Vw/Vp ratio and a linear trend was fitted through the plotted data, reading:

Vw
Vp

E p  Ep* p

(4.2)

Where the intersection of the linear function (ȕp) represents a zero slump-flow, and is
referred to as water demand. This value gives the minimum water amount to assure a
saturated cement paste. The deformation coefficient (Ep) was also derived from Eq. (4.2)
and represents the slope of the linear regression. This value indicates the sensitivity of the
mix regarding changes of the water content for a specified workability class, which
means that the mix with a lower deformation coefficient shows a bigger change in
deformability to a certain change in the water amount (Hunger 2010).
Taking into account a linear relation and the work of Domone and Hsi-Wen (1997), the
deformation coefficient of the pure silica fines was calculated using the following
equation:

Ep,mix

f1  Ep,CEMI  f2  Ep,nS

(4.3)

where f1 and f2 are the volume fractions of cement and silica fines, respectively. Knowing
the deformation coefficient of cement (Ep,CEMI), Ep,nS of the nano-silica can be derived
indirectly.
Furthermore, the void fraction (ࣛ) was calculated using the water demand (ȕp,mix)
according to the equation given by (Brouwers and Radix, 2005):

96

<( *

Water demand and workability of amorphous nano-silica/cement mixtures

0)

Vw
Vtotal

Vw
V w Vs

Ep
Ep 1

(4.4)

In which Vw, Vs and Vtotal are the volume of water, solids as well as the total volume of
the mix, respectively, and ȕp is the interception of the spread-flow line with the abscissa
when the relative slump equals to zero.
Derivation of water layer thickness
A thin layer of adsorbed water molecules around the particles is necessary to assure the
fluidity of the hydrating system. Brouwers and Radix (2005) proposed that the thickness
(į) of this layer is related to the deformation coefficient and the surface area of the
material used, which was later confirmed by Hunger (2010). This relation reads:

Ep,nS [ G  SSASph

(4.5)

where ȟ is the shape factor and SSASph is the specific surface area computed from the PSD.
Using the different computed surfaces areas according to the procedure described in
Chapter 2 and 3 (SSASph, SSABET and SSAext) and the calculated deformation coefficient, a
water film thickness of the nano-silica was derived from the slope of a linear regression
using Eq. (4.3) and assuming a shape factor (ȟ) of 1. Finally, the different water film
layers were compared in the present study.
Particles grading and determination of distribution modulus for pastes, mortars and
concrete
As previously introduced in Section 4.1.3, the particle grading and the distribution
modulus (q) of the granular mix consisting of amorphous silica and cement particles were
calculated based on the optimization algorithm developed by Hüsken and Brouwers
(2008). This algorithm is based on the modified Andreasen and Andersen equation
proposed by Funk and Dinger (1994), which reads as follows:

P' D

Dq  Dmin q
Dmax q  Dmin q

(4.6)

The previous equation describes the grading of continuously graded formulations of
particles considering a minimum (Dmin) and maximum (Dmax) size of the particles that are
present in the mix. Hence, an aimed composition of the granular mix considering the
grading curve given by Eq. (4.6) can result in a paste that meets the minimum void
content and, in consequence, minimum water demand (Figure 4.1).
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Figure 4.1: Example of target line and composed mix derived from the optimization algorithm for
cement paste.

The algorithm considers m ingredients (k = 1, 2,…, m), including the non-solid
ingredients air and water. For the mix analysis using Eq. (4.6), the geometric mean Di,
i+1
of the upper and lower sieve size of the respective fraction obtained by LLD or
geom.
DLS analysis was taken as particle size D and follows from:

Di ,geom.i 1

Di  Di 1

for i = 1, 2, ..., n

(4.7)

The sizes of the fractions vary in steps of Ĝ2 starting from 0.01 ȝm up to 125 mm.
Consequently, 44 sizes (i = 1, 2,…, n+1) were identified, and 43 fractions (n) are
available for the classification of the solid ingredients. Taking this wide range of the PSD
of the granular ingredients into account, the entire grading of both materials was
considered to obtain a theoretically optimized mix for maximum packing of pastes,
mortars and concrete. Using the physical properties of the solids, such as specific density
(ȡspe), specific surface area (SSA), and their PSDs, a grading curve (cumulative finer
fraction) of the composed mix was generated on volume base:

Pmix Di , geom.i 1

Pmix Di , geom.i 1  Qmix Di , for i = 1,2, …, n - 1

Pmix Di , geom.i 1

1 , for i = n

where Qmix is equal to:

or

(4.8)
(4.9)
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¦
Qmix Di

m 2

vsol ,k

k 1

U spe,k

Qsol ,k Di

n

m2

vsol ,k

i 1

k 1

U spe,k

¦ ¦

(4.10)
Qsol ,k Di

Using the resulting PSD of the tested mixes, the distribution modulus q was assessed
using the least squares technique. The distribution modulus of Eq. (4.6) was related to the
workability properties of the tested mixes. For the analysis, the optimum content of
amorphous nano-silica and cement was also calculated using the optimization algorithm.
In this case, the distribution modulus q varies between 0.01 and 0.50, considering a w/c
ratio of 0.5 as constraint. Furthermore, a sensivity analysis using mortar and SCC mixes
was performed to evaluate the effect of nano-silica additions on the optimization
algorithm. The objective of the sensivity analysis was to validate or explore
modifications needed based on workability and mechanical properties assessments.

4.3 Results and discussion
4.3.1 Mini slump-flow test
Water demand analysis
The relative slump-flow value of cement/nano-silica mixes versus the volumetric water
powder ratio (Vw/Vp) is depicted in Figures 4.2a to 4.2g for different types and contents of
silica. The data illustrate the direct relation between the water demand and the
workability of the hydrating system containing amorphous silica and cement. A list of
different coefficients (Ep,mix and ȕp,mix) found for cement/silica pastes is presented in
Table 4.3. It is important to notice that for the additions of sample CnS-1 higher than 1.5
(% bwoc) resulted in a too stiff paste which is as a consequence of the internal surface
area increase that produced higher cohesive forces between the particles. Consequently, it
was not possible to measure the spread-flow for the sample CnS-1 without the use of
superplasticizer (the use of SP is further developed in Section 4.3.3). In general, the
results shown in Table 4.3 are in line with the theory presented by Brouwers and Radix
(2005) where Ep,mix depends on the total specific surface area of the solids of the
composed mix, which are in the considered case, cement and amorphous silica (nS and
mS). It is evident that decreasing the particle size (dBET) of amorphous silica and,
consequently, increasing SSA, increases the values of Ep,mix for all the tested samples.
Also the water retention capacity of the agglomerates increased the water demand, as it is
depicted in Figure 4.3a using the calculated agglomeration ratio of the silica as explained
in Chapter 3.
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Figure 4.2: Variation of water/powder ratio as function of the relative slump-flow of cement paste
with different addition of nS/mS (¸ 0.5%, ƻ 1.5%, ƶ 3.0% and Ʒ 4.5%) based on weight of cement,
a) CnS-1, b) CnS-2, c), PnS-3, d) PmS-4, e) PmS-5 and f) PmS-6, g) POnS-7. In Eq. (4.2a) ȕp and Ep
are described.
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Table 4.3: Computed (Ep) and (ȕp) coefficients for cement pastes with different
amorphous silica additions, and varying concentrations (without SP).
Water demand
Name
Concentration
Deformation coefficient
(ȕp,mix)
(% bwoc)
(Ep,mix)
CEM I 52.5 N

-

0.0562

1.383

CnS-1

0.5
1.5

0.1110
0.2084

1.353
1.501

CnS-2

0.5
1.5
3.0
4.5

0.0591
0.0677
0.0867
0.1024

1.320
1.298
1.288
1.318

PnS-3

0.5
1.5
3.0
4.5

0.0651
0.0733
0.0821
0.1046

1.312
1.347
1.407
1.481

PmS-4

0.5
1.5
3.0
4.5

0.0568
0.0789
0.0837
0.0925

1.303
1.184
1.223
1.267

PmS-5

0.5
1.5

0.0840
0.0787

1.163
1.274

PmS-6

0.5

0.0658

1.247

1.5
3.0
4.5

0.0685
0.0817
0.0834

1.260
1.178
1.184

0.5

0.0587

1.350

1.5
3.0
4.5

0.0716
0.1058
0.1814

1.447
1.595
1.752

POnS-7

1.50

b)

y = 1.71x-0.07
R² = 0.75
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Figure 4.3: Variation of the water retention ratio (ȕp, mix) for silica addition of 1.5% bwoc with, a)
primary particle size (dBET) and b) agglomeration ratio (dagg/dBET) determined in Chapter 3.
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Furthermore, it is clear that the values of the deformation coefficient (Ep,mix) also increase
when the relative concentration of the amorphous silica is higher. However, the water
demand depends also on the packing and the void fraction of the paste, which explains
the minima observed in Figures 4.4b to 4.4e. In the case of improved packing, more
water is available to lubricate the particles (Hunger, 2010; Brouwers and Radix, 2005),
which results in a larger slump-flow diameter. Consequently, some values of the water
retention ratio ȕp,mix obtained for mixes with silica addition are lower than the pure
cement paste (ȕp,CEMI = 1.383).
Void fraction and workability
In order to analyze the results and to unify the parameters effect of the slump-flow tests
(Ep,mix and ȕp,mix), the void fraction (ࣛ) of each mix was calculated from its ȕp,mix value
using Eq. (4.4). The calculated void fractions were compared with the theoretical water
demand (Vw/Vp) necessary for each paste formulation to obtain a relative slump (īp) of
5.3, which is equivalent to a flow diameter of 250 mm. This value is considered as an
optimum for obtaining good workability in pure cement paste and was indicated by
(Hunger, 2010) for cement type I (CEM I 52.5 N). The results obtained for the selected
silica samples and the reference cement are illustrated in Figures 4.4a to 4.4f. Analyzing
these figures it can be concluded that it is possible to reduce the void fraction of the
cement paste with 0.5% bwoc of CnS-1. Nevertheless, due to increasing values of the
deformation coefficient (Ep), 15% more water is required to obtain a 250 mm slump
diameter. Hence, a superplasticizer is needed to reduce the water demand (see, Section
4.4.3). The higher water demand is caused by the large difference between the specific
surface area of CnS-1 (364·104 cm2/cm3), compared with CEM I 52.5 N (2·104 cm2/cm3).
For the other colloidal nano silica studied (CnS-2), the reduced void fraction comes along
with a reduction in the water demand. This finding is in line with the theories of
improved particle packing of continuously graded mixes (Fuller and Thompson, 1907;
Furnas, 1928; Andreasen and Andersen, 1930; Plum, 1950; Funk and Dinger, 1994; Jones
et al., 2002; Brouwers and Radix, 2005; Hüsken and Brouwers, 2008; Hunger and
Brouwers, 2008; Hunger, 2010). Nevertheless, the minimum void fraction derived from
the theoretical analysis is not in line with the point of minimum water demand (Figure
4.4b). It means that another mechanism probably exists that is acting in the mix, and
which influences the particle packing. Similar phenomena have already been reported by
(Palm and Wolter, 2009) as the main problem of the application of particles with high
specific surface area, i.e. particles in the nanometric range. At nano scale level, other
interparticle forces such as Van der Waals forces, electrostatic repulsion and attraction
influence the particle packing and the aggregation state of the primary silica particles.
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Figure 4.4: Theoretical water/powder proportion for a slump-flow of 250 mm (Ƶ) and calculated
void fraction (ƻ) for cement pastes with different addition of silica.
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Several researchers (Yu et al., 1997; Palm and Wolter, 2009), reported that nano particles
exhibit lower packing fractions than similar particles with the same composition but with
a larger particle size. In contrast to this, it can be noticed from Figure 4.4b that it is
possible to reduce the water demand of the cement paste by 3%, when CnS-2 is added
with a concentration below 2% bwoc. For both mentioned colloidal nano silica samples
(CnS-1 and CnS-2) competing effects between packing behavior and interparticle forces
(agglomeration ratio) show an important influence on the void fraction and the water
demand computed using the slump-flow test. Similar trends in computed (ࣛ) and (ȕp,mix)
values were also found for the samples PnS-3 and PmS-5, which reduce the water
demand in small additions, maximum 0.9% for PnS-3 and 1.5% bwoc for PmS-5,
respectively. It is important to remark that PmS-5 at low concentrations (less than 1.5%)
reduces the water demand significantly (5% less water by volume is needed to obtain a
flow value of 250 mm).
On the contrary, PmS-4 shows a minimum water demand when a minimum void fraction
is obtained (see Figure 4.4d). The reduction in the water demand is around 4.5% in
volume for an addition of 1.5% bwoc. Moreover, it is possible to obtain a cement paste
with the same water demand with an addition of about 3.4% bwoc. This is in line with
other literature, where a reduction of the water demand is reported for a concentration of
less than 5% bwoc (Senff et al., 2010). However, it is still remarkable that the effect on
the reduced water demand due to the incorporation of particles, which result in an
increase in the specific surface area, is extensive. This effect increases the water demand
of cement paste with additions larger than 3% of sample PmS-4.
In contrast to the other samples, PmS-6 (Figure 4.4f) shows a water demand reduction
and a minimum void fraction in the entire range of concentrations studied (0.5 to 4.5%
bwoc addition). This synthetic pyrogenic silica sample shows a wide PSD that apparently
improves the packing of the paste when it is combined with CEM I 52.5 N, as this sample
has only four times higher SSA than the applied cement, its influence on the packing
fraction and the water demand is less. In this case, the spherical particle shape results in a
ball-bearing effect that reduces the apparent paste viscosity. PmS-6 consists of coarse
spherical silica that is less reactive than the smaller sized silica and that has a high
concentration of nanoparticles. The before mentioned ball-bearing effect is similar to the
effect of fly ash (Nelson and Guillot, 2006). It improves or facilitates the flowing of the
cement paste, resulting in a lower water demand to obtain the same slump diameter. As a
result, the average water demand was reduced by 5% for all the mixes studied. Finally, it
is possible to observe that the void fraction of the pastes with POnS-7 can be decreased
by 0.5% bwoc, however, the water demand cannot be decreased as is obvious in Figure
4.4g. The water demand for this sample increases almost linearly with the increase in
addition. This is probably caused by the high agglomeration state (dagg/dBET = 9.5) of this
nano-silica and the high micropore volume (0.0297 cm3/g) that results in a high water
absorption, which decreases the free water amount in the granular system.
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In general, the water demand needed to obtain a slump diameter of 250 mm (ī =5.3)
increases with a decreasing particle size. Furthermore, the water demand increases when
higher silica concentrations are used, as illustrated in Figure 4.5. One exception from this
observation is the sample CnS-1 which has the smallest primary particle size (0.9-2.3 nm).
It is also important to notice that the application technique of the silica (suspension,
powder, or slurry) has an effect on the test results, as already discussed in Chapter 3. The
dispersion of the particles can affect the workability of the mix and, consequently, the
packing and void fraction. To minimize this effect, all samples were firstly mixed with
water and then added to the mixing water before the cement was added. This procedure
was suggested by Marchuk (2004) as an appropriate method for the dispersion of micro
silica when a conventional orbital type mixer is used. Even though this method might not
be sufficient to totally disperse the dry and wet amorphous silica powders (PnS-3, PmS-5
and POnS-7), and could be the explanation why, in some cases, the minimum void
fraction did not follow the minimum water content. Also, the initial pH value of the pore
solution at early ages can be different from amorphous silica introduced in colloidal
(CnS-1 and CnS-2) or in slurry form (PmS-4), when both samples are compared with
silica in powder form. This fact, combined with the difference in agglomeration ratio
(dagg/dBET), might explain why the water demand of PnS-3 is higher than that of sample
CnS-2, although both samples have similar specific surface areas and average particle
sizes. In spite of the difference in the water demand, the use of a relative high Vw/Vp in
the range of 0.5 to 0.7, was chosen to minimize this effect. A further solution can be
found by the use of a superplasticizer, which will be considered in Section 4.4.3.
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Figure 4.5: Theoretical water/powder ratio for a slump-flow of 250 mm (ī =5.3) for cement pastes
with different addition and sizes of nano- and micro-silica. D(v,0.5) is the characteristic size diameter,
where 50% of the particle, by volume, are below in the cumulative finer curves presented in Figure
3.2.
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4.3.2 Water layer thickness analysis
In the following, the derivation of the water film thickness is described and analyzed. It is
important to understand how the different Ep values were obtained and their relation to
the physical characteristics of the pure nS/mS. The deformation coefficients Ep were
derived from Eq. (4.3) taking into account a linear relation as described by Domone and
Hsi-Wen (1997). Considering the respective fraction or concentration of cement and
silica in the paste, each Ep,nS was calculated indirectly and its derivation is illustrated in
Table 4.4.
Table 4.4: Estimated volume-based deformation coefficients (Ep,nS) and water
later thickness (į) for silica derived from the spread-flow tests and different
specific surface areas (SSASph, SSAext and SSABET , respectively).
Name

Ep,nS

įSph (nm)

įext (nm)

įBET (nm)

CnS-1
CnS-2
PnS-3
PmS-4
PmS-5
PmS-6

9.0398
0.8947
0.9346
0.7150
1.5562
0.5058

24.8
19.4
34.1
20.9
67.1

19.9
9.9
9.1
16.8
22.3

18.4
8.5
7.9
14.2
19.6

POnS-7

1.2883

22.0

1.5

-

Higher deformation coefficients (Ep,nS) were found for mixes with a high content of nanosilica (0.935 to 9.040), which is bigger than that of cement (0.0562). This indicates that
water has a large influence on workability of the hydrating system containing nano-silica.
The results are directly related to the high specific surface area as previously reported by
Brouwers and Radix (2005) and later by Hunger (2010). These researchers concluded
that the larger the external surface, the larger the deformation coefficient, as more water
is required to obtain a certain relative slump. As it is shown in Figure 4.6, the present
study confirms the relation between the deformation coefficient (Ep) and the specific
surface area (SSASph) calculated by LLD and DLS. Also, it confirms the relation between
the deformation coefficient and the specific surface area derived by other methods (t-plot
and BET). The difference between the derived specific surface areas are illustrated in
Figure 4.7.
On the other hand, using the computed SSASph and the calculated deformation coefficient,
a water film having a thickness of 24.8 nm was derived for the silica samples using Eq.
(4.5), (slope of the linear fit presented in Figure 4.6). This value is in the same order of
magnitude as the results reported by Brouwers and Radix (2005) of 41.3 nm (SSABlaine).
Furthermore, this value is also confirmed by Hunger (2010), who reported a water layer
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thickness of 24.9 nm based on SSASph and 41.6 nm SSABlaine respectively, for different
powders and binders. Moreover, similar values were reported by Marquardt (2002), who
found a layer thickness of about 150 water molecules for particles by means of sorption
experiments.

Deformation coefficient (Ep)
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Figure 4.6: Computed (SSASph), BET volume based (SSABET and SSAext) specific surface area against
respective deformation coefficient (Ep,nS) with and without SP1 for different silica derived from
spread-flow tests.
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Figure 4.7: Schematic representation of the different specific surface areas derived for nanoparticles
agglomerates, a) spherical computed (SSASph), b) external (SSAext) and c) BET volume based
(SSABET ).

This layer thickness corresponds to approximately 45 nm as the size of one water
molecule is about 3 Å. As the computed specific surface area depends on the efficient
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dispersion and the primary agglomerated nano-particles, a similar approach as performed
before was carried out using the BET specific surface area (SSABET). In this case, all Ep
were plotted against the SSABET and SSAext, and multiplied by the corresponding specific
density. In this case, a shape factor is not necessary for correction, because the BET
surface area considers the entire accessible particle surface, including pores (Figure 4.7).
As the surface of the pores is included in the calculation of the water film thickness, the
external surface area, calculated by the t-plot method, becomes more important. The
result is shown in Figure 4.6, where the computed water film thickness decreases from
24.8 nm to 19.0 nm, considering only the external surface area (įext); and from 24.8 nm to
17.4 nm, taking into account the surface area of the pores (įBET), respectively.
Furthermore, the water later thickness was derived in the presence of superplasticizer
(įSph,SP) and amounts to 11.3 nm. This result is discussed in detail in Section 4.3.3.
Next, the computed specific surface area (SSA) calculated by LLS or DLS was plotted
against SSABET and SSAext as is illustrated in Figure 4.8. It is shown that the empirical
relation between SSASph and SSABET is linear with a conversion factor in the range of 0.70
to 0.77 for BET and external surface area derived by the t-plot method.
As previously discussed, the application technique of the silica can affect the packing and
workability. Also, the particles reactivity has a great influence on the hydration.
Nevertheless, the values obtained for the water film layer of all types of amorphous silica
with spherical shape can partially validate the use of the spread-flow test to calculate the
water demand of amorphous nano silica.
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Figure 4.8: Linear relation between computed (SSASph) and volume based (SSABET and SSAext)
specific surface areas.
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The reactivity of the small particles, and a possible effect of the method of incorporation,
are minimized by the use of a high water content, the mixing procedure described by
Marchuck (1994), and the short time to obtain the slump-flow. At the early stage, the
increasing number of contact points and the interlocking of the granular system determine
the main flow mechanisms. The water retention ratio (ȕp) of the nano-particles influences
also the flow properties (nano-particles apparently need the same water layer thickness as
micro particles to obtain the same flow diameter). This phenomenon explains why nanosilica is used as stabilization agent in SCC and as anti free water additive in well
cementing slurries.
As nano-particles always decrease the workability of concrete, they are used in
combination with water reducing agents or superplasticizers. Additionally, the reactivity
of nano-silica with cement during hydration is expected to have a fundamental impact on
the packing density and the void fraction and therefore on the microscopic and
macroscopic behavior of the cement mix. To overcome these drawbacks of using nanoparticles further tests using superplasticizers (SP1) were performed and are explained in
the following section.
4.3.3 Effects of superplasticizers on the water layer thickness
To study the effects of superplasticizers on the water layer thickness and paste properties,
cement pastes with different silica additions were prepared at variable water/powder
ratios between 0.25 and 0.64. In total, 32 cement pastes were produced with a 3.0% bwoc
nano-silica addition for samples CnS-1, CnS-2 and PmS-4. Additionally, cement pastes
were produced with 0.5, 1.5, 3.0, and 4.5 % bwoc of POnS-7. All cement pastes were
designed maintaining a constant weight of 1 kg of cement and fixed amount of PCE-type
superplasticizer (SP1) for each mix (0.57-0.60% bwob). The analyzed pastes are
summarized in Table 4.5.
The relative slump-flow value of cement/silica/SP mixes versus the volumetric water
powder ratio (Vw/Vp) is depicted in Figures 4.8a to 4.8f for different types and contents of
silica. In addition, in Figure 4.8 the same mixes with or without SP are compared. The
data illustrate the water reducing effect of the SP addition and its influence on the slumpflow of the hydrating system containing amorphous silica and cement. It is possible to
notice in Figure 4.9a, that the presence of SP reduced the water demand by 61% only in
the pure OPC pastes.
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Table 4.5: Analyzed paste formulations with fixed SP1 amount (0.57-0.60% bwob).
(% wt)

w/p

Water (ml)

Cement (g)

nS or mS (g)

SP1 (g)

0

0.25
0.30
0.35
0.40

250 ± 1
300 ± 1
350 ± 1
400 ± 1

1000
1000
1000
1000

-

6
6
6
6

0.5

0.35
0.40
0.45
0.49

350 ± 1
400 ± 1
450 ± 1
493 ± 1

1000
1000
1000
1000

5
5
5
5

6
6
6
6

1.5

0.43
0.49
0.54
0.59

435 ± 1
498 ± 1
549 ± 1
600 ± 1

1000
1000
1000
1000

15
15
15
15

6
6
6
6

3.0

0.49
0.54
0.59
0.64

505 ± 1
557 ± 1
609 ± 1
660 ± 1

1000
1000
1000
1000

30
30
30
30

6
6
6
6

4.5

0.49
0.54
0.59
0.64

513 ± 1
565 ± 1
618 ± 1
670 ± 1

1000
1000
1000
1000

45
45
45
45

6
6
6
6

In the case of nano-silica, the potential reduction in the water demand due to the presence
of SP is lower compared to the pure OPC paste. The reduction of water arises from the
coating effects of SP not only on the cement grains but also on the silica particles. This
coating is due to the formation of a double layer that produces a steric repulsion at the
cement and silica surface and influences the hydration kinetics in the system by delaying
the hydration of the clinker phases and the reactivity of nano-silica (Deraz et al., 2002).
For silica CnS-1 with the smallest particle size (0.9-2.3 nm) the reduction was only 0.6%
(Figure 4.9b). Similarly, POnS-7 which possesses a small primary particle size (11 nm)
and the highest agglomeration state (dagg/dBET = 9.5), showed a water reduction of 20%
(Figure 4.9e). On the contrary, CnS-2 and PmS-4 showed a water reduction of 48 and
53%, respectively. Considering these results, it is evident that the reduction of the water
demand induced by SP is related to particles size and agglomeration of amorphous silica.
In general, lower particle sizes of the primary particles result in a lower potential
reduction of the water demand. It is also clear from Figure 4.9f that using a fixed amount
of SP in cement pastes with incremental amounts of POnS-7 is insufficient to decrease
the water demand to levels similar to cement/SP mix (Figure 4.10a). For this particular
silica prepared by the dissolution of olivine it is possible to observe that the deformation
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coefficient (Ep) can decrease to levels close to the pure cement paste (Figure 4.10b), but
generally, increases with the amounts of POnS-7. It is mainly caused by the dispersion of
the granular system that induces changes in the rheological behavior of the paste. The
pure paste without SP behaves normally as a Herschel-Buckley fluid. On the contrary, in
the presence of SP, it behaves as a Bingham plastic fluid with a lower yield point. These
changes are going to be further discussed in Chapter 5.
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Figure 4.9: Variation of water/powder ratio as function of the relative slump-flow of cement paste
with different addition of nS/mS and SP, a) CEM I 52.5 N, b) 1.5% and 3.0% bwoc CnS-1, c) 3.0%
bwoc CnS-2, d) 3.0% bwoc PmS-4, e) 3.0% bwoc POnS-7 and f) POnS-7 with SP (¡ 0.5%, ƻ 1.5%,
ƶ 3.0% and Ʒ 4.5%).
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Figure 4.10: Flow parameter of cement paste mixtures with different additions of POnS-7 and with
or without SP1 (0.6% bwoc), a) water retention ratio (ȕp, mix) and b) deformation coefficient (Ep, mix).

A list of different Ep,mix-SP, ȕp,mix-SP and void fraction coefficients found for
cement/silica/SP pastes are presented in Table 4.6. It is possible to observe in this table
that the void fraction (Ȍ) calculated based on the water retention ratio (ȕp) for cement
paste/nano-silica/SP (0.37-0.56) mixes are generally lower than the pure cement paste
(0.58) when the nano-silica concentration is between 3.0 to 4.0% bwoc. However, in any
case it is possible to obtain the minimum void fraction as superplasticized cement paste
without silica (0.35) as it is demonstrated in Table 4.6. This as a consequence of the
increase in the internal surface area, which produces higher cohesive forces between the
particles, even with SP additions, as was proposed by Toutou and Roussel (2006), who
reported that a nano-silica suspension, with a primary particles sizes of 14 nm, shows a
high void fraction (0.71). Nevertheless, the same authors found that the void fraction can
be minimized (lower than 0.26) due to the fact that small nano-silica particles (i.e. 2%
bwoc) fill the voids between the non-spherical cement grains. Also, Björsntröm and
Panas (2007) reported an antagonistic effect of SP and nano-silica (colloidal) on the
hydration of pure alite (C3S) and belite (C2S) pastes that could influence the slump flow
results. They reported that nano-silica in presence of SP always accelerated the C3S
hydration; on the contrary C2S was more affected by the delayed effects of the SP than
the presence of nano-silica. This is the reason why a minimum void fraction cannot be
obtained with nano-silica.
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Table 4.6: Computed (Ep) and (ȕp) coefficients for cement pastes with different amorphous silica
additions and fixed SP1 dosage.
Water demand
Void fraction
Concentration
Deformation coefficient
Name
(ȕp,mix-SP)
(Ȍ)
(% bwoc)
(Ep,mix-SP)
CEM I 52.5N

-

0.0562

1.383

CEM I 52.5 N (SP)

-

0.0433

0.541

0.58
0.35

CnS-1

3.0

0.2204

1.492

0.60

CnS-2

3.0

0.0490

0.666

0.40

PmS-4

3.0

0.0473

0.580

0.37

POnS-7

0.5

0.0377

0.736

0.42

1.5
3.0
4.5

0.0426
0.0535
0.0593

0.950
1.274
1.506

0.49
0.56
0.60

The results shown in Table 4.6 are in line with the theories presented by Brouwers and
Radix, 2005 where Ep,mix depends on the total SSA of the solids of the composed mix.
Using the same analysis described in Section 4.3.2, the water later thickness was derived
in the presence of superplasticizer (įSph,SP) and amounts to 11.3 nm (see Figure 4.6). It is
almost 46% lower than the water layer thickness needed for pastes without SP (24.7 nm).
This is a validation of the water reduction potential of PCE-type SP in cement pastes.
Several researchers (Flatt, 2004; Kjeldsen et al., 2006; Flatt et al., 2006; Lowke, 2009;
Perrot et al., 2012) have reported that the layer of PCE-type SP adsorbed at cement grains
is about 5 to 8 nm and depends on the amount and the structural characteristics of the
PCE. Considering this value, it is possible to estimate that at a full coverage of the grain
surface by the polymers, a water layer of 5 to 6 nm is sufficient to produce a flowable
mix. A layer of 11.3 nm meets the conditions reported by Lowke (2009) and encountered
in flowable mixes. The polymer layer is effectively a barrier which induces a strong
repulsion and prevents a further approach of the particles by the Van der Waals forces,
when the distance is more or equal than two times the polymer adsorbed layer.
4.3.4. Particles grading and determination of distribution modulus of cement/nanosilica pastes
The distribution moduli (q) found for mixes of nS/mS and cement particles are listed in
Table 4.7 and vary between 0.20 and 0.56. This variation depends on the overall PSD of
each mix. For CnS-2, the minimum void fraction and water demand corresponds to a
distribution modulus (q) of 0.5, which is in line with the fixed value postulated by Fuller
and Thompson (1907), see Figure 4.10a.

Chapter 4

113

Table 4.7: Fitted distribution modulus (q) of cement pastes with
addition of amorphous silica.
Concentration Distribution modulus Regression coefficient
Name
(% bwoc)
(q)
(R2)
CnS-2
0.5
0.55
0.9914
1.5
0.53
0.9928
3.0
0.50
0.9945
4.5
0.47
0.9957
PnS-3

0.5
1.5
3.0
4.5

0.55
0.54
0.51
0.48

0.9916
0.9929
0.9945
0.9957

PmS-4

0.5
1.5
3.0
4.5

0.56
0.54
0.52
0.49

0.9914
0.9925
0.9939
0.9950

PmS-5

0.5
1.5

0.56
0.54

0.9918
0.9928

PmS-6

0.5

0.22

0.9247

1.5
3.0
4.5

0.22
0.21
0.20

0.9264
0.9288
0.9310

It is important to analyze the cement grading in detail to understand this finding. The
minimum and maximum particle sizes of the cements were used to construct an ideal
Fuller type curve. It is evident from Figure 4.11 that the cement does not follow the
original Andreasen and Andersen (1930) curve with (q) of 0.5, because it is deficient of
fine particles smaller than 10 ȝm. When CnS-2 is added to cement at a maximum ratio of
about 3% bwoc, the grading of the composed granular mix is close to the theoretical
Fuller curve using Eq. (4.6), resulting in the maximum packing fraction (lowest void
fraction). In the same way, comparing a target curve with (q) of 0.55, a composed mix
with 3% bwoc of CnS-2 follows the true Fuller curve for cement. This fact illustrates that
the addition of CnS-2 produces a wider particle size distribution of the composed mix,
which several researchers reported as a requirement to obtain minimum void fraction
(maximum packing), and less water demand (Fuller and Thompson, 1907; Furnas, 1928;
Andreasen and Andersen, 1930; Plum, 1950).
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Figure 4.11: Target curve and composed mix using the optimization algorithm for cement paste with
different silicas considering the best distribution modulus presented in Table 4.5, a) CnS-2 (3% bwoc,
q =0.55, Dmin = 0.079 ȝm, and Dmax = 60.3 ȝm), b) PnS-3 (3.5% bwoc, q = 0.55, Dmin = 0.079 ȝm, and
Dmax = 60.3 ȝm), c) PmS-4 (4.15% bwoc, q = 0.54, Dmin = 0.053 ȝm, and Dmax = 60.3 ȝm), d) PmS-5
(3.88% bwoc, q = 0.54, Dmin = 0.035 ȝm, and Dmax = 60.3 ȝm), and e) PmS-6 (17.2% bwoc, q = 0.21,
Dmin = 0.182 ȝm, and Dmax = 180.0 ȝm).

In the same way, all silica samples (except POnS-7) were analyzed as shown in Figures
4.11b to 4.11e. For PnS-3, a minimum void fraction and water demand was determined
for additions between 0.5 and 1.5% bwoc, which corresponds to q values between 0.54
and 0.55. Considering the best fit value (taken from Table 4.7), which corresponds to a
distribution modulus q of 0.54, an optimum addition of 3.15% bwoc of PnS-3 was
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computed from the optimum theoretical grading curve. The previous value is close to a
distribution modulus of 0.5, which again is the referred value for maximum packing
(Fuller and Thompson, 1907). Even though a difference between the theoretical and
calculated distribution modulus exits, the relative concentration of nano-silica changes,
which is caused by introduced errors in the computation of the real PSD as well as the
presence of high interparticle forces (state of agglomeration) and prevents the particles to
be arranged in the maximum possible packing. Consequently, the same observation can
be made for sample PmS-4, where the minimum water demand was derived for an
addition of 1.5% bwoc (q = 0.54). This value of q corresponds to 4.15% bwoc of PmS-4,
which is in line with the calculated values (0.52 for 3% bwoc and 0.49 for 4.5% bwoc)
that are, again, close to (q = 0.5). For PmS-5, it was not possible to complete the analysis,
as the amount of provided material was not sufficient. Therefore, only two concentrations
(0.5 and 1.5% bwoc) were investigated using the mini spread-flow test. However, the
difference between the fitted distribution modulus and the computed optimum
concentration follows the same trend as explained before. A distribution modulus q of
0.54 corresponds to 3.88% bwoc of PmS-5 addition. In practice this 3.88% can be related
to a fitted q value of about 0.5.
In the case of the PmS-6, the results were completely different to the previously tested
samples. In the entire interval of investigated concentrations, the void fraction decreased
and the water demand showed a constant value (Figure. 4.4f). Also, the fitted distribution
modulus q varied between 0.20 and 0.22. Taking a distribution modulus of 0.20 into
account, an optimum concentration of 17.2% bwoc was computed for this sample. It was
not possible to follow the original Fuller curve with the PSD of PmS-6, because this
sample contains coarser particles than the cement used. In other words, the particle shape
of these coarser particles has also an influence on the spread-flow test that was used to
compute the water demand. Furthermore, this type of silica presented a ball-bearing
effect that improved the workability of the paste and influenced the final results.
Nevertheless, the finding is in line with the distribution modulus used for self compacting
concrete (SCC) found by Hunger (2010), who reported an ideal range between 0.20 and
0.25 for this type of mixes with high fines content. Furthermore, the theory of “filling gap
materials” can be used to explain the results (De Larrard, 1989, 1994; Palm and Wolter,
2009). Some researchers found for mixes of granular materials with a large difference in
their average particle size, that it is possible to achieve maximum packing and,
consequently, a minimum void fraction. This effect becomes predominant for a
difference in the size ratio larger than ten (Roddy et al., 2008). Here, the average particle
size of cement is around 10 micron and the average particle size of the PmS-6 sample is
around 1 micron (0.961 nm). Apparently, this size ratio contributes to the reduction of the
water demand for all concentrations that were studied in this research (0.5 to 4.5% bwoc).
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4.3.5 Sensivity analysis of the mix optimization algorithm
Sensivity analysis for cement pastes with nano-silica
In addition to the grading analysis presented in Section 4.3.4, a sensitivity study using the
optimization algorithm developed by Hüsken and Brouwers (2008) was performed to
validate the suitability of the algorithm when nano-sized particles are added to the cement
paste. For this analysis, the PSDs of six selected amorphous silicas were used to calculate
the optimum concentration varying the distribution modulus q between 0.05 and 0.50.
The results are shown in Figure 4.12, where, in general, the concentration of fine material
increases with a decreasing distribution modulus. This fact was expected and was
previously confirmed by Hüsken (2010). Here, the important observation for almost all
amorphous nano silica samples that were analyzed is that the concentration needs to be
less than 7% bwoc in order to obtain a mix that follows, as close as possible, a grading
curve with q = 0.5 (Fuller curve). By doing so, an expected minimum water demand is
achieved. Nevertheless, it is important to notice that this is true if the particles are not
agglomerated, which means that the PSD used in the optimization algorithm follows a
geometrical grading. This is not the case when nano-silica is added without the presence
of SP.
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Figure 4.12: a) Relation between the computed additions of different nS or mS (% bwoc) for
maximum packing derived from the optimization algorithm of Hüsken and Brouwers (2008) and the
selected distribution moduli q, b) Relation between the regression coefficients and the theoretical
target line of different cement pastes containing amorphous nano-silica.

On the contrary, PmS-6 presented a minimum distribution modulus of 0.30 to obtain
reasonable results. In general, the smaller the particle size of silica, the less material is
needed to find an optimum value for a fixed (q). It is important to notice that the
optimization algorithm considers only the PSD of the non-reacted particles and does not
consider effects caused by cement hydration or formation of water layer around the

Chapter 4

117

particles (validated later in this section). This fact can explain why in almost all cases, the
workability test results were not found to agree with the minimum calculated void faction.
A graphical analysis was made taking into account all fit coefficients R2 associated with
regression of Eq. (4.6). The R2 values are plotted versus the respective distribution
moduli (Figure 4.12b). Here, the maximum values of R2 appeared for distribution moduli
in the range of 0.35 to 0.45. Confirming that the best approximation to the target function
of the composed granular mix can be computed with a distribution modulus in the
aforementioned range. This observation is in line with a q of 0.37 reported by Andreasen
and Andersen (1930), and 0.30 to 0.40 that were reported later by Hüsken (2010). One
exception is the sample PmS-6, where the best approximation to the target function was
computed when the q had a minimum possible value.
Sensitivity analysis for mortars with nano-silica (effect of the water layer)
It was demonstrated in Section 4.3.3 that SP has a great influence on the water layer
thickness and, at the end, on the minimum water demand needed for a flowable mix. As
the SP and water amount influence the packing fraction of granular mixes, in this section
the effect of considering the water layer thickness with and without SP is explored. The
main objective is determining if the concrete mix design tool developed by Hüsken and
Brouwers (2008) needs modifications to take into account the particles with size in the
nano-size range. To determine this effect a second sensitivity analysis was performed
using the sample CnS-2 as a reference nano-silica. As was described in Chapter 3, this
commercial nano-silica has a narrow and well defined PSD. The aim was to evaluate if
the concept of a constant water layer thickness (24.7 nm) can be applied in the
optimization algorithm. For this purpose, the PSDs of different batches of CnS-2 were
measured using LLS technique. The results are shown in Figure 4.13. From this figure it
is possible to observe that the error or variability in the particle size and volume is in the
same order of magnitude than the double size of the water layer thickness with and
without SP (22-48 nm). This implies that a water layer thickness as part of the particles
does not influence the optimization algorithm, mainly due to the error originating from
the measurements of the PSD, which are in the same order or, inclusively, higher for
bigger sieve sizes. The only influence is caused by the selection of the Dmin to be inserted
in Eq. (4.6) to calculate the composed mix. To validate this effect, the optimization
algorithm was deployed using two different particle size distributions of CnS-2, one with
the average value and another with the PSD modified to take into account at each size an
increased diameter due to the presence of a water layer thickness of 24 nm. The results
are presented in Figure 4.14 and Table 4.8.
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Figure 4.14: Target line and composed mortar mix derived from the optimization algorithm (q = 0.25
and Dmax = 1.183 mm) with, a) original CnS-2 PSD with a Dmin = 65 nm, and b) with a modified CnS-2
PSD taking into account a water layer thickness of 24 nm, Dmin = 98 nm.

Analyzing the obtained results, it is possible to observe that the increase in the size of the
nano-silica particles in each sieve class produced decreased the concentration of CnS-2,
when a fixed q and w/c ratio is used (0.25 and 0.5, respectively). It is important to notice
that in both cases the concentration of nano-silica is much higher than the amount of
nano-sized particles that is based on the workability studies described in the previous
sections (3.0-4.0% bwoc). In the case of the original CnS-2, the concentration amounts to
24% bwoc (see Table 4.8) and amounts to 22% bwoc for the modified version (taking
into account the water layer). Both mortars were tested to determine their fresh and
hardened properties with the aim to evaluate which effects are produced when the water
layer is taken into account in the mortar properties. For doing so, two fixed SP
concentration were used. One SP amount was fixed at 1% bwoc and another based on the
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total mortar specific surface area (0.0119 g/m2). This value was found as the optimum for
self-compacting concrete with nano-silica (later developed in Chapter 6).
Table 4.8: Theoretical mortar mixes designed using the optimization
algorithms developed by Hüsken and Brouwers (2008) and CnS-2.
Materials
Original
Modified with WFT
Concentration in kg/m3
CEM I 52.5N
375
375
Nano-silica (CnS-2)
91
83.4
Fly-ash
18
16
Premix 0-4 mm
1622
1633
Water
187.5
187.5
2.293
2.295
Density (g/cm3)
w/c
0.5
0.5
w/p
0.2
0.2
320
317
Powder content (l/m3)
Composed surface (m2/m3)

2,348,874

2,190,385

WFT: Water film thickness.

The fresh and hardened state experiments were carried out to determine the effects of the
water layer thickness on the concrete mix optimization tool. As the modified A&A model
(Andreasen and Andersen, 1930) only considers the geometrical packing of the solid
particles, an experimental optimization is recommended to find the optimum q based on
the workability assessments. The fresh state properties or workability assessment of the
mortars designed with and without a size modification (water layer thickness, Table 4.9)
was performed using the same procedure described in Section 4.2.2.
Table 4.9: Mortar mixes designed using the optimization algorithms developed by Hüsken
and Brouwers (2008) and CnS-2.
Materials
M1
M2
M3 M4SP1 M6WFT M6WFT M6WFT M6WFT-SP1
Mass (g)
CEM I 52.5 N
563
563
563
563
563
563
563
563
CnS-2 (50% solids) 272
272
272
272
250
250
250
250
Fly-ash
27
27
27
27
24
24
24
24
Premix 0-4 mm
2433 2433 2433 2433
2449
2449
2449
2449
Water
450
550
650
370
450
550
650
404
SP1
7
7
7
48
7
7
7
45
w/c
1.05 1.23 1.41
0.95
1.03
1.21
1.39
0.93
w/b
0.70 0.82 0.94
0.64
0.71
0.83
0.95
0.64
w/s
0.19 0.22 0.25
0.17
0.18
0.22
0.25
0.17
Slump-flow (mm)
138
154
181
324
111
131
149
327
Flow-table (mm)
211
222
142
169
214
247
SP1: PCE type superplasticizer, WFT: designed with a modified PSD taken into account a water layer thickness.
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Based on the mix designs shown in Table 4.9, three different w/b ratio (in the range of
0.70 to 0.95) were used to determine the water demand of the mortars (ȕp,mortar). Due to
the high amount of CnS-2 all mortars were mixed with a superplasticizer (1% bwob).
Additionally, the fresh solid fractions of each mix were determined using the procedure
described by Wong and Kwan (2008). Furthermore, an experimental water layer
thickness at the onset of flowing was computed using the obtained water demand (ȕp,mortar)
and considering the composed surface area of the solids. The workability test results are
presented in Figure 4.15.
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Figure 4.15: Variation of water/solid ratio (by volume) as a function of the relative flow for the
mortars shown in Table 4.9, a) relative slump-flow and b) relative slump-flow after 15 strokes (flowtable).

In Figure 4.15a it is possible to observe that the water demand is apparently higher for
mortars that take into account the water layer. This means that for the same target relative
slump, more water is needed. The differences in the water demand are translated into
different water layer thickness as indicated in Figure 4.15a. Both values are higher than
the estimated water layer thickness for pastes with and without SP (11.2 – 24.7 nm).
Similar discrepancies were obtained by Hunger (2010) where the theory of the constant
water layer thickness was extended for mortars. The reason of these differences were
discussed and associated by Hunger (2010) to several effects. First, with the involvement
of mortars, coarser fractions than powder, such as sand (premix 0-4 mm in this research)
have to be considered. Though the particle size distribution of the premix 0-4 was
determined with the same sieve size ratio (u = ¥2) as used for the powders, the technique
is entirely different. For premix 0-4 mm the sieving technique, as explained in Chapter 2,
is used to investigate the grading. Here, a systematic error is introduced to the model
when combining computed specific surfaces areas derived from sieving and laser
diffraction techniques. Considering the present possibilities, there is no practice available
to measure such a broad particle size spectrum in a reliable way with only one device.
Therefore, this potential error source cannot be avoided. The other factor is the share of
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the surface fraction of coarse particles on the entire surface area of a mortar mixture, but
it is so small that this cannot solely explain the discrepancy. Another potential reason
presented by Hunger (2010) was the shared volume of the water layers of two
neighboring particles. While for particles with near size range (powders) the shared
volume does not greatly vary, it is expected to change when also particles with notably
different sizes (mortars) are included in the system. It was stated at the end that the main
difference is in the grading of mortars compared to pastes. There are a number of
measures to express this difference, such as the size ratio, the packing/void fraction, and
the distribution modulus. Whereas powders can hold a size ratio from 63 < u < 660, the
mortars can achieve values, for example around 13,500 (depending on the cement and
powder material used). Likewise, the void fraction of powders in dense state amounts to
an average of Ȍ= 0.46, whereas in the mortar case Ȍ amounts to about 0.28 (Hunger,
2010). Therefore, a correction factor X based on the distribution modulus was proposed
to express a difference between mortar and powder fractions. Here the selected
distribution modulus q of 0.25 for the mortar test gives a correction factor X of 3.30 for a
constant water layer of 24.9 nm, as reported by Hunger (2010). Using this correction
factor and the water layer thickness estimated by the water demand lines in Figure 4.15a,
gives a corrected constant water layer thickness of 49 nm for the mortar with CnS-2
modified PSD and 41 nm for the mortar with CnS-2 (original PSD). These values are in
the same order of magnitude as the water layer thickness original reported by Brouwers
and Radix (2005) that amount to 45 nm. Similar analysis can be performed with the flow
curves obtained using the flow-table procedure (Figure 4.15b). In this case, taking the
same correction factor explained before (X = 3.30), the corrected water layers amount to
48 nm and 10 nm for the modified and original CnS-2 PSD, respectively. The water layer
thickness derived for the mortar with the original CnS-2 PSD is unexpectedly close to the
derived value for cement/nano-silica paste with SP (11.3 nm). This result suggested that,
probably, in the case of mortars, where the particle shape and the interlocking of coarse
aggregates, together with the high water retention capacity of nano-particles, are
interfering the flow produced by the action of gravity. Therefore, the best way to predict
the workability based on the constant water layer theory is to take into account only flowtable test results. Further research is needed to validate this hypothesis. Nevertheless, if
the results obtained with the optimization algorithm using the original CnS-2 PDS are
considered as valid, it can be concluded that the mix design tool developed by Hüsken
and Brouwers (2008) does not require any modification, from the workability point of
view, to take into account the effects produced by nano-particles, if the granular system is
enough dispersed by the action of a SP that helps to obtain the maximum possible
packing.
To understand the effects of the CnS-2 PDS modification, the solid fraction of the tested
mortars were determined using the procedure described by Wong and Kwan (2008) and
plotted against the obtained relative slump-flow and Vw/Vs (Figure 4.16).
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Figure 4.16: Experimental solid fraction of the mortar tested in Table 4.9, a) as function of the
relative slump (īp), b) as a function of the water to solid ratio (Vw/Vs) by volume.

Analyzing the results presented in Figure 4.16a it is evident that maximizing the solid
fraction provides more free water to produce a higher flow, which is the case for each
experimental point. The intersection of the curves with a zero slump (ī= 0) should give
the maximum packing based on the fact that this is the point of maximum saturation of
water in the mix. The intersection point should be similar to the value derived using Eq.
(4.4). Comparing the value obtained in Figure 4.16a for the curve of CnS-2, which
displayed a packing fraction of 0.80 at zero relative slump, with the theoretical value
determined using Eq. (4.4) that amounts to 0.90 taking the water demand obtained with
the flow-table test, it is possible to see that this fraction is in the same order of magnitude
(Table 4.10).
Table 4.10: Comparison between the experimental and
theoretical solid fractions calculated using Eq. (4.4) for
mortars designed with the original and modified CnS-2 PSD.
Sample
ĳ (ī= 0)
ĳ (ī= 0) Eq. (4.4) Flow-table
ĳ (ī= 0) Eq. (4.4) Slump-flow

CnS-2 original

CnS-2 WLT

0.80
0.90
0.71

0.69
0.71
0.69

Nevertheless, considering the solid fractions obtained using the water to solid ratio by
volume of the mortar (Figure 4.16b), no significant difference was observed between the
modified and the original mixes. The study was complemented with a hardened state
properties test in order to have more information and to determine the effects of the water
layer consideration in the mix design tool. Figures 4.17 and 4.18 show the flexural and
compressive strengths as a function of the w/b ratio for all the tested mortars.
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Figure 4.17: Flexural strength of mortars with and without modified CnS-2 PDS as a function of the
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50

Compressive strength (N/mm2)

45

(28-days)

y = -70.29x + 91.09
R² = 1.00

CnS-2

CnS-2WFL

40
35
30

y = -83.53x + 101.39
R² = 0.99

(7-days)

25

y = -80.19x + 86.78
R² = 0.99

20
15

y = -77.99x + 83.55
R² = 0.99

(2-days)

10
5

y = -39.31x + 40.94
R² = 0.96

y = -41.10x + 43.37
R² = 0.97

0
0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

w/b
Figure 4.18: Compressive strength of mortars with and without modified CnS-2 PDS as a function of
the age and w/b ratio.

In Figure 4.17 it is possible to observe that the flexural strength is practically the same at
2 and 7 days for the water cured mortars. Only at 28 days the flexural strength is
relatively higher for the mortar designed with the modified CnS-2 PSD. Nevertheless, the
difference in absolute values is less than 1%. This value is lower than the maximum
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permissible percentage of difference (5.5%) for the 28-day splitting strength for high
strength concrete with a “high” quality control (Neville, 2002). This means that no
difference in the flexural strength is obtained when the water layer thickness is
considered in the optimization tool. Similarly, the compressive strength results shown in
Figure 4.18 presented the same trend. In this case, the differences in the absolute values
are between 2.2 to 5.3% which are lower than the maximum permissible percentage of 8
to 15% for concrete with a good quality control (Neville, 2002). Again, this means that
almost no difference in the compressive strength is obtained when the water layer
thickness is considered in the optimization tool.
The mortars designed using a distribution modulus q of 0.25 and CnS-2 showed a high
water demand due to the high amount of nano-sized particles (22 to 24% bwoc) and, in
consequence, very small flow diameter (130-180 mm). Because of that two extra mortar
tests were performed using the ȕp (w/b = 0.64) coefficient found and a SP1 concentration
(0.0119 g/m2) based on the total specific surface area of the mortars. This fixed amount
of SP is the concentration necessary to have a mix with self-compacting properties
(further developed in Chapter 6). Hunger (2010) reported that a mortar with selfcompacting properties should have a slump-flow diameter between 300 to 360 mm for
mortars produced following the mix design concept proposed by Hüsken and Brouwers
(2008). As it is possible to observe in Table 4.9, the two mortars designed with both PSD
of CnS-2 presented a slump-flow diameter (324 and 327 mm for the original and
modified CnS-2 PDS, respectively) in the recommended range. Furthermore, the flexural
and compressive strengths of both mortars were determined as shown in Figure 4.19. The
hardened state test revealed the same tendency as explained before, similar mechanical
properties, in practice, are obtained for mortars which are designed considering the
effects of a constant water layer thickness.
The last results obtained for the test with a fixed amount of SP demonstrated that it is
possible to obtain self-compacting properties with a high amount of water and SP (w/b of
0.64 and SP of 7.5 kg/m3). Nevertheless, the obtained strength values (40-43 N/mm2) are
low for the high amount of nano-silica involved (22-24% bwoc). For that reason it is
recommended to limit the amount of nano-silica based on workability assessment which
leads to the conclusion that the right amount of nano-silica should be between 3 and 4%
bwoc. To limit the amount of nano-silica to the recommended levels, higher distribution
moduli q than 0.25 should be used. Based on this consideration, two extra sensivity
analyses were performed for theoretical mortars and SCC mixes. Table 4.11 shows the
different fitted distribution moduli considering a mortar with CnS-2 and particle sizes
between 65 nm (Dmin) and 6.7 mm (Dmax). From Table 4.11 it is possible to observe that
the distribution moduli for a mortar design using the optimization tool should be 0.308 to
0.314 to have a concentration of 3.8% bwoc. However, it is important to notice that these
composed mixes are less closer, based on the R2 coefficient, to the target mix considering
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Dmin = 0.65 nm, Dmax = 6.7 mm and q = 0.25. The optimum mix obtained for a q of 0.314
is represented in Figure 4.19a.
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Figure 4.19: Flexural and compressive strength of mortars with and without modified CnS-2 PSD
(fixed amount of SP1 0.0119 g/m2).
Table 4.11: Theoretical fitted distribution moduli (q) of mortars (range
65 nm - 6.7 mm) with addition of CnS-2.
Concentration Distribution modulus Regression coefficient
Name
(% bwoc)
(q)
(R2)
CnS-2
24.2
0.250
0.9937
12.8
0.280
0.9917
6.4
0.300
0.9915
5.5
0.308
0.9875
3.6
0.314
0.9864

The same analysis was performed for the case of a theoretical SCC mix. Table 4.12
shows the different fitted distribution moduli considering a SCC with CnS-2 and a
particle sizes between 65 nm (Dmin) and 18.9 mm (Dmax). From Table 4.12, it is possible
to observe that the distribution moduli (q) for a SCC designed using the optimization tool
should be close to 0.30 to have a silica concentration also close to 3.8% bwoc. However,
also for this case, the composed mix is less approximate, based on the R2 coefficient, to
the target mix considered Dmin= 0.65 nm, Dmax= 18.9 mm and q= 0.25. The optimum mix
obtained for a q of 0.30 is represented in Figure 4.20b. More details about the SCC mixes
designed using the optimization algorithms are presented in Chapter 5.
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Figure 4.20: Theoretical optimum mixes with CnS-2 derived from the optimization algorithm for a
nano-silica content of 3.6-3.9% bwoc, a) mortar with Dmin = 65 nm, Dmax = 6.7 mm and q = 0.314 and,
b) SCC with with Dmin = 65 nm, Dmax = 18.9 mm and q = 0.300.
Table 4.12: Theoretical fitted distribution moduli (q) of mortars (range
65 nm - 18.9 mm) with addition of CnS-2.
Concentration Distribution modulus Regression coefficient
Name
(% bwoc)
(q)
(R2)
CnS-2
15.6
0.250
0.9985
9.29
0.280
0.9981
3.9
0.300
0.9974
3.4
0.302
0.9973

4.4 Conclusions
In this chapter, the mini spread-flow test for determining the water demand, water film
thickness and the impact on the workability of cement paste and mortars with amorphous
nano-silica additions. Different correlations have been derived which express these
values in terms of granulometric properties and silica concentrations. Some of them are
confirmed by literature, while the others are new. Several conclusions can be drawn and
are expressed as follows:
1. Decreasing the particle size dBET of the amorphous silica and, consequently, increasing
the SSA, increases the values of the deformation coefficient Ep,mix for all the tested
samples. Also the water retention capacity of the agglomerates produced a higher
water demand (ȕp,mix). Furthermore, a linear relationship between the agglomeration
ratio (dagg/dBET) and the water demand was observed.
2. Higher deformation coefficients Ep for amorphous silica with high content of nanoparticles were found which are bigger than that of cement. This indicates that water
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amount has a stronger influence on the workability of the hydrating system containing
nano-silica with a high surface area.
A linear relationship between the deformation coefficient and the specific surface area
of nS/mS particles was confirmed. A similar thickness of the water layer of nano-silica
particles (24.8 nm), as reported by Hunger (2010) for micro-sized powders, was
confirmed and determined assuming a spherical particle shape. Taking into account
the BET, the external specific surface area and the addition of SP, a thinner water film
thickness was established. These values are helpful to calculate the water demand of a
given silica sample with known specific surface areas.
In the experimental condition of the present research, the addition of 0.5 to 4.0%
(bwoc) nano silica to the cement paste can reduce the water demand without the use of
superplasticizers. The concentration range found are related to distribution moduli (q)
that are close to the Fuller curve to obtain a minimum water demand and void fraction
in these types of granular mixes.
The reduction of the water demand induced by superplasticizer is related to the
particle size and agglomeration of the amorphous silica. In general, lower particle
sizes of the primary particles result in a lower reduction of the water demand. This
potential is reduced from 60% for a pure cement paste to 0.6% for the paste with nanosilica of the lowest particle size (0.9-2.3 nm).
The void fraction (Ȍ) calculated based on the water retention ratio (ȕp) for cement
paste/nano-silica/SP (0.37-0.56) mixes are generally lower than the pure cement paste
(0.58) when the nano-silica concentration is between 3.0 to 4.0% bwoc. However, in
any case it is not possible to obtain the minimum void fraction as superplasticized
cement paste without silica (0.35).
Taking into account the water layer thickness as part of the particles does not have a
big influence on the optimization algorithm, mainly due to the error originating from
the measurements of the PSD, which are in the same order or, inclusively, higher for
bigger sieve sizes. As the modified A&A model (Andreasen and Andersen, 1930) only
considers the geometrical packing of the solid particles, an experimental optimization
was carried out based on workability assessments and hardened properties.
Distribution modulus of 0.30 was found as the optimum to design mortars and SCC
with controlled amounts of nano-silica (3.0 to 4.0% bwoc).
In the case of mortars, where the particle shape and the interlocking of coarse
aggregates, together with the high water retention capacity of nano-particles, are
interfering in the flow produced by the action of gravity, the best way to predict the
workability based on the constant water layer theory is to take into account only flowtable test results. Further research is needed to validate this hypothesis. Similar
discrepancies found by Hunger (2010) when the theory of the constant water layer
thickness was extended for mortars were obtained. It was confirmed, that based on the
increased size ratio Dmin/Dmax and packing related differences between paste and
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mortar fractions, the theory needs to be corrected with a factor, which correlates with
either the distribution modulus or the computed void fraction of the respective fraction.
After the applied correction, the mortar data fit into the proposed water layer model
indicating that a uniform water layer of about 10-25 nm around all solid particles is
also true for mortar range.
9. The mix design tool developed by Hüsken and Brouwers (2008) does not require any
modification, from the workability point of view, to take into account the effects
produced by nano-particles if the granular system is enough dispersed by the action of
a SP that helps to obtain the maximum possible packing. Particle packing influences
the properties of paste and mortars in fresh and hardened state.
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Chapter 5
1 Application of olivine nano-silica (OnS) in cement and concrete
composites1
5.1 Introduction
As introduced in Chapter 1, there are different types of nano-materials (i.e. nano Fe2O3,
Al2O3, ZnO, CaCO3, etc) that show various positive effects on the properties of concrete.
Nevertheless, the most often investigated and used nano-material in concrete is
amorphous nano-silica. Nano-silica, is produced in different ways such as precipitation,
pyrolisis, sol-gel and others. As reported in Chapter 3, the primary particle size of nanosilica additives that are available on the market is in the range of 1-700 nm, with BET
specific surface areas (SSA) of 50-500 m2/g. Also, it was presented that the nano-silica
addition improves the mechanical performance and reduces the overall permeability of
hardened concrete due to its pozzolanic properties, which result in a finer C-S-H gel and
densified microstructure. As the positive effects of nano-silica depend on the production
route as well as the final texture and morphology of the primary and agglomerated
particles, already demonstrated in Chapter 3, many researchers reported contradictory
data regarding the influence of nano-silica on the development of the strength of concrete
(Berra et al, 2012). Nevertheless, there is a common agreement that the addition of nanosilica significantly increases the water demand of the mix (see Chapter 4). All the nanosilica currently available on the market has a drawback – the high price. Hence, despite
its very positive influence on the properties of concrete, the economic factor strongly
limits its use in concrete mass products. Moreover, with the ongoing research on the
greener and relative low cost production route of precipitated nano-silica from the
dissolution of the olivine (Lazaro, 2014) as well as new sources of waste nano-silica from
other processes (further developed in Chapter 8), nano-silica becomes available in the
future for a lower price so that its application in concrete becomes more attractive.
Literature related with the application of olivine nano-silica (OnS) in cement based
systems is scarce; only one research work performed by Justnes and Ostnor (2001) is
available. Thus, the effect of adding OnS in cement and concrete composites has not been
studied in detail. Based on this, the present chapter aims to elucidate the effects of OnS in

1

Parts of this chapter were published elsewhere [Lazaro, A., Brouwers, H.J.H., Quercia, G. and Geus, J.W., Chemical Engineering
Journal 211-212 (2012) 112–121; Quercia, G., Hüsken, G., Brouwers, H.J.H. 1st International Conference on the Chemistry of
Construction Materials, Berlin, 7-9 October (2013), Monograph Vol. 46, 179-182; Lazaro, A., Brouwers, H.J.H. and Quercia, G.
World Journal of Nano Science and Engineering 3 (2013) 41-51].
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the fresh and hardened cement paste, standard mortar, normal vibrated concrete (NVC)
and self-compacting concrete with low CO2 footprint (eco-SCC).
5.1.1. Review of the properties of nano-silica synthesized by the dissolution of olivine
As already explained in Chapter 1, initial research (Schuiling, 1986; Lieftink, 1997;
Jonckbloedt, 1997; Olerud, 1998; Hahn, 1999; Hansen and Zander, 2002; Gunnarsson
and Wallevik, 2005) has already demonstrated that nano-silica can be produced by
dissolving olivine in acids. Recently, this process has been studied and optimized by
Lazaro (2014) using different dunite rocks (natural and beneficiated) rich in olivine. In
this process, olivine is dissolved in sulphuric acid following Eq. (5.1):
yields

(Mg, Fe)2 SiO4 + 4H+ ሱۛۛሮ Si(OH)4 +2(Mg,Fe)+2

(5.1)

Olivine, (Mg, Fe)2SiO4, is the fastest weathering silicate due to the absence of Si-O-Si
bonds in its structure. The neutralization yields a mixture of a magnesium/iron salt
solution, precipitated silica, unreacted olivine and inert minerals. Once the reaction is
complete, the unreacted materials and inert minerals are removed from the final
suspension by sedimentation. Subsequently, the silica can be separated from the resulting
mixture by washing and filtering. The product of the dissolution of olivine is a colloidal
solution containing magnesium sulfate, iron (II) sulfate, colloidal silica and nonreactive
minerals. It is known, that the colloidal chemistry of silica strongly depends on the
amount of salt and the pH of the solution. At the pH conditions of the olivine silica
process (-0.5 to 1), a colloidal solution is usually unstable and the silica particles
agglomerate and flocculate (Iler, 1979; Gorrepati, 2010). The speed of agglomeration of
silica particles is catalyzed by the hydrogen ion (Lazaro et al., 2012a).
The texture and morphology of olivine nano-silica is complex, as initially described in
Chapter 3, and further influenced by the conditions of the synthesis process. Until now,
only studies carried out by Lieftink (1997), Lieftink and Geus (1998) and recently by
Lazaro et al. (2012a) and Lazaro (2014) give a detailed understanding of the nano-silica
produced from olivine. The experiments conducted in recent research showed that nanosilica can be produced by the dissolution of olivine. The nano-silica produced is
mesoporous, presenting impurities below 5 % and a specific surface area between 100
and 400 m2/g. The cost of this nano-silica should be lower than the nano-silica produced
by the commercial methods due to the low price of the raw materials and the low energy
requirement of this method (the temperature is around 70 °C and the reaction is
exothermic). Therefore, the olivine nano-silica can be applied in new fields where the
application of silica is limited due to its high price. In addition to the low temperature of
this procedure (below 95 °C), it is remarkable that the process is exothermic with a
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reaction heat of 223 kJ per mole of olivine (Lazaro et al., 2013). The energy generation
during the olivine nano-silica process for an adiabatic reactor is shown in Table 5.1.
Table 5.1: Energy generation during the olivine nano-silica process
(Lazaro et al., 2013).
VH2SO4
nOl
ǻHr
H2SO4
Q
ǻT
ǻX
(kJ/mol)
(mol)
(mol/l)
(kJ)
(°C)
(l)
223

1.5

1

3

100

333.5

84

When 1.5 moles (230 g) of olivine react with sulfuric acid, the temperature of the mixture
will increase by 84 °C. Therefore, the reaction generates more than enough energy to
keep the system at the desired temperature (between 50 and 90 °C) provided the reactor is
sufficiently large and well insulated.
In the following section, the dissolution conditions and final properties of the olivine
nano-silica synthesized at laboratory and pilot scale is described and summarized. Before
beginning this section, it is necessary to clarify the difference between olivine and dunite
for readers unacquainted with geology terms. Olivine refers to the mineral (Mg,Fe)2SiO4
and dunite refers to a rock where 90% of the volume is made up of olivine. The
remaining 10% present in dunite ores can consist of pyroxenes, amphiboles, micas,
carbonates, serpentines, etc. In many weathering and dissolution studies, pure olivines
were mainly used (Pokrovsky and Schoot, 2000; Rosso and Rimstidt, 2000; Oelkers,
2001), but in this study, and in a previous work (Lazaro et al., 2012a), dunite has been
used because the main focus was on the commercial production of olivine nano-silica.
Olivine nano-silica from Norwegian dunites (laboratory scale)
Olivine nano-silica was initially synthesized at laboratory scale using a stirred,
thermostated reactor of 1 liter. The synthesis was carried out using different temperatures
(50-90 °C) and conditions as shown in Table 5.2. This table, depicts the amount of
reagents, the molecular ratio of hydrogen ion versus olivine, the average particle size of
olivine (dOl) and the reaction temperature used. Dunite rocks from Norway (ND-1 and
ND-2) were employed, with a minimum content of 88% olivine (see Table 5.3). The
reagents used were 500 ml of 3 M sulfuric acid and the corresponding stoichiometric
amount of olivine. The neutralization reaction continued until the [H+] was below 0.1
mol/l and the reaction was stopped. Then the suspension was separated from the solid
residue by sedimentation. Subsequently, the remaining slurry was washed and filtered to
obtain an agglomerated amorphous nano-silica. The properties (texture and morphology)
of the resulting olivine nano-silica, obtained by the characterization techniques described
in Chapter 1, are presented in Table 5.4. In addition, the chemical composition,
characterized by inductively coupled plasma mass spectroscopy (ICP-MS X2 Thermo
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Scientific Co.) and combustion infrared analysis (Leco SC 632) is shown in Table 5.5.
More details can be found in (Lazaro et al., 2012a; and Lazaro et al., 2013).
Table 5.2. Initial conditions of the nano-silica production experiments (Lazaro et al.,
2013).
Title
mH2SO4 (g)
mol (g)
ratio H+/Ol
dOl (ȝm)
Treactor (°C)
NOnS-1
NOnS-2
NOnS-3
NOnS-4
NOnS-5
NOnS-6
NOnS-7
NOnS-8

589.1
593.5
555.8
532.7
593.9
594.2
593.7
592.3

109.8
125.0
121.7
112.6
122.9
113.1
119.4
121.5

4.5
4.0
3.8
4.0
4.0
4.4
4.2
4.1

138
200
400
313
400
550
275
400

48.7
52.0
55.0
70.2
70.7
69.9
87.7
86.2

Table 5.3: Chemical and mineral composition of the different dunites determined by XRF
and XRD (Lazaro et al., 2013).
(Norwegian dunites)
(Greek waste or beneficiated dunites)
Oxides
ND-1
ND-2
GWD-1 GWD-2 GBD-1
GBD-2
GBD-3
MgO
47.41
49.32
41.62
34.47
43.93
43.79
45.12
Fe2O3
7.84
7.32
8.63
7.95
9.01
8.90
8.79
SiO2
41.42
41.44
41.46
43.51
43.60
42.67
41.92
0.31
0.31
0.50
0.45
0.44
0.41
0.42
Cr2O3
0.75
0.46
0.52
1.78
0.56
0.59
0.54
Al2O3
NiO
0.33
0.32
0.30
0.25
0.32
0.31
0.31
MnO
0.12
0.09
0.15
0.14
0.13
0.13
0.12
CaO
0.34
0.15
0.69
1.33
0.70
0.65
0.83
0.06
0.02
0.09
0.33
0.00
0.00
0.00
Na2O
Others
0.13
0.00
0.12
0.19
0.00
0.00
0.00
LOI
1.29
0.59
5.92
9.60
1.33
2.55
1.95
Olivine (wt. %)
88.4
88.9
44.0
29.0
75.0
75.0
75.0
Table 5.4: Properties of olivine nano-silica produced using Norwegian
olivine (Lazaro et al., 2013).
SSABET
SSAext
Average pore
Primary particle
Nano-silica
size (dp)
size (dBET)
(m2/g)
(m2/g)
NOnS-1
131
104
21
26
NOnS-2
150
123
18
22
NOnS-3
165
122
18
22
NOnS-4
218
166
18
16
NOnS-5
198
139
19
20
NOnS-6
179
132
28
21
NOnS-7
266
194
25
14
NOnS-8
185
149
18
18
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In the synthesis of OnS using the Norwegian dunites rocks demonstrated that the final
impurities in the nano-silica depend on the washing and filtration steps. For example, the
sulfate content is limited for micro-silica used in concrete application (NEN-EN 132631+A1, 2009) to a maximum of 2.4% (SO4 wt. % or 0.8 wt. % as S). For the produced
nano-silica, taking into account the concentration shown in Table 5.5, the sulfates content
was 12-3 wt. % of SO4 for 2 to 4 filtration steps. This means that the OnS produced at
laboratory scale contained higher amounts of sulfate than permissible in the application
of micro-silica in concrete. The sulfur content can be decreased by adding extra washing
steps as was already demonstrated by Lieftink (1997) and Lazaro et al. (2012b). They
recommended additional cleaning steps with distilled water as rinsing liquid instead of
H2SO4 0.1 M. This is done in order to achieve a more effective removal of the sulfur.
Purities above 98-99 wt. % can be obtained with 6 filtration steps, as found by Lazaro et
al. (2012b) with a 15 L reactor and being explained later in this section for the pilot scale
production of OnS.
Table 5.5: Chemical composition (in wt. %) of the olivine nano-silica
produced using Norwegian olivine determined by ICP-MS and combustion
infrared analysis (Lazaro et al, 2013).
Nano-silica
S
Na
Mg
Al
Ca
Cr
Fe
Ni
SiO2*
NOnS-1
3.89 0.00 1.88 0.02 0.05 0.00 0.36 0.02
86.01
NOnS-2
1.18 0.00 0.18 0.01 0.03 0.00 0.04 0.00
96.20
NOnS-3
1.26 0.01 0.29 0.02 0.08 0.00 0.06 0.00
95.76
NOnS-4
1.17 0.00 0.16 0.01 0.03 0.00 0.03 0.00
96.26
NOnS-5
1.19 0.00 0.26 0.02 0.04 0.00 0.05 0.00
96.06
NOnS-6
0.92 0.02 0.39 0.04 0.05 0.01 0.05 0.00
96.68
NOnS-7
1.36 0.00 0.28 0.02 0.04 0.00 0.06 0.00
95.52
NOnS-8
2.16 0.00 0.96 0.03 0.03 0.00 0.15 0.01
92.34
(*) Equivalent content of hydroxylated silica.

Olivine nano-silica from Greek beneficiated dunites (laboratory scale)
As a further validation of the production of nano-silica by the olivine route, dissolution
experiments with waste material from Greece were conducted (Table 5.3). Two Greek
dunites generated from the magnesite mining activities in Gerakini (GWD-1 and GWD-2)
were used. It was found in this study that the loss of ignition (LOI) of GWD-1 and GWD2 was too high, which was presumably related to the presence of serpentine and
carbonate minerals, but not to olivine (Lazaro et al., 2013). The other three samples
employed were waste rocks beneficiated by dense media separation (GBD-1 to 3) with a
LOI below 2.5%. The olivine content was increased by the beneficiation process from
about 29 wt. % to a maximum of 75 wt. %. These Greek dunites were tested at 90 °C
using the same procedure previously described.
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During the dissolution of the dunite GWD-1 and GWD-2 it was found that they reacted
with sulfuric acid but the amount of silica produced was too low to make this process
economically feasible. The presence of carbonates consumed part of the hydrogen ions
without producing silica and their violent reaction made the control of the reactor
temperature at the beginning of the experiment difficult. In addition, the separation of the
precipitated silica from the slurry by filtration was too difficult, mainly due to the
presence of talc and precipitate gypsum (CaSO4·2H20) in the slurry, which were likely to
be formed because of the high content of CaO in the Greek dunites. On the other hand,
the waste material of beneficiated Greek dunite, gave excellent results producing a nanosilica of high purity and high specific surface area as shown in Tables 5.6 and 5.7.
Table 5.6: Properties of olivine nano-silica produced using Greek
beneficiated dunites (Lazaro et al., 2013).
SSABET
SSAext
Average pore
Primary particle
Nano-silica
size (dp)
size (dBET)
(m2/g)
(m2/g)
GOnS-1*
276
238
15
10
GOnS-2+
390
338
18
7
GOnS-3+
480
422
19
6
(*) Soaking temperature of 120°C, (+) Soaking temperature of 190°C.

The purity of nano-silica (in hydroxylated form) was calculated by subtracting impurities
and considering that sulfur was only present in sulfate form. With beneficiated waste
dunite, no problems arose when the slurry was decanted and the silica was filtered. The
results demonstrated that nano-silica (GOnS-1 to 3) from the Greek’s beneficiated
dunites, with a minimum 75% of olivine content, exhibited a higher specific surface area
than nano-silica produced from Norwegian dunites. This was mainly because the silicas
contain fewer impurities. Furthermore, the higher reaction temperature and shorter aging
time can prevent the agglomeration of silica (Lazaro et al., 2012a).
Table 5.7: Chemical composition (in wt. %) of the olivine nanosilica produced using Greek beneficiated dunites determined by
ICP-MS and combustion infrared analysis (Lazaro et al, 2013).
Nano-silica
S
Mg
Al
Ca
Fe
Ni
SiO2*
GOnS-1
2.32 1.21 0.03 0.11 0.30 0.01
91.39
GOnS-2
1.61 0.60 0.02 0.06 0.15 0.01
94.33
GOnS-3
0.68 0.41 0.02 0.08 0.11 0.01
97.34
(*) Equivalent content of hydroxylated silica.

Furthermore, the only silica that fulfilled the sulfur content according to NEN-EN 132631+A1 (2009) was GOnS-3 (see Table 5.7), while the two other silicas require additional
cleaning steps for their application in concrete. From these results, it was concluded that
nano-silica of high purity and high specific surface area can be obtained from
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beneficiated waste dunite as long as the olivine content is 75 wt. % and the necessary
cleaning procedure is carried out.
Olivine nano-silica from Norwegian dunites (pilot scale)
It was demonstrated in the previous sections that high quality nano-silica can be produced
at laboratory scale in a simple reactor (1 to 15 L). The next stage was to study the
commercial viability of the olivine dissolution process. To do this, the Materials
innovation institute (M2i) and Geochem Research, B.V. established a valorization project
(M2i project MA.11228) with the aim to achieve the production of precipitated nanosilica from the dissolution of olivine in acid at a pilot scale, and to use the data obtained
by the test to demonstrate that it is an economically viable process which can lead to the
next stage of commercialization (Savran, 2011). The pilot facilities of Eurosupport
Advanced Materials B.V. located in Uden, The Netherlands, were adapted and used for
this purpose. The pilot scale experiments were performed with 25 and 80 L reactors using
Norwegian dunites with 88% olivine, similar to the composition of the sample ND-2
shown in Table 5.3. These reactors were especially designed to work with highly
concentrated acids and were coupled with dosing pumps and an industrial filter press in
order to simulate batch or semi-continuous processes. A schematic representation of this
process is shown in Figure 5.1. The initial tests were performed with the 25 L reactor and
were used to optimize the process for a scale-up of the production to a 80 L reactor.
9.6 Kg Ground dunite
(Ti=80°C)
25 L DI-water
40 L H2SO4 (3M)

Heat

(P2=4.5 bar)
(P3=4.5 bar)

Reactor
80 L
Ti=100°C
Tf=80°C
t= 2 h

H2SO4 (0.1 N)
DM-water

15 L H2SO4 (0.1 N)

Diluted slurry

Decanting
vessel
100 L
Un-dissolved
solids
Step (1)
(P1=3 bar)
Step (2)

Transport
Vessel
150 L

Filter press
(16 chambers)

Step (3)

MgSO4 solution
Waste acid (30 mS)
Waste water (600ȝS)
OnS cake (19-22% solids)

Step (4)
Collection plate

Figure 5.1: Schematic of the pilot scale production of olivine nano-silica.
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At the initial stage, the 80 L reactor was heated to a temperature of 80 °C and olivine was
added with the help of a funnel. Unlike the experiments with the lower volume reactors
(1, 15 and 25 L), the exothermic reaction did not result in a significant increase in
temperature. In order to obtain similar material compared to the smaller reactors, it was
decided to heat the reaction mixture to 100 °C. After 60 min the set temperature of the
reactor was lowered to 80 °C again. However, the reactor did not cool down significantly.
After 120 min the reaction was stopped by the addition of 25 L of de-ionized water,
where the temperature of the reactor cooled to 79 °C. After that the reactor was allowed
to cool below 60 °C or the hot reaction liquid was cooled in an improvised heat
exchanger. The reactor content was discharged into a vessel and the nano-silica
containing liquid was decanted with the help of a hose pump from the un-dissolved
remaining material. To obtain additional nano-silica that is present in the sediment, the
sediment was re-slurried with 15 L of 0.1N sulfuric acid and decanted again to remove
the un-dissolved solids. After that the remaining slurry was pumped into the filter press at
a pressure of 3 bar. The filling of the press was stopped when the amount of filtrate was
below 200 ml/60s (Step 1). The second step (washing the filter cake), was done by
pumping 0.1N H2SO4 into the filter press at a pressure of 4.5 bar. The washing was
stopped, as mentioned before, when the conductivity of the filtrate is below 30 mS.
Subsequently, washing was continued with demi-water until the above mentioned end
point of filtration of 600 μS was reach. At the end, the filter press chambers were opened
and the resulting filter cake was collected.
Different batches of OnS filter cake were prepared using the same methodology
previously described. The final properties of some of the obtained batches of olivine
nano-silica at pilot scale are presented in Tables 5.8 and 5.9. In these tables, it is possible
to observe that olivine nano-silica has a SiO2 purity of 98.4 to 99.1%, BET specific
surface area between 300 and 400 m2/g and sulfate content of 0.14 to 0.75 wt. % of SO3,
which meet the requirement of micro-silica, was obtained.
Table 5.8: Properties of different wet olivine nano-silica filter cakes produced at pilot scale with an
80 L reactor and 16 chamber filter press (Römer and Albertsen, 2012).
Batch name
Assigned name
Filter cake (kg)
Equiv. SiO2 (kg)
SSABET (m2/g)
L.O.D.*

F-14

F-18

F-21

F-22

F-23

F-24

F-25

F-26

F-27

POnS-7

OnS-8

OnS-9

OnS-10

OnS-11

OnS-12

OnS-13

OnS-14

OnS-15

15
3.1
321
20.5

15
2.9
401
19.5

15
3.0
397
20.2

15
3.3
399
22.2

15
3.0
388
20.0

15
3.0
381
20.0

15
3.0
391
19.8

15
3.1
390
20.5

15
3.1
399
20.7

(*) Loss of drying performed at 150°C for 2 h.

Some batches of the olivine nano-silica obtained at pilot scale and presented in Table 5.8
were used for the experimental studies performed in the present thesis.
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Table 5.9: Chemical composition determined by XRF of the studied olivine nano-silica produced at
pilot scale.
Name

POnS-7

OnS-8

OnS-9

POnS-10

OnS-11

OnS-12

OnS-13

OnS-14

OnS-15

SiO2
Al2O3
Fe2O3
MnO
MgO
CaO

99.1
0.09
0.21
0.00
0.29
0.04

98.9
0.08
0.41
0.01
0.21
0.12

98.4
0.01
0.27
0.00
0.51
0.03

99.1
0.01
0.37
0.00
0.21
0.03

99.00
0.01
0.31
0.00
0.41
0.03

99.0
0.02
0.20
0.00
0.33
0.02

99.1
0.06
0.23
0.00
0.29
0.03

99.1
0.02
0.25
0.01
0.28
0.03

99.1
0.11
0.23
0.00
0.24
0.02

Na2O

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

K 2O

0.06

0.03

0.02

0.03

0.04

0.03

0.03

0.04

0.10

TiO2

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

P2O5

0.01

0.08

0.01

0.01

0.01

0.01

0.01

0.01

0.01

Cr2O3

0.02

0.02

0.02

0.03

0.03

0.02

0.02

0.04

0.02

SO3

0.20

0.14

0.75

0.14

0.14

0.30

0.17

0.19

0.14

C-Total

0.02

0.04

0.04

0.02

0.02

0.04

0.01

0.04

0.01

5.2. Materials and experimental methods
5.2.1 Materials
Different olivine nano-silica cakes were used in dried or water dispersed form. The OnS
used were prepared from different batches synthesized on pilot scale. The general
properties of the OnS used are presented in Tables 5.8 and 5.9. The cements used for the
experiment were CEM I 52.5N, CEM I 52.5R, CEM III/B 42.5N LH/HS as classified by
CEN EN 197-1 (2000). The physical properties of these cements are shown in Tables 2.6
and 2.7. For the mortar test, standard CEN reference sand (0-2 mm) was used according
to CEN EN 196-1 (2000). In addition, commercial admixtures based on modified
polycarboxylic ether (PCE) and naphthalene lignosulfonate (NLS) ether with the
properties shown in Table 2.12 were used for the paste, mortar and concrete experiment.
For the concrete (NVC and SCC) experiments, river dredged aggregates in the fractions
0-8 mm and 4-16 mm were used. Furthermore, dredged river sand in the fractions 0-4
mm was used. Finally, a commercial fly ash was applied as supplementary cementitious
material and filler. More details on the physicochemical characteristics of the materials
used can be found in Chapter 2.
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5.2.2 Experimental methods
Behavior of cement pastes with olivine nano-silica in fresh and hardened state
Rheology and workability
To study the effect of adding olivine nano-silica and superplasticizer (SP) on cement
based systems, rheological measurements and the mini spread-flow test were carried out
to assess changes of the viscosity caused by the volumetric substitution of cement (0.5,
1.5, 3.0, 4.5, 7.0 and 10%). The changes of the paste viscosity were studied using a
concentric cylinder rheometer and the theories described in Section 2.6. For this study,
dry powder samples prepared from one batch (F-22, named POnS-10) of olivine nanosilica produced on pilot scale were used (properties shown in Tables 5.8 and 5.9). Three
different systems were studied in total (Table 5.10). The first system consisted of one
reference paste and six cement pastes with POnS-10 substitution levels of 0.5, 1.5, 3.0,
4.5, 7 and 10% by vol. The substitutions were performed based on volume as the
viscosity is affected by the solid content of the paste. The second system is characterized
by similar substitution levels of OnS as previously explained, but a SP1 (PCE-type) with
constant concentration based on the total specific surface area (SSA) of the paste (0.4
mg/m2) was added. The last system was the same as the first one, but a fixed
concentration of SP1 based on the water amount (12 mg SP/g H2O) was added. All
cement pastes were prepared with the same w/b ratio by volume (1.575) and tested in a
concentric cylinder rheometer to determine the flow curve of each paste.
Cement, OnS and water were mixed together with a high energy (600 W) hand blender
(Philips HR1363) for 1 min and stopped for 2 min. After the 2 minutes break, the mixing
was started again for one additional minute so that a total mixing time of 3 min was
achieved. Next, 50 ml of the paste were poured in the rheometer cup and conditioned at
constant shear rate of 68 s-1 and 20 °C. At the time of 6 min, starting from the first
contact between water and cement, the shear stress was measured in intervals of 15 s and
at different shear rates (8.7, 14.7, 24.2, 40.8, 68.1, 113.6 and 189.8 s-1). This procedure
was repeated with descending shear rates and their respective shear stresses were
considered to obtain the flow curves of the analyzed pastes. At the end of the descending
cycle, the rheometer was stopped for 1 min, after that the shear stress was measured at a
shear rate of 8.7 s-1 (1-min gel strength). Next, it was stopped again for additional 10 min,
when the shear stress (10-min gel strength) was measured again at the same shear rate
(8.7 s-1). Finally, the experimental data were fitted to the Herschel-Bulkley fluid model
using the methodology recommended by Klotz and Brigham (1998). This fluid model
was selected as cement pastes show a shear thinning behavior (Nelson and Guillot, 2006).
As further analysis, the experimental data were also fitted to the Bingham fluid model.
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Table 5.10: Mix proportioning of the analyzed cement (CEM I 52.5N)
paste formulations with olivine nano-silica (POnS-10).
OnS (Vol.%)

CEM I
52.5N
(g)

POnS-10
(g)

Water
(g)

SP content
based on
SSA (g)

based on
water (g)

0.0

100

0

50

0

0

0.5

99.50

0.33

50

0

0

1.5

98.50

0.98

50

0

0

3.0

96.99

1.96

50

0

0

4.5

96.45

2.94

50

0

0

7.0

93.00

4.58

50

0

0

10.0

89.99

6.54

50

0

0

0.0

100

0

50

0.04

0

0.5

99.50

0.33

50

0.09

0

1.5

98.50

0.98

50

0.19

0

3.0

96.99

1.96

50

0.35

0

4.5

96.45

2.94

50

0.50

0

7.0

93.00

4.58

50

0.76

0

10.0

89.99

6.54

50

1.08

0

0.0

100

0

50

0

0.60

0.5

99.50

0.33

50

0

0.60

1.5

98.50

0.98

50

0

0.60

3.0

96.99

1.96

50

0

0.60

4.5

96.45

2.94

50

0

0.60

7.0

93.00

4.58

50

0

0.60

10.0

89.99

6.54

50

0

0.60

Hydration kinetics of cement paste with olivine nano-silica and superplasticizer
The rheological tests were complemented with isothermal calorimetric measurements. A
first calorimetric analysis of cement pastes with and without a fixed amount of SP1
(Table 5.10) was performed using the device and procedures described in Section 2.7.1.
In total 14 different CEM I 52.5N pastes with POnS-10 substitution levels of 0.5, 1.5, 3.0,
4.5, 7 and 10 vol.% were tested in duplicate for 72 h at 20 °C. Similarly, a second
calorimetric analysis of cement pastes (14 in total) without SP was performed but using
CEM III/B 42.5N LH/HS pastes with the same POnS-10 substitution levels as previously
described. Finally, the third calorimetric analysis performed was on CEM III/B 42.5N
LH/HS paste with 30 wt. % replacement by fly ash and with POnS-10 substitution levels
of 0.5, 1.5, 3.0, 4.5, 7 and 10 vol.%. Details on the compositions used are presented in
Table 5.11. These final calorimetric analyses were carried out to support the findings
obtained on eco-SCC with olivine nano-silica. All the cement pastes were mixed with a
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high energy (600 W) hand blender (Philips HR1363) for 2 min. The results were
analyzed using the same procedure as described in Section 2.7.1.
Table 5.11: Mix proportioning of the analyzed cement pastes
(CEM III/B 42.5N LH/HS and fly ash) formulations with
olivine nano-silica (POnS-10).
OnS (Vol.%)

CEM III/B 42.5N
LH/HS (g)

Fly ash
(g)

POnS-10
(g)

Water
(g)

0.0

100.00

0

0

50

0.5

99.50

0

0.33

50

1.5

98.50

0

0.98

50

3.0

96.99

0

1.96

50

4.5

96.45

0

2.94

50

7.0

93.00

0

4.58

50

10.0

89.99

0

6.54

50

0.0

70.00

30.00

0

50

0.5

69.99

29.99

0.33

50

1.5

68.95

29.55

0.98

50

3.0

67.90

29.10

1.96

50

4.5

67.51

28.93

2.94

50

7.0

65.10

27.9

4.58

50

10.0

62.99

26.99

6.54

50

Characterization of the hydrated paste (CEM I 52.5N-OnS-SP)
As the use of olivine nano-silica affects the amount and kind of formed hydration phases
and thus the volume, the porosity and finally the durability properties of concrete,
TG/DTG and XRD techniques were used to elucidate the expected phase assemblies of
the hydrated cement pastes. For doing so, the same samples used in the initial
calorimetric analysis and stored in sealed bottles for one year crushed and pulverized by
the use of an automatic mortar crusher. Thermogravimetric analysis (TGA) and
derivative thermogravimetric analysis (DTG) were performed using the same device and
procedures as described in the Section 2.7.2. A total quantity of 25-30 mg was heated at 5
K/min from 20 to 1000 °C. The amount of chemically bound water, portlandite (CH) and
calcite was determined by the weight loss. The weight loss was determined in three
different temperature intervals: the decomposition of CH, ranging from about 410 ºC to
550 ºC, the weight loss corresponding to the decomposition of monocarboaluminates and
calcite (release of CO2), measured between 550 °C and about 750 °C, and the weight loss
corresponding to the release of chemically bound water (H2O), defined here as the
measured weight lost between 105 °C and about 1000 °C minus the weight lost due to
carbonation (measured between 550 °C and about 750 °C). The start and ending of each
temperature interval is determined for each sample based on the DTG-curve. The weight
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loss was calculated taking into account the molecular weight of each component (CH,
calcite and water) and was expressed as percentage of the dry mortar mass at 550 °C.
Moreover, the mass loss of CH and calcite was corrected taking into account the original
calcite content in the cement and the chemical reaction between CH an CO2 (carbonation)
using the methodology described by De Belie et al. (2010). Finally, powder X-ray
diffraction (XRD) spectra were obtained with pulverized samples used to obtain the
TG/DTG profile. XRD qualitative analysis were carried out using an X-ray
diffractometer (XPert PRO MRD, Panalytical, The Netherlands), with a multi strip
detector –type (XCelerator RTMS), Cu KĮ1 radiation and a scanning range between 5
and 70 degrees. The XRD scans were run at 0.017° per step with a counting time of 20 s.
Behavior of standard mortars with olivine nano-silica in fresh and hardened states
To determine the effects of different volumetric substitution levels (0.5, 1.5, 3.0, 4.5, 7
and 10 vol.%) of cement with olivine nano-silica, different standard cement mortars were
prepared and tested in fresh and hardened state, following the procedure established in
CEN EN 196-1 (2005). Two different tests were carried out. One adding the olivine
nano-silica in dry powder form (POnS-10) and another were pre-mixing the olivine nanosilica (together with the SP) with the mix water at 4000 rpm for 5 min. A rotor stator high
energy mixer (Silverson® LM5, U.K.) was used to prepare the pre-dispersion. In total,
three standard prisms for each mix type were tested following the mortar design
presented in Table 5.12.
The superplasticizer content (SP1) of the mixes was fixed at 0.6% bwob to determine the
effect of nano-silica on the mini slump-flow diameter. The flexural and compressive
strengths of the prisms were determined after 28 days of water curing.
Table 5.12: Mix design of standard mortars with different volumetric substitution of OnS.
Materials (g)
Reference
0.5
1.5
3
4.5
7.0
10
CEM I 52.5N
450
448
443
437
430
419
405
POnS-10+
0
1.5
4.5
9.0
13.5
21.0
30.0
Water
225
225
225
225
225
225
225
CEN sand 0-2 mm
1350
1350
1350
1350
1350
1350
1350.0
SP1
2.70
2.70
2.70
2.70
2.70
2.70
2.70
SP (% bwob)
0.60
0.60
0.60
0.60
0.60
0.60
0.60
w/c
0.50
0.50
0.50
0.50
0.50
0.50
0.50
SSA mix (m2/m3)*
5,887
6,392
7,393
8,906
10,412
12,925
15,938
(+): Powder or dispersed; (*) Total specific surface area (SSA) of the mix.

142

Application of olivine nano-silica (OnS) in cement based materials

Normal vibrated concrete with olivine nano-silica
As a preliminary scale up on the use of olivine nano-silica, design and testing of normal
vibrated concrete (NVC) with olivine nano-silica was carried out. In total 3 mixes were
tested to investigate the substitution of CEM I 52.5N by olivine nano-silica at different
volume proportions (5, 7 and 10 Vol. %). The wet nano-silica cake used was the sample
OnS-8 (batch F-18). This silica was introduced in the mix as 10 wt. % water based
dispersion (DOnS-8) prepared with a rotor stator high energy mixer at 7000 rpm for 30
min. For the composition of the NVC reference mix, the mix design concept described in
Hüsken (2010) was used. In the optimization process, a distribution modulus (q) of 0.37
was used together with the following constrains: w/p ratio of 0.54, air content in the fresh
mix of 3%. The initial binder content w/b ratio (0.55) was selected based on NEN-EN
206-1 (2008) for the exposure class XC3 (carbonated-induced corrosion). In addition, a
slump class of the fresh concrete S3 (100-150 mm) and a strength of C20/25 was selected
as a target, taking into consideration the reference mix from one concrete producer
(Kijlstra Betonmortel, B.V., The Netherlands). An example of the target curve and the
composed grading curve of the NVC mix is shown in Figure 5.2. The tested mix designs
are displayed in Table 5.13. In total 18 cubes were cast using a vibrating table and tested
for their slump and compressive strength at 1, 7 and 28 days.

Cumulative finer (Vol. %)

100
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0
0.1

1
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1000

10000

100000

Particle size (ȝm)
Target Function q= 0.37
0.25
CEM I 52.5N
Fluvial sand
mm0-4 mm
Dredged
river0-4
sand

Composed reference NVC mix
Fly ash
Fluvial gravel
4-16 mm
Dredged
river gravel
4-16

Figure 5.2: PSD of the used materials, target function based on q = 0.37 and composition of the
reference normal vibrated concrete (NVC) mix displayed as dashed line for Dmin = 339 nm and Dmax =
18.9 mm.
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Table 5.13: Normal vibrated concrete (NVC) mix designs using olivine nano-silica as cement
replacement.
Materials (kg/m3)
NVC-1
NVC-2*
5% vol.
7% vol.
10% vol.
DOnS-8 (10 wt. % solid)
0
0
6.9
10.3
13.7
CEM I 52.5 N
220.0
210.0
199.6
194.3
189.1
Fly-ash
90.0
88.2
88.2
88.2
88.2
Fluvial sand 0-4 mm
790.0
780.6
780.6
780.6
780.6
Fluvial gravel 4-16 mm
1091.0
1086.3
1086.3
1086.3
1086.3
Water
164.0
158.8
159.1
158.1
158.1
SP3 (% bwob) PCE type
0.30
0.50
1.12
1.33
1.75
w/c
0.75
0.76
0.80
0.81
0.84
w/p < 125 ȝm
0.53
0.54
0.54
0.54
0.54
S3 (125 mm)
S2 (60 mm)
S2 (60 mm)
S1 (40 mm)
S1 (40 mm)
Slump class (mm)
(*) NVC-2 is the optimized mix using q = 0.37.

Ecological self-compacting concrete (eco-SCC) with olivine nano-silica
Self-compacting mortar test

100

Cumulative finer (Vol. %)

Cumulative finer (Vol. %)

In addition of the test performed with NVC, a test series using the optimization algorithm
and the use of the OnS in eco-SCC was carried out. Several mixes were tested to
investigate the substitution of CEM I 52.5R by OnS at proportions of 10, 9, 5, 6, to 1%
by mass. A proportion of 10 to 1 was the original hypothesis to be validated in the present
research. The reference mix design was based on a commercial SCC recipe (Kijlstra
Betonmortel, B.V., The Netherlands) that fit to an optimized mix with a distribution
modules (q) of 0.27, Dmin = 513 nm and Dmax = 18.9 mm (Figure 5.3a).
a)
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10000
100000
DOnS-14
Fluvial
Dredgedgravel
river 4-16
gravelmm
4-16 mm

1000

Figure 5.3: PSD of the materials used, a) reference eco-SCC with target function based on a q = 0.27
(Dmin = 513 nm and Dmax = 18.9 mm, b) initial eco-SCC (OnS) with target function based on a q = 0.30
(Dmin = 65 nm and Dmax = 18.9 mm), dashed lines are the corresponding test mixes.
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The reference SCC is normally used in the production of pre-cast sewage pipes. For the
composition of SCC mixes with OnS (DOnS-15), the mix design concept described by
Hunger (2010) was used. This design concept makes use of an optimization algorithm
described by Hüsken and Brouwers (2008) to compute the mix proportions of all solid
ingredients of the concrete mix. In the optimization process, a distribution modulus (q) of
0.30 (as recommended in Chapter 4) was used together with the following constrains:
cement content of 360 kg/m3, w/b ratio of 0.45, air content of the fresh mix of 3% by
volume and strength class C45/55 (Figure 5.3b). The cement content and the w/b ratio
were selected based on NEN-EN 206-1 (2008) for the exposure class XA3 (aggressive
chemical environment). In addition, a flow class of the fresh concrete F7 (630-800 mm)
was specified as a target, taking into consideration the Dutch recommendation BRL 1801
(2006) for SCC. As initial laboratory optimization, the eco-SCC’s were adjusted for
mortar tests (no coarse gravel additions). The resulting self-compacting mortar mixes
(SCm) were modified in their OnS, CEM I 52.5R and SP content (type and
concentration). The OnS was added as water based dispersion (10 wt. % solids) prepared
with a laboratory rotor stator high energy mixer (7000 rpm, 30 min) and using the wet
cakes OnS-15 (batch F-27, Table 5.8). The adjustments were necessary, because from an
industrial point of view, the 16-hr compressive strength is the most important value,
because it is related to the productivity of precast concrete units. In this case, a minimum
compressive strength of 8 MPa was required. Examples of the tested SCm and their
respective fresh and hardened properties are presented in Tables 5.14 and 5.15.
Table 5.14: SCm mix designs using OnS as cement replacement and their respective fresh and
hardened properties.
Materials (g)
Ref.
M100
M90
M70-1
DOnS-15 (10 wt. % solid)
0
143
143
143
CEM I 52.5 R
142.5
0
14.3
42.8
CEM III/B 42.5 LH/HS
382.5
487.5
473.2
440.0
Fly ash
240.0
277.5
277.5
260
Fluvial gravel 0-8 mm
1267.7
1237.5
1237.5
1283.0
Water
244.5
115.5
115.5
113.6
SP2 (Cugla® PCE-type)
5.2
10.0
10.6
10.6
w/b
0.427
0.427
0.437
0.430
Mini-spread flow (mm)
259 ± 25
315 ± 14
313 ± 3
303 ± 5
16-hr flexural strength (MPa)
2.65 ± 0.25
1.69 ± 0.45
2.03 ± 0.21
1.89 ± 0.06
16-hr compressive strength (MPa), min 8
9.86 ± 0.08
3.69 ± 0.07
6.02 ± 0.29
5.54 ± 0.05
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Table 5.15: SCm mix designs using OnS as cement replacement and their respective fresh and
hardened properties.
Materials (g)
M70-2
M60
M50
M40
DOnS-15 (10 wt.% solid)
183.5
183.5
183.5
183.5
CEM I 52.5 R
42.8
57.1
71.4
85.7
CEM III/B 42.5 LH/HS
440.0
425.7
411.4
397.1
Fly ash
260.0
260.0
260.0
260.0
Fluvial gravel 0-8 mm
1283.0
1283.0
1283.0
1283.0
Water
113.6
80.5
80.5
80.5
SP3 (HaBe® TB-100 PCE-type)
10.6
9.0
9.0
9.0
w/b
0.430
0.430
0.430
0.430
Mini-spread flow (mm)
326 ± 4
237 ± 18
273 ± 5
233 ± 10
16-hr flexural strength (MPa)
2.07 ± 0.07
2.69 ± 0.14
2.92 ± 0.15
2.77 ± 0.22
7-day flexural strength (MPa)
6.50 ± 0.60
28-day flexural strength (MPa)
7.63 ± 0.67
16-hr compressive strength (MPa), min 8
6.11 ± 0.12
8.27 ± 0.20
8.43 ± 0.47
9.25 ± 0.29
7-day compressive strength (MPa)
47.30 ± 2.10
28-day compressive strength (MPa)
68.70 ± 3.40
-

Pilot test of eco-SCC with OnS additions
At large production scale, self-compacting concrete is less tolerant to changes in
constituent characteristics and batch variances than conventional concrete. Accordingly,
it is important that all aspects of the production and placing processes are carefully
supervised and followed as recommended by EFNARC guidelines (2005). The
production of a self-compacting concrete (eco-SCC) as pilot test was carried out in the
plant of Kijlstra Betonmortel located in Vianen, The Netherlands. This plant works with
equipment, operation and materials that are controlled under a quality assurance scheme,
which is accredited to ISO 9001. Based on the SCm tests and the incorporation of the
gravel, optimized eco-SCC mixes were designed and evaluated. In total, four mixes were
tested at the pilot scale, considering a volume of 1 m3. For this, two batches were cast
with olivine nano-silica cakes (DNOnS-14) produced from Norwegian olivine in The
Netherlands (industrial scale) and two batches with powder olivine nano-silica produced
from beneficiated dunites in Greece (PGOnS-1). The properties of these types of olivine
nano-silica were similar to the silicas shown in Table 5.8. One day before the pilot test,
several water based dispersions with 10 wt. % of OnS were prepared using both type
(Dutch and Greek) nano-silica with an industrial rotor stator high energy mixer (3000
rpm for 30 min).
During production of the eco-SCC mixtures, there were a number of factors that
individually or collectively contributed to variations in the uniformity. The main factors
are changes in the free moisture of the aggregate, aggregate particle size distribution and
variations in batching sequence. For that reason, some adjustments were considered to
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achieve the desired specification and properties. This adjustment concerned the amount
of the superplasticizer and mixing water. The amount of each ingredient of the mix was
weight by a fully automatic system. Approximately, two thirds of the mixing water was
added to the mixer. This was followed by the aggregates and cement. After this stage, the
mixing started to form an SCC mixture. Before adding the OnS dispersions manually, it
was necessary to disperse it to avoid the possible sedimentation due to the transport.
After the dispersion the OnS was added to the already mixed amount of aggregates,
cement and water. A visual observation during the mixing process was performed when
the superplasticizer and the remaining mixing water were added. The objective was to
determine, when a self-compacting mix was achieved. All the factors mentioned above
caused an increase or decrease of the water content in the final mixtures (see Table 5.16).
These adjustments resulted in a better eco-SCC based on the visual expertise and
industrial wisdom.
Table 5.16: eco-SCC mix designs using olivine nano-silica as cement (CEM I 52.5R) replacement.
SCC-ref SCC-lab
SCC-1D
SCC-2D
SCC-1G
SCC-2G
Materials (kg/m3)
DNOnS-14 (10 wt. % solid)
122.0
122.0
122.0
PGOnS-1(10 wt. % solid)
122.0
122.0
CEM I 52.5 R
95.0
38.0
34.0
42.0
32.0
38.0
CEM III/B 42.5N LH/LS
255.0
284.0
288.0
280.0
280.0
288.0
Fly-Ash
160.0
173.0
172.0
174.0
172.0
172.0
Fluvial gravel 0-8 mm
825.0
855.0
860.0
860.0
870.0
870.0
Fluvial gravel 4-16 mm
1091.0
845.0
860.0
860.0
870.0
860.0
Water
845.0
54.0
62.0
59.0
60.0
60
SP (% bwob)
3.5*
6.5ȟ
5.0+
5.2+
4.0+
3.5+
w/b (measured after casting)
0.43
0.43
0.45 (0.39) 0.44 (0.42)
0.46
0.44 (0.39)
(*) SP2 NLS-type (Cugla® R11), (ȟ) SP3 PCE-type (Ha-Be Pantarhit® RC 100), (+) SP5 PCE-type (Ha-Be Pantarhit® PC 150).

Several, recommended tests for characterizing SCC on site were performed according to
EFNARC (2005). The fresh properties measured were slump-flow, J-ring test, V-funnel
and stability time. To test the properties of the hardened concrete, 9 cubes (150 mm side
length) were cast for each mix, cured sealed during the first day, stripped from the mould
after 24 hours and cured subsequently in water until their test age was reached, according
to the prescribed storing conditions given by BS-EN 12390-2 (2000). Three cubes were
striped from the mould already after 16 hours. The compressive strength was determined
after 16 hrs, 7 and 28 days on three cubes for each mix. The compressive strength test
was performed according to BS-EN 12390-3 (2009). Finally, the resulting properties
were compared with statistical values of the reference SCC taken by the concrete
company in regular intervals over several months.
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Estimation of the CO2 foot print of NVC and eco-SCC
Based on the laboratory optimization and the pilot test, the potential reduction of the CO2
foot print of concrete was estimated. The CO2 footprint of each compound was obtained
from the data base of the “De Vereniging van Ondernemers van Betonmortelfabrikanten
in Nederland” (VOBN, 2012). The CO2 footprint of the OnS was obtained from life cycle
analysis (LCA) calculation performed by Paju et al. (2012) as part of the ProMine project
2010-2013. Finally, taking into account the calculated CO2 footprint involved in the
operations of the Kijlstra betonmortel B.V., the equivalent CO2 footprint of the reference
mix and the optimum mix with OnS was computed for each m3 of concrete.

5.3. Results and discussion
5.3.1 Behavior of cement pastes with olivine nano-silica in fresh and hardened states
Rheology and workability
The obtained flow curves for cement pastes with OnS without SP are displayed in Figure
5.4. The respective values of the Herschel-Bulkley (HB), Bingham plastic (BP) fitting
and the gel strengths are presented in Table 5.17 and 5.18.
a)
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Figure 5.4: Rheological behavior of cement/OnS paste (without SP), a) Flow curves measured and
adjusted to the Herschel-Bulkley fluid model, b) evolution of the apparent viscosity over the shear
rate.

Analyzing the results in Figure 5.4 and Table 5.17 different observations can be made.
The yield stress and the apparent viscosity (Ș = Ĳ/Ȗ), increased with increasing volumetric
substitution of cement by the OnS. This difference is lower at higher shear rates (Figure
5.4b) due to a shear thinning behaviour of these cement pastes (n lower than 1). The HB
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yield stress increased linearly until a substitution level of 4.5 Vol. %, after that it is
decreasing to a value of zero for a level of 10.0 Vol. % (Table 5.17). This change of the
obtained values is related to changes in the rheological model or the selected fit. This
means that the cement paste flow model is changing from the Herschel-Bulkley fit to a
power law fit, which is evident due to the absence of yield point. For that reason a fit to a
Bingham plastic model was performed. The results confirmed that both the BP yield
point and the plastic viscosity (ȝ) increase linearly with the incorporation of OnS (see
Table 5.18). The main conclusion of this first analysis is that the addition of olivine nanosilica is going to increase the yield stress and the apparent viscosity of the cement paste.
It is demonstrated that the yield stress of the paste is proportional to the spread flow (Bui
et al., 2002). As a consequence, a decrease in the spread flow is expected in cement
pastes and mortars that contain nano-silica as cement replacement without the use of SP
(discussed later in Section 5.3.2). The findings are in line with Bentz et al. (2011) who
found that the plastic viscosity rises linearly with the growth of the total specific surface
area of the mix. The authors additionally found that the yield stress also increases linearly
with the computed particle number density (already explained in Chapter 3). For that
reason, the reduction in the slump-flow value is a consequence of changes in the viscosity
and yield point of the paste due to the presence of nano-particles. Other factors that need
to be considered are changes in the hydration kinetics, presence of microporosity (less
free water), interaction between the SP and the different impurities (C, S, Na and K) and
the final void fraction (packing) of the mix.
Another characteristic caused by the addition of nano-silica is the increase in the gel
strength, which were measured at 1 min and 10 min, respectively. As it is shown in Table
5.17, the cement pastes increased their gel strength from 33 to 87 Pa after 1 min and from
36 to 110 Pa after 10 min for 0 to 10.0 % volumetric substitution of cement, showing a
possible thixotropic effect. The increased gel strength of the cement pastes with nanosilica can produce some problems due to the reduced spread flow over time. Nevertheless,
this effect can also open other fields of application where thixotropic pastes are needed
such as repair mortars, soil stabilization grouts and oilfield cementing slurries.
Table 5.17: Values of the Herschel-Bulkley fit and the gel strength for different pastes
tested (without SP).
Consistency “k” Pseudoplastic
1 min gel 10 min gel
W0
POnS (Vol. %)
R2
(Pa·sn)
index "n"
(Pa)
(Pa)
(Pa)
0.0
28.1
2.04
0.43
0.998
32.7
35.7
0.5
36.8
2.36
0.40
0.995
41.7
43.0
1.5
35.6
3.47
0.36
0.995
42.5
46.0
3.0
44.3
7.23
0.29
0.998
56.3
63.2
4.5
58.9
13.19
0.24
0.998
79.5
93.2
7.0
53.7
16.62
0.24
0.999
80.4
97.5
10.0
0.0
67.27
0.12
0.999
87.2
109.6
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Analyzing the results of cement pastes prepared with a SP dosage based on the total SSA
of the paste (0.4 mg SP/m2), several observation can be drawn. In this system, the total
amount of SP was increased proportionally with increasing addition of nano-silica.
Table 5.18: Values of the Bingham plastic fit for different pastes tested.
No SP
SP based on SSA
SP based on water (fixed)

0.0
0.5
1.5
3.0
4.5
7.0
10.0

Shear stress - Ĳ (Pa)

60

a)

W0
(Pa)

Viscosity “ȝ”

36.0
45.3
46.7
62.9
86.6
88.5
97.5

0.06
0.06
0.06
0.08
0.10
0.13
0.15

(Pa·s)

R2

W0
(Pa)

0.993
0.998
0.998
0.986
0.973
0.968
0.953

40.0
35.5
25.2
13.6
8.0
4.4
1.3

“ȝ”
(Pa·s)
0.06
0.06
0.05
0.03
0.04
0.04
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Viscosity
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(Pa·s)
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Figure 5.5: Rheological behavior of cement/nano-silica paste (with SP based on SSA), a) Flow curves
measured and adjusted to the Herschel-Bulkley fluid model, b) evolution of the apparent viscosity
over the shear rate.

In consequence, the rheological behavior of the cement pastes changed from shear
thinning to shear thickening (n larger than 1). For the flow curves displayed in Figure
5.5a, it is evident that the cement pastes change their behavior from Herschel-Bulkley
model (pure cement paste) to Bingham model (paste with 10% by volume of nano-silica).
Also, the apparent viscosity of the pastes decreased proportionally with increasing SP
content and SSA of the pastes, which is demonstrated by the paste with 0.5% by volume
of nano-silica that shows the closest behavior to the pure cement paste with the minimum
SP content (Figure 5.5b). Changes in the viscosity caused by the addition of an increased
amount of SP introduced errors in the calculations of the fitting parameters according to
the Herschel-Bulkley model. As a result, some consistency factors (k) were calculated as
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zero (see Table 5.19) for cement paste with 4.5 and 7.0% by volume of nano-silica. For
that reason, the Bingham model was used to describe the second system (Table 5.18).
The results of the Bingham model concluded that the viscosity curves showed a
minimum value at 3.0% by volume substitution of cement by the olivine nano-silica (SP
value of 0.35% bwob). In addition, the increased amount of SP caused a decrease of the
yield point (see Table 5.19) and the apparent viscosity of the paste by almost one order of
magnitude, comparing these values with the pure cement paste. This is caused by the
steric repulsion of the particles due to the adsorbed SP molecules and the retarding effect
on the cement hydration (Spiratos et al., 2003). The competition between the acceleration
effect of the nano-silica and the retarding effect of the SP on the kinetics of the
proceeding cement hydration was demonstrated using isothermal calorimetric tests (later
explained in this section).
Table 5.19: Values of the Herschel-Bulkley fitting
different pastes tested (with SP based on SSA).
POnS
Consistency “k” Pseudoplastic
W0 (Pa)
(Vol. %)
(Pa·sn)
index "n"
0.0
34.4
1.22
0.49
0.5
30.9
1.07
0.50
1.5
22.7
0.48
0.59
3.0
13.9
0.02
1.04
4.5
9.1
0.00
1.86
7.0
1.7
0.00
1.55
10.0
1.7
0.01
1.25

and the gel strength for the
R2
0.998
0.999
0.995
0.872
0.961
0.934
0.999

1 min gel
(Pa)
37.4
21.5
24.5
15.0
23.3
12.9
6.9

10 min gel
(Pa)
38.2
25.4
24.5
18.3
12.0
15.9
15.5

Though, the results of the second system studied gave some first information about the
behavior of cement pastes with olivine nano-silica and SP, it is not completely conclusive.
For that reason, a third system with a fixed amount of SP based on the water content was
studied. The main objective of using a fixed SP content was to understand the real effect
of adding olivine nano-silica in cement pastes. It is shown in Figure 5.6a that the
rheological behavior of the cement paste changes with the incremental addition of olivine
nano-silica. The flow behavior displayed a transition around 3.0% by volume from a
Newtonian fluid to a Herschel-Bulkley model (Table 5.20). Again, from Figure 5.6b it is
clear that the addition of nano-silica increases the viscosity and the yield point of the
cement paste linearly (see Table 5.18). The increase in the viscosity and in the yield point
of the paste is a result of the increased specific surface area of the paste due to the
addition of nano-silica. In other words, it is important to notice that it was not possible to
elucidate packing effects with the performed rheological tests. For that reason, further
research is recommended to determine the maximum wet packing of cement paste with
addition of olivine nano-silica.
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Figure 5.6: Rheological behavior of cement/nano-silica paste (with a fixed SP content based on water),
a) Flow curves measured and adjusted to the Herschel-Bulkley fluid model, b) evolution of the
apparent viscosity over the shear rate.
Table 5.20: Values of the Herschel-Bulkley fitting and the gel strength for the
different pastes tested (with a fixed SP content based on water).
POnS
Consistency “k” Pseudoplastic
1 min gel 10 min gel
W0
R2
(Vol. %) (Pa)
(Pa·sn)
index "n"
(Pa)
(Pa)
0.0
0.5
1.5
3.0
4.5
7.0
10.0

0.4
0.7
1.2
2.3
4.5
8.3
11.6

0.0078
0.0058
0.0088
0.0059
0.0007
0.0010
0.0010

1.20
1.25
1.20
1.30
1.73
1.70
1.70

0.9821
0.9942
0.9989
0.9952
0.9936
0.9950
0.9809

2.6
2.6
4.7
4.7
9.0
14.2
18.5

4.0
4.7
6.5
8.2
9.5
14.2
19.8

Hydration kinetics of cement paste with olivine nano-silica and superplasticizer
CEM I 52.5R-OnS-SP systems
Analyzing the results obtained from cement pastes with olivine nano-silica different
observations can be made. For the first system studied, where no SP was added (Figure
5.7 and Table 5.21), the heat flow curves are close to the reference (peak at 4.5
mW/gcement). The main difference observed was in the so-called induction period, which
is clearly reduced with increasing volumetric substitution of cement by the OnS (Table
5.21). In addition, a slight increase in the main hydration peak (C3S phase) and the
aluminate reaction (C3A) were observed. The acceleration in the aluminate reaction
results in a small widening of the peak due to the overlapping of both reactions. This
increase is produced by the higher reactivity of the OnS (pozzolanic behavior). The data
collected during the isothermal calorimetric measurements were analyzed using the TAM
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Assistant Software. With this software it was possible to calculate different parameters
such as the induction period, relative setting time (RST), maximum time to reach the
main hydration peak (TMHP) at the end of the acceleration period as well as the slope of
the acceleration period (rate of hydration), which are useful parameters to understand the
effects of the OnS on the cement hydration. The results of this analysis for cement paste
with OnS without SP are presented in Figure 5.8. and Table 5.21.
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Figure 5.7: Results of the calorimetric measurements of cement pastes with OnS (no SP), a)
Normalized heat flow, b) Normalized total heat evolution (Q).
Table 5.21: Hydration kinetics of cement pastes containing
OnS (without SP).
Induction period
RST
TMHP
Paste type
(h: min)
(h: min)
(h: min)
CEM I 52.5 N
0: 36
2: 54
8: 09
OnS (0.5 Vol. % )
0: 24
2: 44
7: 49
OnS (1.5 Vol. %)
0: 11
2: 32
7: 47
OnS (3.0 Vol. %)
0: 09
2: 17
7: 07
OnS (4.5 Vol. %)
0: 09
1: 50
7: 10
OnS (7.0 Vol. %)
0: 08
1: 34
6: 51
OnS (10.0 Vol. %)
0: 07
1: 26
7: 08
RST: relative setting time, TMHP: time to reach the maximum hydration peak.

In Table 5.21, the time to reach the maximum hydration peak (TMHP) is displayed for
different volumetric substitution levels of cement by OnS. For the system without SP
(Figure 5.7) the TMHP is markedly decreased with increasing OnS content. It is also
possible to observe that the RST also linearly decreases. It is almost 1 h and 30 min lower
than the pure cement paste. The decrease in both TMHP and RST confirms the
accelerating effect induced by the nano-silica particles. Another fact that supports the
accelerating effect of the OnS is the curve shown in Figure 5.8. In this figure it is evident
that the rate of hydration (slope during the acceleration period) increases linearly with
increasing addition of OnS. This is caused by the nucleation effect produced by the
nanoparticles as already reported by several researchers (Wu and Young, 1984; Cheng-yi
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and Feldman, 1985; Givi, et al., 2010; Hou, et al., 2012; Land and Stephan, 2012). Higher
amounts of nano-silica increase the heterogeneous nucleation of C-S-H gel floccules.
This finding explains why the yield point and the viscosity of the paste increase with the
addition of OnS.
In the same way the total heat was analyzed. Figure 5.7b depicts the heat evolution over
time. It is evident from this figure that even though the relative cement content decreases,
the hydration degree of the cement pastes increases when OnS is added. The extra heat
obtained is the result of the acceleration effect and the pozzolanic behavior of the nanosilica particles. Nevertheless, the change in the total heat is not that high (+42 J/g)
compared to the total heat at the same age. Making use of the total heat data and the
TAM assistant software it was possible to obtain the extrapolated maximum heat of the
cement pastes taking into account an exponential fit decay model. The resulting values
are shown in Figure 5.8b and it is possible to see that the maximum heat release is
linearly increasing with the addition of OnS. This result is important because the heat can
be related to the hydration degree of the cement paste (van Breugel, 1991). In general, the
hydration degree determines the compressive strength and the final porosity of the
cement paste. So it is expected that the compressive strength of cement mortar should be
higher in the presence of OnS.
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Figure 5.8: Parameter of the hydration kinetics derived with the TAM assistant software for cement
paste with OnS without SP additions, a) changes in the slope of the acceleration period, b) changes in
the extrapolated maximum heat. In all graphs, the solid line fits the linear portion of the data set and
the dashed lines shows ±10% variance to the best-fit line according to the recommendation
established by Oey et al. (2013).

In the second system studied, where a fixed amount of SP was applied, a retardation
effect caused by the presence of SP is evident (Figure 5.9 and Table 5.22). Nevertheless,
the accelerating effect caused by the addition of OnS is also obvious. Besides this, a
larger effect on the hydration of aluminate phases (secondary ettringite formation) is
displayed in Figure 5.9 for 10% by volume substitution level. For this system with SP
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(Table 5.22) the time to reach the maximum peak showed a minimum (4 h and 28 min
less than the pure cement paste). After this the TMHP increases again, which is mainly
caused by the presence of a second hydration peak. The second hydration peak is related
to the formation of ettringite attributed to changes in the C3A hydration due to the
combined presence of SP and nano-particles. The presence of a second hydration peak is
only clear for substitution levels higher than 4.5% by volume. In particular, it is obvious
that the addition of SP decreased the hydration rate but it is not possible to overcome the
accelerating effect induced by the presence of nanoparticles, as is displayed in Figure
5.10a. Here a synergistic effect of the OnS and the SP is found due to the fact that the
RST reduction is higher (2 h and 16 min) in the second system than in the first one (see
Table 5.22).
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Figure 5.9: Results of the calorimetric measurements on cement pastes with OnS (fixed SP 0.6%
bwob), a) Normalized heat flow, b) Normalized total heat evolution (Q).
Table 5.22: Hydration kinetics of cement pastes containing OnS
(with fixed SP, 0.6% bwob).
Induction period
RST
TMHP
Paste type
(h: min)
(h: min)
(h: min)
CEM I 52.5 N
3: 20
2: 53
12: 56
OnS (0.5 Vol. % )
2: 44
2: 46
11: 14
OnS (1.5 Vol. %)
3: 00
2: 54
11: 59
OnS (3.0 Vol. %)
2: 15
2: 07
9: 22
OnS (4.5 Vol. %)
2: 14
1: 53
9: 16
OnS (7.0 Vol. %)
0: 12
0: 55
8: 28
OnS (10.0 Vol. %)
0: 12
0: 37
9: 36*
RST: relative setting time, TMHP: time to reach the maximum hydration peak, (*) Two
peaks are observed, maximum peak corresponding to aluminates phase hydration.

Considering the total heat, the values are slightly higher with SP, which is caused by the
better dispersion of the nanoparticles in the paste. Additionally, a linear relationship
between the additions of OnS and the maximum extrapolated heat is observed, as it is
evident (see Figure 5.10b).
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Figure 5.10: Parameters of the hydration kinetics derived with the TAM assistant software for
cement paste with OnS with SP additions, a) changes in the slope of the accelerated period, b)
changes in the extrapolated maximum heat. In all graphs, the solid line fits the linear portion of the
data set and the dashed lines shows ±10% variance to the best-fit according to the recommendation
established by Oey et al. (2013).

CEM III/B 42.5 LH/HS -OnS system
Similarly to the CEM I 52.5N calorimetric curves, different levels of replacement of
CEM III/B 42.5 LH/HS with OnS affects the hydration kinetics of the paste as shown in
Figure 5.11.
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Figure 5.11: Results of the calorimetric measurements on CEM III/B 42.5 LH/HS pastes with OnS, a)
Normalized heat flow, b) Normalized total heat evolution (Q).

In this particular case, the hydration curves are different due to the combined presence of
clinker, gypsum and blast furnace slag which are the main components in blends
classified as CEM III/B 42.5 LH/HS. The heat flow curves of this type of cement
normally show two or three characteristic peaks. Two related to the clinker hydration
(mainly C3S and aluminates) and a third peak related to the reaction between the Ca(OH)2,
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precipitated from the first reactions, and the slag particles (Zhang  Islam, 2012;
Kolani et al., 2012). The slag particles start to react once the pH reaches a high value,
which is enough to break the glassy structure of the slag, releasing SiO44- species that
react with the portlandite (pozzolanic reaction). Analyzing the curves in Figure 5.11
several observations can be made. First, the addition of OnS affects all peaks normally
involved in the hydration kinetics of the CEM III/B 42.5 LH/HS. Also the induction
period is affected as it is displayed in Table 5.23.
Table 5.23: Hydration kinetics of CEM III/B 42.5N LH/HS pastes containing OnS.
Induction period
RST I
TMHP I
TMHP II
Paste type
(h: min)
(h: min)
(h: min)
(h: min)
CEM III/B
1: 02
1: 42
8: 41
30: 53
OnS (0.5 Vol. % )
0: 41
1: 05
7: 45
28: 39
OnS (1.5 Vol. %)
1: 05
1: 28
7: 36
29: 27
OnS (3.0 Vol. %)
0: 41
1: 08
7: 34
23: 29
OnS (4.5 Vol. %)
0: 39
0: 42
6: 19
27: 50
OnS (7.0 Vol. %)
1: 07
0: 36
5: 42
26: 11
OnS (10.0 Vol. %)
0: 55
0: 29
5: 34*
24: 04
RST: relative setting time, TMHP: time to reach the maximum hydration peak, (*) Peak I started to be
separated in two peaks.

In this case, the effects on the induction period are not accurate enough. In some cases a
reduction in the induction period is observed, but also no effects can be observed for
other cases (see Table 5.23). This behavior is unexpected. Probably, the heterogeneous
nature of the slag causes this behavior. The second interesting observation is the fact that
the first and the third hydration peaks are resulting in higher heat release in short time. In
other words, the addition of OnS produces initial acceleration effects on the clinker
phases and later promotes the reactivity of the slag particles, as it is demonstrated in
Figure 5.12a. This figure shows that the slope of each acceleration period increases
linearly. This increasing is more noticeable for the peak I than peak II. The slope of the
acceleration period of the slag reaction showed higher deviation (more than 10%
compared to the best fit). The higher error can be a result of the complex reaction taking
place during the setting of this type of cement.
The effect on the clinker and slag phases can be partially validated by the decrease in 1 h
and 13 min on the RST, 3 h and 7 min on the TMHP I and 6 h 57 min on the TMHP II,
which corresponds with the slag activation. Higher slag activation is also observed in the
values of the maximum total heat presented in Figure 5.11b. Apparently, the addition of
OnS also promotes the pozzolanic reaction of the slag. Nevertheless, the maximum
extrapolated heat is almost not affected (Figure 5.12b). Figures 5.12b illustrates that the
maximum extrapolated heat is not a linear function of the OnS addition. It seems that the
heat is increased until 3% by volume of OnS and higher concentrations decrease the heat.
This means that at long term similar or lower hydration degrees are expected for OnS
additions. To conclude, the OnS particles accelerate the hydration of the clinker phases
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due to their high specific surface area. As a consequence, the pozzolanic reaction of the
slag is promoted which contributes to higher compressive strength at early age in CEM
III/B 42.5 LH/HS concretes.
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Figure 5.12: Parameters of the hydration kinetics derived with the TAM assistant software for CEM
III/B 42.5 LH/HS pastes with OnS, a) changes in the slope of the accelerated period of clinker (period
I) and slag phases (period II), b) changes in the extrapolated maximum heat. In all graphs, the solid
line fits the linear portion of the data set and the dashed lines shows ±10% limit to the best-fit line
according to the recommendation established by Oey et al. (2013).

CEM III/B 42.5 LH/HS -Fly ash-OnS system
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Analyzing the calorimetric test results obtained for a blended system composed of CEM
III/B 42.5 LH/HS, fly ash and OnS is more complicated due to the presence of multiple
dissolution and precipitation reactions, which influence the total hydration kinetics of the
paste at the same time in different extents. Nevertheless, this is the closest system to the
composition of the mortars and concretes developed later in this chapter. In Figure 5.13,
the heat flow and the total heat curves are shown for such a system.
+ǻQ =17.3 J/gCEM IIIB+FA

b)
200
150

CEM IIIB + 30% FA
0.5%
1.5%
3.0%
4.5%
7.0%
10.0%

100
50
0
0

25

50

75

100

125

Time (h)

Figure 5.13: Results of the calorimetric results on CEM III/B 42.5 LH/HS and fly ash pastes with
OnS, a) Normalized heat flow, b) Normalized total heat evolution (Q).
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First, it is important to notice that the hydration curves of the system with fly-ash are
different from the isolated cases of CEM I 52.5R or CEM III/B 42.5 LH/HS. As it can be
observed from the curve of the reference paste (black curve in Figure 5.13a), the addition
of a fixed concentration of fly-ash caused that the three hydration peaks, previously
described, are closer to each other. In this particular case, it is assumed that the first peak
corresponds to the hydration of C3S, the second peak to the hydration products (AFt or
AFm) of the aluminate phases (probably promoted by the fly ash incorporation) and the
third peak corresponds to the slag reaction. The hydration of the fly-ash is slightly
overlapped with the main peak corresponds to the clinker. In theory, the fly-ash acts as a
nucleation agent, accelerating the clinker hydration and delaying the appearance of the
peaks related to the aluminates hydration (Hewlett, 2004). At later stage, similarly to the
slag reaction, it dissolves and starts to react once enough Ca(OH)2 is released.
Analyzing the curves obtained for the substitution of CEM III/B 42.5 LH/HS by OnS in
the fly-ash system, several observations can be made. In this case, a clear relation or
tendency to changes in the induction period due to the increasing addition of OnS in the
paste was found. Even though the values include an error of the techniques, as it is
obvious from the data listed in Table 5.24, the induction period is extended until a OnS
content of 3.0% by volume substitution level, after that it linearly decreases until 10%.
This is unexpected considering the observation previously explained by Hewlett (2004).
It is possible, that at early hydration times competing mechanisms act between the fly ash
and OnS particles.
Table 5.24: Hydration kinetics of CEM III/B 42.5N LH/HS and 30% fly ash pastes
containing OnS.
Induction period Rel. setting time I Peak time I Peak time II
Paste type
(h: min)
(h: min)
(h: min)
(h: min)
CEM III/B + FA
0: 47
1: 26
8: 50
24: 15
OnS (0.5 Vol. % )
0: 51
1: 22
8: 31
23: 37
OnS (1.5 Vol. %)
0: 53
1: 15
8: 15
23: 31
OnS (3.0 Vol. %)
0: 59
1: 13
7: 58
22: 08
OnS (4.5 Vol. %)
0: 55
0: 58
7: 49
23: 44
OnS (7.0 Vol. %)
0: 33
1: 17
7: 26
23: 09
OnS (10.0 Vol. %)
0: 22
0: 50
6: 48
21: 08
(*) Peak I started to be separated in two peaks.

Moreover, it was observed that the induction period was shorter than the induction period
of the pastes without fly ash addition (see Table 5.23), confirming a synergetic effect
when fly ash and nano-silica are added. In the case of the setting, it is evident from Table
5.24 that the addition of OnS decreased the setting time and accelerated the hydration of
the slag/fly ash particles. Evidence of that is the decreased time of peak I and II. Also, the
intensity of the slag hydration peaks increases, which gives evidence of accelerated
pozzolanic reaction (Figure 5.13). The maximum peak times I and II are decreased by
almost two and three hours, respectively. The increase in the pozzolanic reaction is not
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evident from the total heat curves depicted in Figure 5.13b, where an increase of only
17.3 J/g is observed. It is lower than the total heat gain for the paste with only CEM II/B
42.5 LH/HS and OnS. In addition, the intensity of the aluminates hydration peak is
slightly increased compared to the reference but it overlaps with the main slag hydration
peaks, making their study difficult. Apparently, a competing effect between the delaying
action of fly ash and the promoted precipitation of AFt or AFm phases by OnS acts again.
Similarly to the previous system, the accelerating effect due to the addition of OnS and
fly ash is evident (Figure 5.14a). In this case, the slope of the acceleration period I has a
linear tendency, only the paste with 10% by volume of OnS deviates, but the absolute
values are lower than CEM III/B 42.5 LH/HS with only OnS. On the contrary, the slope
of the acceleration period II corresponding to the slag hydration is much higher. This
means that, even though the initial period is slightly delayed, at the end the slag reaction
is promoted. Evidence of this is shown in Figure 5.14b, where higher extrapolated total
heat is observed. However, the total heat is decreased for OnS additions higher than 3%
by volume. For this case, the curves obtained were split in two periods with a clear linear
behavior. Despite additions higher than 3% by volume produced lower total extrapolated
heat, the values are always higher that the CEM III/B 42.5 LH/HS paste with only OnS.
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Figure 5.14 Parameters of the hydration kinetics derived with the TAM assistant software for CEM
III/B 42.5 LH/HS -fly ash pastes with OnS, a) changes in the slope of the acceleration period of
clinker (period I) and slag phases (period II), b) changes in the extrapolated maximum heat. In all
graphs, the solid line fits the linear portion of the data set and the dashed lines show ±10% limit to
the best-fit according to the recommendation established by Oey et al. (2013).

Based on the isothermal calorimetric tests and the analysis performed, it is possible to
conclude that the OnS is going to act as an accelerating agent in concrete. It is evident
that the pozzolanic activity is not high, based on the fact that the peak of the heat flow
curves is similar for pure CEM I 52.5N pastes and higher for blended systems (CEM
III/B 42.5 LH/HS and fly ash). This type of nano-silica affects the hydration velocity and
is improving, probably, the compressive strength of the concrete at early age.

160

Application of olivine nano-silica (OnS) in cement based materials

Characterization of the hydrated pastes (CEM I 52.5N-OnS-SP system)
As the use of olivine nano-silica should influence the amount and kind of formed
hydration phases and thus the volume, the porosity and finally the durability properties of
concrete, TG/DTG and XRD techniques were performed on one year old pastes to
elucidate or validate the expected phase assemblies. The extent of cement hydration was
estimated from changes observed by TGA/DTG and relative changes in the peak
intensities of the crystalline phases in the XRD patterns. The results of the
thermogravimetric analysis are summarized in Figure 5.15 and Table 5.25.
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Figure 5.15: TGA/DTG of one year old CEM I 52.5 N pastes with OnS and fixed
amount of SP (0.6% bwob).
Table 5.25: Results of the thermogravimetric analysis of the studied
pastes (CEM I 52.5 N with OnS and 0.6% SP).
Portlandite
Chemically bound water
Calcite
Mortar
(wt. %)
(wt. %)
(wt. %)
CEM I 52.5 N
9.34
19.72
1.41
0.5 % OnS
7.88
20.10
1.10
1.5 % OnS
10.42
27.23
1.04
3.0 % OnS
7.86
14.64
1.14
4.5 % OnS
7.58
18.93
1.17
6.09
7.0 % OnS
16.03
1.02
10.0 % OnS
5.75
22.73
1.17

For the interpretation of TGA/DTG results shown in Figure 5.15, it has been reported
(Hewlett, 2004; Taylor, 1997; Ramachandran, 2002) that the weight loss at 100-130 °C
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corresponds to the evaporation of adsorbed water, at 115-125 °C to C-S-H gel, ettringite
at temperatures of 120-130 °C, AFm phases at 180-200 °C, calcium hydroxide
(portlandite) in the range 410-550 °C and calcium carbonate at 680-750 °C. In addition, a
presence of a small peak, related to a H2O release at 300-410 °C have been attributed as
an indication of the formation of hydrotalcite-like phases (Lothenbach et al., 2012).
When comparing the mass loss of the different mixtures, two marked differences can be
observed. First, the intensity of the initial peak, attributed to the overlapped
decompositions of C-S-H gel and ettringite presented at the temperature range 85-130 °C
increased slightly with the amount of OnS. This can be related to a higher hydration
degree promoted by the acceleration effect of OnS. Secondly, the main peak attributed to
the portlandite amount in the pastes is low compared to the peak of the reference cement.
This is caused by the pozzolanic reaction produced by the presence of amorphous SiO2.
One interesting observation is the fact that the portlandite peaks are shifted to the right.
This is an evidence of the refinement of the microstructure and changes in the portlandite
crystals. Additionally, no appreciable differences in the peaks attributed to AFm,
hydrotalcite and calcite phases’ decomposition are observed.
The quantitative results calculated by the weight loss and stoichiometric considerations
are presented in Table 5.25. It becomes evident from these data that the portlandite
content is considerable decreased (38%) for 10% OnS additions. However, it is not
possible to explain why at 1.5% substitution levels the amount of portlandite increase.
One hypothesis is that a small amount of nano-silica only accelerates the hydration of the
cement paste promoting the precipitation of more portlandite without pozzolanic activity.
When enough silica is added, the pozzolanic reaction stars to compete with the
accelerated hydration. Similarly, the calculated chemically bound water, that gives
indication about the hydration degree of the cement matrix, is higher for 1.5 Vol. % of
OnS. In the case of the calcite content, it is almost unvaried as it is related to the original
amount of calcite present in the un-hydrated CEM I 52.5N.
The results obtained by TGA/DTG were confirmed by XRD. A closer inspection of the
XRD patterns (Figure 5.16) shows qualitatively the relative decreased intensities of the
belite, aluminate, ferrite and hydrated phases compared to the reference sample, which is
typical for higher hydration degrees. One interesting observation is the decreasing in the
portlandite peak at 34.1 (2ș) shown in Figure 5.16. It is expected due to the consumption
of portlandite by the presence of SiO2 (pozzolanic reaction). Furthermore, the peak at
18.01 (2ș) is first increased for 0.5 and 1.5% of OnS and decreases for higher amounts.
This is in line with the quantitative values of the TG analysis shown in Table 5.25. This
change can be attributed to the competition between the acceleration effect and the
pozzolanic reaction. It can also be evidence for changes in the morphology of the
portlandite crystals.
The main phase identified was portlandite. The hydrated phases identified were ettringite,
C-S-H gel (general) and in minor extent calcium monosulphoaluminate and
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monocarboaluminate. Other phases could not be identified in the XRD analysis as many
peaks overlapped or are poorly crystalline. The TG/DTG and XRD results are consistent
to the thermodynamically modelled expected phases for the complete hydration of
Portland cement blended with SiO2 (Lothenbach and Wieland, 2006; Lothenbach et al.,
2011). For a concentration of 0.5 to 10% of SiO2 the expected phases are ettringite,
portlandite, monocarboaluminate, hydrotalcite, calcite, aluminium hydroxide and jennitelike C-(A-)S-H gel.
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Figure 5.16: One year XRD spectra for the tested CEM I 52.5N pastes with OnS and fixed SP (0.6%
bwob) (ǻ belite, Ž ferrite, Ƈ calcite, Ƒ C-S-H gel (general), ۵ portlandite, Ÿ ettringite, ¸ calcium
monocarboaluminate, Ɣcalcium monosulfoaluminate -AFm).

5.3.2 Behavior of standard mortars with olivine nano-silica in fresh and hardened
states
Fresh state properties
The parameters determined by the rheological tests described in Section 5.3.1 were
compared with values obtained on mortar scale using the spread-flow test. It is
demonstrated that the yield point (considering a Bingham plastic fit) of the paste (Figure
5.17a) and the spread-flow of the mortar (Figure 5.17b) are proportional to total specific
surface of the mix. The increase in the viscosity and in the yield point of the paste is a
result of the increased specific surface area of the paste due to the addition of OnS. In this
case, it is demonstrated for a fix amount of SP that the workability of the cement paste
decreased with increasing OnS content. This effect is larger in pastes without SP. In
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addition, it was found that the pastes presented self-flowing characteristics when the
cement paste posses yield point values lower than 9 Pa. It is in line with the range that
has been reported (Flatt et al., 2006; Wallevik, 2006; Kovler and Roussel, 2011) for a
concrete with self-compactability (2 to 60 Pa).

100
80

a)

400

y = 0.01x + 4.96
R² = 0.89

Without SP

60
40
20
0
4000

With SP (0.6% bwob)

9000

y = 0.00x - 6.71
R² = 0.98

14000

SSA of the mix

(m2/m3)

19000

Mortar spread-flow (mm)

Paste yield point (Pa)

120

b) y = -1.59·10-6x2 + 1.81·10-2 + 241
R² = 0.98

300

Self-flowing

200
100

Cone base
Powder form
Dispersed at 4000 rpm

0
4000

9000

y = 1.32·108·x-1.50
R² =0. 96
14000

19000

SSA of the mix (m2/m3)

Figure 5.17: a) Relation between the paste yield point (BP fit) and the increasing of the total specific
surface area (SSA) due to the addition of OnS, b) Mortar spread flow as a function of the mortar’s
total SSA and the mixing method.

Another interesting finding is the difference obtained in the workability of paste with
same SP amount, when the OnS is added as a powder or as a pre-mix with the mixing
water. As demonstrated in Figure 5.17b, the reduction in workability, characterized by
lower spread-flow of the mortar, is higher when the OnS is well dispersed in the
beginning. This can be attributed to several reasons. One reason can be found in the premixing. More SP is absorbed at the surface and in the pores of the nano-silica
agglomerates, decreasing the relative amount of SP available to disperse the cement
grains. Another possibility can be attributed to the pre-mixing with SP which produced a
better dispersion of the nano-silica particles promoting the hydration of the cement paste
due to the nucleation effects previously explained. From the workability point of view,
the incorporate of nano-silica in powder form gives the possibility to increase their
concentration until 3% (valid for a fixed amount of SP).
Hardened state properties
The results of the hardened state properties of the standard mortars are shown in Figures
5.18 and 5.19. In Figure 5.18a it is possible to observe that the compressive strength
increases until a maximum for the powder OnS that depends on the age. Once the
maximum is reached, the compressive strength decreases. For 28-days the best result is
obtained with 1.5 Vol. % of cement replacement by OnS added in powder form. This
value is equivalent to a pozzolanic index (PI) of 108 that is higher than that obtained for
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powder OnS explained in Chapter 3. Taking into account the results presented in Chapter
3 (Figure 3.18), the equivalent agglomerated size for this silica is 40 nm, which is bigger
that the primary particle size. Different compressive strength results were obtained when
the OnS was pre-dispersed in the mixing water with the SP (Figure 5.18b).
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Figure 5.18: Compressive strength of standard mortars with different content of OnS (w/c=0.5 and
0.6% SP), a) added in powder form, b) dispersed in the mixing water with SP.

In this case, it is possible to observe that almost all 1-day compressive strength values
decrease. This can be caused by the higher SP adsorption at the surface and in the pores
of the OnS which leads to a decreased reactivity at early age. On the contrary, all 7-day
strength values increased with the addition of dispersed OnS. The best performance at
this age and at 28 days was obtained with 7% by volume of cement replacement. Even
though the decrease in the compressive strength with increasing replacement ratio of OnS
can be overcome using a pre-dispersion, the final 28-days strength is slightly lower than
the results obtained with OnS added in powder form (68 vs. 66 MPa).
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Figure 5.19: Flexural strength of standard mortars with different content of OnS (w/c=0.5 and 0.6%
SP), a) added in powder form, b) dispersed in the mixing water with SP.

Analyzing the flexural strength results depicted in Figure 5.19, it is possible to observe
different effects. In general, when the OnS is added in powder form, most of the flexural
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strength values decrease. This is caused by the high agglomerated state of the OnS as
already explained in Chapter 3. On the contrary, the flexural strength is similar to the
reference at 7 days and higher at 28 days when the OnS is added as a pre-dispersion.
Only, the 1-day strength values are lower. These results are very important, because
higher flexural strength is related with a better interparticle transition zone (ITZ) due to
the densification of the cement matrix caused by the filler and pozzolanic effect produced
by the OnS particles. This result is relevant as from the workability point of view adding
the OnS in powder form is better, but considering the mechanical strength and durability,
the OnS should be added in a dispersed form, even though this means that higher
amounts of SP are needed to have similar workability than obtained for concrete mixes
without OnS addition.
5.3.3 Normal vibrated concrete with olivine nano-silica
The results or effects of adding olivine nano-silica in normal vibrated concrete (NVC),
which is the most commonly used concrete, are partially shown in Table 5.13. As can be
observed in this table, the only mix with similar slump to the reference mix was the mix
with 5% replacement by volume. The SP requirement for this mix was more than double
compared to the reference mix. In the cases of 7 and 10% replacement, even though the
SP contents were higher than the 5% replacement, it was not possible to obtain the
desired slump class. Therefore, when the specific surface area of the mix was raised by
addition of nano-silica, more SP was required to maintain the same slump class. This
confirms the mortar test results previously explained in Section 5.3.2. This is a clear
disadvantage of the use of nano-silica, and it needs to be addressed in the future in order
to find the type of SP that works efficiently with OnS. Another possible solution for this
problem is to tailor the properties of OnS to get lower specific surface areas and more
spherical particles.
The compressive strength after 1, 7 and 28 days of the investigated NVC are depicted in
Figure 5.20. This figure shows that the strength after one day was not completely affected
by the SP in these mixes. Only the mix with 10% replacement showed a lower strength
than the reference. On the other hand, the 7-day compressive strength displayed an
increase for all substitution levels. The 28-day compressive strength showed similar trend
as the 1-day compressive strength; only the mix with 10% replacement showed a lower
strength than the reference.
The best result after 28 days was obtained for the mix with 5% replacement, where the
compressive strength increased by 20% compared to the reference mix. This suggests that
the optimum substitution of olivine nano-silica should be around this value.
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Figure 5.20: Compressive strength development of NVC at different replacement levels of cement
with olivine nano-silica (OnS).

5.3.4 Ecological self-compacting concrete (eco-SCC) with olivine nano-silica
Self-compacting mortar (SCm) test
As explained before, an initial laboratory optimization on SCm was performed as a
previous step to the design of eco-SCC. The results of the tested SCm and their respective
fresh and hardened properties are presented in Tables 5.14 and 5.15. Several conclusions
were obtained from these experiments. Highest addition of SP, between 6 and 7 kg/m3,
compared with the reference (3.5 kg/m3) was required to maintain similar workability and
to obtain a similar spread-flow diameter. Again, similar to the previous tests, high SP
dosage is related to the increase of the internal specific surface area due to the addition of
nano-particles and the acceleration of the cement phase’s hydration.
From an industrial point of view, 16-hr compressive strength is the most important value
for the precast industry, because it is related to the productivity of precast concrete units.
In this case, a minimum compressive strength of 8 N/mm2 is required. Tables 5.14 and
5.15 also show the compressive strength that was determined for the tested SCms. It
shows clearly a decrease in the 16-hr strength compared to the reference SCm for
substitution levels of CEM I 52.5R between 100% and 70%. This suggests that the
optimum replacement ratio is 60% when 3.8% bwoc of OnS is used. Despite the
reduction in the compressive strength this SCm resulted in compressive strength slightly
higher than the required limit of 8 N/mm2. It is important to notice that the 16-hr
compressive strength is influenced by the amount of SP and OnS added to the SCm. Thus
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the higher the replacement level, the higher the SP dosage required for the same flow
class which reduced the early strength radically due to the increased amount of SP. It is
interesting to notice that the early strength results are in line with the results of the
calorimetric test described before for the system CEM III/B 42.5 LH/HS -fly ash-OnS,
where an amount lower than 3% by volume gives the best results and maximum
extrapolated heat. However, in this case larger amount of clinker phases are present.
Considering the SCm test results, it can be concluded that the cement content of the SCm
can be decreased by 60 to 40% by mass using 3.8% bwoc of olivine nano-silica. Based on
this premise, a 60% reduction level was selected for further mechanical testing. The
corresponding compressive and flexural strength for the mortar composition M60 (Table
5.15) are compared with the reference SCm in Figure 5.21.
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Figure 5.21: Mechanical properties of the optimized SCm, a) flexural strength, b) compressive
strength.

As can be observed in Figure 5.21a, the 16-hr compressive strength of mix M60 was
lower than the reference SCm but slightly higher than the required minimum value of 8
N/mm2. On the contrary, at 7 and 28-day the M60 mix gives higher compressive strength
(13-18%) than the reference. This can be related to synergistic effects imposed by the
presence of fly ash and nano-silica observed in the calorimetric curves. These two
additives increased the reactivity of the slag, probably due to an increased hydration
degree of the mortar. This higher hydration degree is translated to higher compressive
strength. These facts are also confirmed by the flexural strength results shown in Figure
5.21b, where the flexural strength is enhanced by 20 to 35%. Higher flexural strengths in
concretes with fly ash and nano-silica additions have been already reported by Wahab et
al. (2013).
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Pilot test of eco-SCC with OnS addition
As explained in Section 5.2.2, a visual observation during the mixing process was
performed from one side of the concrete mixer during the addition of superplasticizer and
water (Figure 5.22). The objective was to determine, when an optimum mix was achieved
(self-compatibility). All the factors mentioned above caused an increase or decrease of
the water content in the final mixtures (see Table 5.16).
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b)

SCC mix after 2 min

Visual water and SP adjustment

Final SCC mix

d)

Portable mixing container

e)

f)

J-ring test
Slump-flow diameter
Figure 5.22: Pilot test results, a) high energy mixing of the OnS samples (10 wt. % solid, 3000 rpm,
30 min), b) dry mixing, water and SP visual adjustment, c) aspect during the first two minutes, d)
visual aspect of a eco-SCC mix poured in a portable mixing container, e) performing of the J-ring
test and f) resulted shape of the final spread flow.
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Before adding the OnS dispersion manually, it was necessary to disperse it with a high
energy mixer (Figure 5.22a). The dispersion of the OnS was added into the already mixed
amount of aggregates, cement and two third of the mixing water (Figure 5.22b). The
adjustments performed during the pilot test resulted in a better SCC based on a visual
expertise (Figure 5.22c). When an optimum mix was achieved (self-compatibility), it was
transferred to a transporting container coupled with a rotary engine to preserve the fresh
properties of the mix (Figure 5.22d). The recommended test for characterizing SCC on
site is the slump-flow in combination with the J-ring test (Figure 5.22e and 5.22f). This
gives a good indication of the uniformity of concrete. A visual assessment for any
indication of paste separation at the circumference of the flow and any aggregate
separation in the central area gives also an indication for the segregation and blocking
resistance. Parallel the V-funnel test was executed. All resulting values of the conducted
tests are given in Table 5.26.

Mix
Reference
SCC-1D
SCC-2D
SCC-1G
SCC-2G

Table 5.26: Fresh and hardened properties of eco-SCC pilot test mixes.
V-funnel
7-day
Stability
16-hs
Slump-flow
Blocking
time
C.S.
time
C.S.
(mm)
(mm)
(s)
(N/mm2)
(s)
(N/mm2)
650 - 850
12 - 13
<3
< 10 mm
>8
N/S
810 - 810
7.3 - 7.9
1.8
5.3
580 - 600
11.1 - 12.4
2.5
5.0
7.13
39.7
750 - 790
13.1 - 14.1
3.9
5.8
700 - 750
31.7 - 33.8
9.9
8.8
7.3
40.4

28-day
C.S.
(N/mm2)
> 55
68.3
65.3

Figure 5.23a shows the values of the slump-flow extracted from Table 5.26. All
references values represent the results registered between May and September 2012 for
the SCC producer. As it can be seen in Figure 5.23a, only a lower slump-flow than the
median value of 758 mm was obtained for the mix SCC-2D. The values of the others test
are within the production band of the company. Based on this observation, it is possible
to conclude that the SCC mixes met the required slump flow set by the company.
On the other hand, high V-funnel times can be related to a low deformability due to high
paste viscosity, a high interparticle friction or a blockage of the funnel (Sonebi and
Bartos, 2002). Directly linked to this observation are the long V-funnel values observed
for SCC-2G mix. They are in the range of 31.7 to 33.8 s resulting in a tv,stab (3.9 - 9.9 s)
that exceeds the criteria of < 3 largely. These observations are shown in Table 5.26.
Further analysis based on the data given by the concrete producer in the same time period
is shown in Figure 5.23b. A conclusion from these values is that SCC-2G mix has the
highest V-funnel time. The higher V-funnel time is the result of a lower amount of SP
and water use.
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Figure 5.23: Fresh properties of the tested eco-SCC with Dutch and Greek olivine nano-silica
(statistics values taken from May to September 2012), a) spread flow, b) V-funnel time.

The fresh concrete properties demonstrated that the required SP amount increases when
the OnS is used directly as cake (Dutch nano-silica). On the contrary, the SP content can
be decreased when the OnS cake is dried, milled and then re-dispersed (Greek nanosilica). In addition, a lower SP amount is related to a decreased reactivity at early age due
to high agglomerated state produced by the cake drying process. One interesting
observation was that this test confirmed the results obtained with the standard mortar,
which also shows differences in the mini spread-flow values between a powder and
dispersed olivine nano-silica. Lower slump-flow is expected for well dispersed nanosilica. As a consequence, a larger amount of SP is necessary to obtain the same concrete
flow class.
The SCC-2D and SCC-2G mixes were used to manufacture real precast units (Garden
pals). The castability and the finishing of the concrete in the mould were excellent and
meet the criteria used by the concrete producer (Figure 5.24).

a)

b)

Figure 5.24: Pilot test results, a) eco-SCC pored from the portable container and b) finishing of the
cast SCC mixes.

Chapter 5

171

In the case of the mechanical properties, several observations can be made. Both type of
OnS tests show lower 16-hr strength than the required minimum (Figure 5.25a). In
despite of this, the values can be adjusted adding a small amount of CEM I 52.5R (5
wt. %) or using a more effective SP in lower amounts, as it was demonstrated by the
SCm test described in the previous section. Despite the lower 16-hrs strength of the
mixes, the final products (garden pals) were de-molded without problems or failures. The
lower 16-hr compressive strength is the results of the lower total binder content of the
mix compared to the reference (382 vs. 369 kg/m3). On the contrary, the 28-days
compressive strength values were higher than the average value of the reference (64
N/mm2) for both SCC types with OnS (Figure 5.25b). The higher 28-day strength is a
consequence of the improved fly ash and slag reactivity induced by the OnS particles, as
it was confirmed by the calorimetric test (Section 5.3.1).
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Figure 5.25: Compressive strength (C.S.) of the tested eco-SCC with Dutch and Greek olivine nanosilica, a) C.S. evolution with the time, b) 28-day C.S. (statistics values taken from May to September
2012).

Taking into account the fresh and hardened properties combined with the final product
quality, the pilot testing was qualified as a success by the concrete producer.
Estimation of the CO2 foot print of NVC and eco-SCC with OnS
Figure 5.26 presents the estimated CO2 footprint per cubic meter of reference NVC and
NVC with 5.0, 7.5 and 10% by volume re-placement. As explained before, these
estimations were performed using the CO2 footprint of each compound taken from
VOBN (2012). The CO2 footprint of olivine was estimated from a life cycle analysis
performed by Paju et al. (2012). In Figure 5.26 it is possible to observe that the
equivalent CO2 foot print can be reduced between 3 to 6% compared to the reference.
This could be improved by tailoring the properties of olivine nano-silica so that less SP is
necessary to maintain the same rheological properties or slump class. Since the
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compressive strength of NVC with 5% replacement was 20% higher than the reference
concrete, this offers the possibility of reducing the total amount of concrete used while
maintaining the same compressive strength as the reference material, therefore
minimizing CO2 emissions to a large extent.
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Figure 5.26: Estimated CO2 footprint per cubic meter of normal vibrated concrete, a) reference NVC
mix, b) NVC (5% vol. OnS, 1.12% SP), c) NVC (7% vol. OnS, 1.33% SP) and d) NVC (10% vol. OnS,
1.75% SP).

A similar analysis was performed on the optimized eco-SCC mix of the laboratory and
pilot scale tests. The results are shown in Figure 5.27. Contrary to the normal vibrated
concrete used, the equivalent CO2 foot print for SCC with a complex blend of binders can
be reduced by 18% compared to the reference SCC mix. Not only the equivalent CO2
foot print was reduced, it was also demonstrated that the use of 3.8% bwoc of olivine
nano-silica and the mix design tool developed by Hüsken and Brouwers (2010) can
enhance the use of other binders (slag and fly ash). Thus, the total binder content in the
SCC was reduced from 382 to 369 kg/m3 (13 kg less). It is important to notice that the
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performed CO2 foot print calculation only considers the mass balance of the materials.
Other reduction or increase in the equivalent CO2 emission by the production process of
NVC and SCC are not considered. It is advisable to perform in the future a formal LCA
considering all variables.
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Figure 5.27: Estimated CO2 footprint per cubic meter of eco-SCC, a) reference SCC mix and b)
optimized eco-SCC (3.8% OnS and 60% less CEM I 52.5R).

5.4 Conclusions
In this chapter, the effects of olivine nano-silica on the properties of the fresh and
hardened cement pastes, standard mortars, normal vibrated concrete (NVC) and selfcompacting concretes with low CO2 footprint (eco-SCC) are elucidated. Different
correlations have been derived which express these values in terms of granulometric
properties of the mixes and olivine nano-silica characteristics. Some of them are
confirmed by literature, others are new. Several conclusions can be drawn and expressed
as follows:
1. The synthesis of nano-silica by the dissolution of olivine is a feasible method to
prepare amorphous mesoporous nano-silica. This nano-silica has a specific surface
area between 130 and 480 m2/g and a primary particle size between 10 and 25 nm.
These particles are agglomerated in clusters forming a mesoporous material with an
average pore diameter between 17 and 28 nm. The impurity content is below 5% and
can be further decreased by adding extra washing steps using water. In addition, it was
demonstrated by different experiment that the process can be scaled-up from
laboratory to industrial scale using natural or beneficiated dunite rocks with a
minimum content of 75 wt.% of olivine.
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2. The addition of nano-silica increases the viscosity and the yield point of the cement
paste. This holds also for the case in which commercial superplasticizers are applied.
The increase in the viscosity and the yield point of the paste is the result of the
increased specific surface are of the mix. Packing effects cannot be confirmed by the
rheologicals tests that were performed. Further research is needed to determine the
maximum wet packing of cement paste with addition of olivine nano-silica and
possible effects on the final spread flow of the paste and possible reduction of the SP
content.
3. The addition of olivine nano-silica increases the rate and the hydration degree of the
cement paste. This holds also for the case in which fixed amount of superplasticizer is
applied. The increase in the hydration rate of the paste is the result of the increased
specific surface area (nucleation and filler effects). Based on the isothermal
calorimetric tests and the analysis performed, it is possible to conclude that the olivine
nano-silica acts as an accelerating agent in concrete. It is evident that the pozzolanic
activity is not high, based on the fact that the peak height of the heat flow curves is
similar to pure cement pastes. Nevertheless this type of nano-silica is affecting the
hydration velocity and it is improving the compressive strength of the concrete at early
age.
4. The addition of OnS affects the rate of hydration of the calcium silicates (mainly C3S)
and the aluminate phases of the clinker components and produced higher heat of
hydration of slag and slag/fly-ash systems.
5. The detailed characterization of the hydrated OPC systems with OnS demonstrated
that the replacement of cement influences the amount and kind of formed hydration
phases and thus the volume, the porosity and finally the durability of the tested
mortars. Considering the substitution levels used in the present study, major changes
are in the amount of chemically bound water (C-S-H gel formed) and the consumption
of portlandite.
6. The properties of standard mortars in fresh and hardened state containing OnS depend
on the concentration and form of OnS addition (powder vs. wet dispersion), which
determines the agglomeration state of the nano-silica particles in the cement matrix. It
was demonstrated that the increase in the specific surface area, due to the addition of
incremental amounts of nano-silica, decreased potentially the final spread-flow value
of the mortars with same SP content. Similarly, the compressive and flexural strength
is influenced by the way of addition. In this context, the best result is obtained with 1.5
vol.% of cement replacement by OnS added in powder form. In addition, to increase
or avoid the decrease in the flexural strength of standard mortars the olivine nanosilica should be added as wet dispersion. This type of nano-silica can be classified as a
pozzolanic material with activity indexes in the range of 100 to 108.
7. It was demonstrated that the possible optimum replacement level of OnS, in standard
vibrated concrete, is around 5% by vol. Nevertheless, the addition of nano-silica
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causes always an increase in the required SP concentration to obtain the same slump
class. At this replacement level the maximum strength gain is obtained with a
marginal decrease in the estimated CO2 footprint of 3%.
8. Laboratory and pilot test results demonstrated that the possible optimum replacement
level of olivine nano-silica is around 3.8% bwoc for SCC. Nevertheless, the addition
of nano-silica causes always an increase in the required SP concentration to obtain the
same flow class. This point needs to be considered for the massive application of this
type of material in the future. The cement content (CEM I 52.5R) of SCC can be
decreased by 60% bwoc using the olivine nano-silica while less total binder content
(13 kg/m3 less) can reach similar 28-day compressive strength values than the
reference SCC. As a consequence, the CO2 foot-print of the tested SCC can be
decreased by 18%.
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Chapter 6
1 SCC modifications by the use of various amorphous nanosilicas1
6.1 Introduction
As discussed in Chapter 1, currently, the micro-level does not provide enough insights
into building materials. Therefore, all around the world, increasing amounts of funding
are being directed to research projects dealing with material properties on nano-level,
which is claimed to have tremendous potential for the future (Scrivener and Kirkpatrick,
2008). The fundamental processes that govern the properties of concrete are affected by
the performance of the material on nano-scale. The main hydration product of cementbased materials, the C-S-H gel, is a nano-structured material (Richardson, 2000;
Constantinides and Ulm, 2007; Scrivener and Kirkpatrick, 2008; Sanchez and Sobolev,
2010). The mechanical properties and the durability of concrete mainly depend on the
refinement of the microstructure of the hardened cement paste and the improvement of
the paste-aggregate interface zone - ITZ - (Nili et al., 2010).
As also explained in Chapter 1, one of the most referred to and used cementitious nanomaterials is amorphous silica with a particle size in the nano-range, even though its
application and effects on concrete have not been fully understood yet. It has been
reported that the nano-silica addition increases the compressive strength and reduces the
overall permeability of hardened concrete due to its pozzolanic properties, which result in
finer hydrated phases (C-S-H gel) and densified (nano-filler and anti-Ca(OH)2-leaching
effect) microstructure (Rols et al., 1999; Björnström et al., 2004; Ji, 2005; Sobolev and
Ferrara, a2005; Sobolev and Ferrara, b2005; Green, 2006; Sobolev and Flores, 2006;
Qing et al., 2007; Lin et al., 2008; Gaitero et al., 2008; Senff et al., 2009; Senff et al.,
2010; Belkowitz and Armentrout, 2010). These effects may enhance the durability of
concrete elements and structures.
There are different commercial types of nano-silica additives available on the market,
which are produced in different ways such as precipitation from olivine mineral
dissolution, pyrolysis, sol-gel and others (further explained in Chapter 1). The main
characteristics of nano-silica, such as the particle size distribution, specific density,
specific surface area, pore structure, and reactivity (surface silanol groups), depend on the
production method (Rols et al., 1999; Björnström et al., 2004; Ji, 2005; Sobolev and
1
Parts of this chapter were published elsewhere [Quercia, G., Spiesz, P., Hüsken, G. and Brouwers, H.J.H., Cement & Concrete
Composites 45 (2014) 69–81].
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Ferrara, a2005; Sobolev and Ferrara, b2005; Green, 2006; Sobolev and Flores, 2006;
Qing et al., 2007; Lin et al., 2008; Gaitero et al., 2008; Senff et al., 2009; Senff et al.,
2010; Belkowitz and Armentrout, 2010). Despite the existence of several studies that
describe the main properties and characteristics of concrete containing nano-silica
particles, most of them focus on the application of nano-silica as anti-bleeding (Okamura
and Ozawa, 1995; Rols et al, 1999; Sari et al., 1999; Collepardi et al., 2002; Audenaer et
al., 2007; Byung et al., 2007; Sadrmomtazi and Barzegar, 2010; Maghsoudi and
Arabpour, 2007; Khanzadi et al., 2010) and compressive strength enhancing additive (Li,
2004; Maghsoudi and Arabpour, 2007; Gaitero et al., 2008; Baomin et al., 2008;
Khanzadi et al., 2010; Raiess-Ghasem et al., 2010; Wei and Zhang, 2011). Furthermore,
the durability and sustainability of concrete structures is becoming of vital importance for
the construction industry. In this context, SCC is a type of concrete that has generated
tremendous interest since its initial development in Japan by Okamura and Ozawa (1995).
SCC was developed to obtain durable concrete structures due to an increased
homogeneity. For this purpose, a concrete with low yield stress, moderate viscosity and
high resistance to segregation, which also can be cast on-site or into precast molds
without compaction, was developed. The special flow behavior of SCC is obtained by the
use of superplasticizers, high amounts of fine particles, and, in some cases, viscosity
modifying agents (added to reduce segregation and bleeding). Due to the presence of high
amounts of fines, the pore structure of SCC differs from the pore structure of traditional
concrete. According to Audenaert et al. (2007), the application of SCC might be
somewhat risky due to the lack of knowledge concerning the actual durability of this
material.
So far, only few reports on the effect of nano-silica on the durability of SCC are available
(Maghsoudi and Arabpour, 2007; Raiess-Ghasemi et al., 2010; Wei and Zhang, 2011). In
addition, the difference in the reactivity of nano-silica due to its production route has not
been reported yet.
In this chapter, three different types of nano-silica are applied in SCC, one produced by
the controlled dissolution of olivine (DOnS-8, see previous chapter) and two commercial
ones, having similar particle size distributions (PSD), but produced through two different
processes: fumed powder nano-silica (PnS-3) and precipitated silica in colloidal
suspension (CnS-2). The influence of the nano-silica on SCC was investigated with
respect to the properties of the concrete in fresh (workability) and hardened state
(mechanical properties and durability). Additionally, the densification of the
microstructure of the hardened concrete was analyzed by SEM and EDS techniques
(further explained in Chapter 2).
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6.2. Materials and methods
6.2.1 Materials and SCC mix design
The Portland cement used was CEM I 42.5N, as classified by CEN EN 197-1 (2000).
This cement consists of at least 95% Portland cement clinker; the initial setting time is 60
min, a water demand of 38.9% by weight, and a compressive strength of 21 ± 3 N/mm2
after 2 days and 51 ± 4 N/mm2 after 28 days, respectively, are obtained (ENCI, 2010).
The coarse aggregates used were composed of broken granite in the fractions 2-8 mm and
8-16 mm. Two different sands were used: dredged river sand (0-4 mm) and microsand (01 mm). The microsand is mainly composed of natural sandstone waste that is generated
during the crushing process of coarser fractions. A ground limestone powder was applied
as filler. Three different nano-silica additives were selected to produce three different
SCC batches: one colloidal nano-silica suspension (CnS-2), one fumed powder nanosilica (PnS-3) and one water based suspension with 10 wt.% of nano-silica precipitated
from the olivine dissolution (DOnS-8). The two first nano-silica additives (CnS-2 and
PnS-3) have similar PSD and specific surface area measured by BET method (Brunauer
et al., 1938), following the standard DIN-ISO 9277 (2005). Furthermore, a
polycarboxylate based superplasticizer (SP1) was added to adjust the workability of the
mix. A summary of the general characteristics of all materials used in this section is
presented in Chapters 2 and 5. Their PSDs are depicted in Figure 6.1.
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Figure 6.1: PSD of the used materials, target function based on Hüsken and Brouwers (2008) and
composition of the reference mix (dashed line) for Dmin = 60 nm.
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For the composition of SCC mixes, the mix design concept described by Hunger (2010)
was used. This design concept makes use of an optimization algorithm described by
Hüsken and Brouwers (2008) to compute the mix proportions of all solid ingredients of
the concrete mix, following the theory of continuously graded granular mixtures. In the
optimization process, a distribution modulus (q) of 0.25 was used together with the
following constraints: cement content of 340 kg/m3, w/c ratio of 0.45, an air content in
the fresh mix of 1% by volume, and a nano-silica content of 3.8% bwoc. The cement
content and the w/c ratio were selected based on NEN-EN 206-1 (2008) for the exposure
class XS3 (aggressive exposure to chlorides originating from seawater). In addition, a
flow class of the fresh concrete F7 (630-800 mm) was selected as target, taking into
consideration the Dutch recommendation (BRL 1801, 2006) for SCC. An example of the
target curve and the composed grading curve of the SCC mix is also shown in Figure 6.1.
In Table 6.1 the final mix proportioning and characteristics of the reference mix without
nano-silica and three mixes with the different nano-silica addition are presented.
Table 6.1: SCC concrete mix designed using the optimization tool developed by
Hüsken and Brouwers (2008).
Materials
Reference
CnS-2
PnS-3
DOnS-8
Concentration in kg/m3
CEM I 42.5N
340.0
340.0
340.1
340.1
Nano-silica
0.0
12.8
12.8
12.8
Limestone powder
179.4
151.8
151.9
151.8
Microsand (sandstone) 0-1 mm
125.0
141.3
141.4
141.3
Dredged sand 0-4 mm
624.3
617.9
618.0
617.8
Granite 2-8 mm
733.8
735.6
735.7
735.5
Granite 8-16 mm
274.7
274.2
274.3
274.2
Water
153.0
153.0
153.0
168.4
Superplasticizer (SP1 PCE-type)
3.4
6.5
6.5
11.1
Air (Vol. %)
1.0
1.0
1.0
1.0
2.427
2.427
2.430
2.426
Density (g/cm3)
w/c
0.45
0.45
0.45
0.50
w/p
0.267
0.270
0.270
0.297
Powder content [l/m3]
194.2
192.7
192.6
192.8
Composed surface (m2/m3)

277972

547905

554428

940678

SP1 content (mg/m2)

12.2

11.9

11.7

11.8

SP1 content (% bwoc)

1.0

1.9

1.9

3.3

bwoc: based on the weight of cement.

6.2.2 Test methods
Fresh concrete properties
Using the provided materials, four SCC mixes (2 batches of 65 dm3 for each mix) were
prepared according to the mix proportions listed in Table 6.1. These SCCs were mixed
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for five minutes in total in a compulsory mixer, and subsequently tested for their fresh
concrete properties, according to the procedure recommended by the European
Federation of Producers and Contractor of Specialist Products for Structures -EFNARCcommittee (EFNARC, 2005). The following fresh concrete properties of the SCC were
determined: V-funnel time, slump flow, density, packing density and air content.
Hardened concrete: mechanical properties
To test the properties of the hardened concrete, thirty eight cubes (150 mm side length)
were cast from each mix, cured sealed during the first day, stripped from the mould after
24 hours and cured subsequently in water until their test age was reached, according to
the prescribed storing conditions given by BS EN 12390-2 (2000). The compressive
strength was determined after 1, 3, 7, 28 and 91 days on three cubes for each mix. The
compressive strength test was performed according to BS EN 12390-3 (2009). In addition,
the splitting tensile strength was determined after 28 and 91 days on three cubes,
following the procedure given by BS EN 12390-6 (2000).
Hardened concrete: durability tests
Permeable (water accessible) porosity
The permeable porosity affects the transport properties of fluids in concrete and therefore
also its durability. It is related to many deterioration processes driven by the transport
properties of concrete (Safiuddin and Hearn, 2005). In this context, three cores (diameter
of 100 mm, height of 150 mm) were drilled with a diamond coring bit from three cubes
of each mix. Afterwards, using a diamond saw at medium speed lubricated with water,
six concrete discs (height of approximately 15 mm) for each SCC mix were cut from the
inner layers of the drilled cores. No polishing of the surface was performed. In total 18
discs were used to determine the permeable porosity, following the procedure described
by ASTM 1202 (2005). The vacuum-saturation technique was applied to fill the
accessible pores with water, as this technique is concluded to be the most efficient by
Safiuddin and Hearn (2005).
Penetration of water under pressure
The depth of penetration of water under pressure was tested according to BS EN 12390-8
(2009) at the age of 28 days. The samples (three cubes for the reference and two for each
mix with nano-silica) were exposed to water under pressure (5 bar) for 72 hours and
subsequently split in order to determine the maximum depth of the water penetration.
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Pore size distribution and porosity of the paste
The pore size distribution was measured using the mercury intrusion porosimetry (MIP)
technique (Autopore IV, Micromeretics). The maximum applied pressure of mercury was
228 MPa, the mercury contact angle was 130° and the equilibrium time was 20 seconds.
The pore size range of 6.3 nm to 900 ȝm was investigated. Pieces of hardened mortar
(approximately 2 grams in total) were carefully selected to avoid the presence of coarse
sand and gravel. The mortars, extracted from cured SCC samples at 28 days, were first
dried in an oven (80°C) until a constant mass was reached, and then tested by MIP
technique. Only samples from the reference SCC and the SCCs with CnS-2 and PnS-3,
respectively, were considered for this study.
Rapid Chloride Migration test (RCM) and electrical conductivity test
Two specimens for the RCM test were retrieved from each extracted core, as previously
described in this section, see “Permeable (water accessible) porosity”, giving in total six
test specimens (discs, diameter of 100 mm and height of 50 mm) of each mix. Three of
these specimens were tested at the age of 28 days and the remaining three at 91 days. One
day prior to the RCM test, the specimens were pre-conditioned (vacuum-saturation with
limewater). The RCM test was performed according to NT Build 492 (1999), using the
test set-up described by Spiesz et al. (2012) and shown in Figure 6.2. The duration of the
RCM test for all samples was 24 hours. After the test, the penetration depth of chlorides
was measured on split samples by applying a colourimetric indicator for chlorides (0.1 M
AgNO3 solution) and the values of the chloride migration coefficient (DRCM) was
calculated according to NT Build 492 (1999).
a)

b)

Figure 6.2: a) Schematic illustration of the test setup according to NT Build 492 (1999) taken from
(Spiesz, 2013), b) used RCM test set-up.

Prior to the RCM test, the electrical resistance was measured on the same saturated
samples by using the so-called “two electrodes” method (Polder, 2001). For this, an AC
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test signal (f = 1 kHz) was applied between two stainless-steel electrodes and the
resistance of the concrete sample placed between the electrodes was registered. Finally,
the electrical conductivity of the samples was calculated taking into account their
thickness and transversal area.
Chloride diffusion test
As the addition of nano-silica changes the ionic strength, the pH and the conductivity of
the pore solution (Bentz et al., 2000), the results obtained using the RCM test may be
influenced, as the procedure of this test is based only on experience with OPC systems
(Tang, 1996). By contrast, the natural diffusion test is only affected by the pore structure
(permeability and tortuosity of the pores), chloride binding and chloride concentration
gradient. Thus, the chloride diffusion test may be more reliable for SCC with nano-silica
addition than the RCM test.
For each prepared mix, three specimens (cylinders, diameter of 100 mm and height of 50
mm) were extracted from different cubes by drilling and cutting. The diffusion test began
28 days after casting the concrete, following the procedure described in NT Build 443
(1995). Prior to the test, all external faces of the specimens were coated with an epoxy
resin except for one flat surface, left uncovered to allow the chlorides to penetrate the
samples just from that side. Then, the specimens were immersed in a sodium chloride
solution (concentration of 165 g/dm3) for 63 days at room temperature in a sealed and deaired container with the uncoated surface on top. After the exposure period, one specimen
from each test series was split in order to measure the penetration depth of chlorides
(using 0.1 M AgNO3 solution as a colourimetric chloride indicator). The remaining
samples were dry-ground in layers for determining chloride concentration profiles. The
grinding was performed on an area of 73 mm in diameter using the Profile Grinder 1100
(Germann Instruments). The obtained powder was collected for determining chloride
profiles, following the procedure described by Yuan (2009). An automatic potentiometric
titration unit was used for determining the Cl- concentration, applying a 0.01 M AgNO3
solution as titrant. The obtained values of the chloride concentration were fitted to the
solution of Fick’s 2nd law, in order to estimate the apparent chloride diffusion coefficient
(Dapp) and the surface chloride concentration.
Freeze-thaw resistance (surface scaling test)
As a further durability assessment, the freeze-thaw test was performed on SCC samples,
even though the air content of the fresh mix was less than the recommended value of 4%
by volume (NEN-EN 206-1, 2008). The freeze-thaw resistance, expressed by the surface
scaling factor (Sn), was determined following the procedure described in NEN-EN
12390-9 (2006). Nevertheless, the test samples differed from the specifications in the
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standard. For practical reasons, cylinders were used instead of slabs (Figure 6.3a). The
150 mm cubes were cured in water after demolding until the age of 14 days, when the
cores (100 mm in diameter) were extracted and sliced (two cylinders of 50 mm in height
were obtained from each core). Afterwards, the obtained cylinders were cured under
water and then sealed after 25 days with tight rubber sleeves. The sealed samples were
placed in polyurethane insulations of 10 mm thickness (see Figure 6.3a) and surfacesaturated with demineralized water for three days. Due to a limited volume of the used
climate chamber (Figure 6.3b), only three specimens were tested for each mix, resulting
in a total exposed surface area of 0.024 m2, the area recommended in NEN-EN 12390-9
(2006) is 0.08 m2. After the saturation, the demineralized water was replaced by a 3 mm
layer of 3% by weight NaCl solution, poured on the top surfaces of the samples and then
the freeze-thaw cycles were started. The applied temperature profile followed the
recommendations given in NEN-EN 12390-9 (2006). The level of solution on the surface
of concrete was adjusted regularly. In total, 56 freeze-thaw cycles were performed,
during which the surface scaling was measured after 7, 14, 28, 42 and 56 cycles.
SCC cylinder

a)

Climate chamber

b)

Polyurethane
insulation
Sealed
samples
Rubber sleeve
Figure 6.3: Used setup for freeze-thaw tests, a) prepared samples, b) samples inside the climate
chamber after 1 freeze-thaw cycle.

Microstructural characterization and analysis
The microstructural morphology of the prepared concrete was analyzed using a high
resolution scanning electron microscope (FEI Quanta 600 FEG-SEM) with a Schottky
field emitter gun (at voltage of 10 keV and 0.6 mbar of low-vacuum pressure).
Furthermore, a general chemical analysis was performed using EDAX energy dispersive
spectroscopy (EDS) detector, as described in Chapter 2. Several fracture surfaces were
investigated in natural conditions (without any sample preparation). The fracture surfaces
of the SCC samples were analyzed in this study to avoid the effect of sample preparation
(cutting, grinding, polishing, etc.), which may alter the microstructure of concrete. In the
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analyses of the fracture surfaces it is possible to characterize the interfacial transition
zone (ITZ), the formation of portlandite (hexagonal plates) and ettringite needles.
6.3. Results and discussion
6.3.1 Fresh concrete properties
The fresh concrete properties of the tested mixes are presented in Table 6.2. All four
mixes fulfill the requirements of the flow class F7 (630 to 800 mm spread flow diameter),
specified in BRL 1801 (2006). Only the mix with CnS-2 resulted in a spread flow close
to the lower limit of this target range. Another interesting finding is that the SP content,
based on the composed surface area, is nearly constant for all mixes and amounts to an
average value of 12 mg/m2. This shows that in the present case the required amount of SP
can be calculated if the composed surface area of all solid ingredients is known.
Nevertheless, the SP dosage depends also on the mineralogy and the surface charge of the
fines used (Spiratos et al., 2003; Plank et al., 2009). Another implication of this result is
that the SP requirement is rather related to changes in the specific surface area of the mix
than to the concentration (by mass) of the nano-silica addition, as it was previously
reported by Sobolev et al. (2006). These researchers concluded that 0.21% of additional
SP is needed for each 1% of nano-silica added to a standard concrete composition. The
SCC with DOnS-8 also fulfills the requirements of the flow class F7. Another interesting
finding is that the SP requirement to fulfill the same flow class for this SCC mix was
again relative constant, confirmed that it is necessary to have a concentration of 12 mg SP
per each m2 of nano-silica added. This confirms again that it is possible to calculate the
required amount of SP if the composed surface of all the solid ingredients in concrete is
known. Nevertheless, it is import to notice that the use of olivine nano-silica (DOnS-8)
increased the necessary SP content needed for the same flow class, when this value is
compared with the reference mix (3.4 vs. 11.1 kg/m3).
Table 6.2: Properties of the prepared SCC mixes in fresh state.
Value
Reference
CnS-2
PnS-3
DOnS-8
Slump flow (mm)+
690 - 720 664 - 701 685 - 720 670 - 720
V-Funnel time (s)
35.0
20.5
24.5
18.8
Fresh density (g/cm3)
2.399
2.384
2.392
2.374
1.15
1.79
1.58
2.17
Air content (Vol. %)*
83.55
82.91
83.12
80.99
Packing density (%)*
(*): Calculated value, (+): Maximum and minimum flow diameter measured.

Another consequence of the high specific surface area (BET of 400 m2/g) and the
agglomerated state of the DOnS-8 was the increased water demand. More water was
needed to obtain the specified workability (w/c of 0.50). The increase in the mixing water
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exceeded the maximum w/c ratio of 0.45 recommended for the exposure class XS3. A
further analysis is reported in the following sections.
Considering the V-funnel time, only the three mixes with nano-silica (CnS-2, PnS-3 and
DOnS-8, respectively) fulfill the requirements of the viscosity class VF2 (funnel time 9 25 s) as established by EFNARC (2005). In this particular case, the SCC with DOnS-8
presented the lowest V-funnel time (18.8 s) mainly caused by its higher water and SP
content. Although the reference mix does not fulfill this viscosity class, it is in the range
for a high powder type SCC, as proposed by Hunger (2010). In addition, no segregation
or blocking was observed for all mixes. A long V-funnel time was already reported as a
typical characteristic of SCC with increased amount of limestone powder (Kordts and
Breit, 2004; Felekoglu, 2007; Piechowka-Mielnik and Giergiczny, 2011).
As also obvious from the results presented in Table 6.2, the SCC mixes with nano-silica
have higher air content compared to the reference mix. In this case, SCC with DOnS-8
has the highest air content of all mixes (2.2%), which is caused by the higher viscosity of
the paste due to the application of particles with high specific surface area (400 vs. 50
m2/g). The air entrainment was also confirmed by the difference between the designed
and the measured concrete density (see Tables 6.1 and 6.2).
6.3.2 Hardened concrete: mechanical properties
Compressive strength
The 1-day compressive strength of the reference mix was higher than the strength of
mixes with all nano-silica types (Figure 6.4). At this age, the mix with olivine nano-silica
(DOnS-8) showed the lowest compressive strength. It is expected due to the higher w/c
(0.5) ratio of this mix compared to the other SCC mixes (w/c = 0.45). This behavior can
also be related to the difference in the reactivity of all nano-silica used. As previously
explained in Chapter 3, the colloidal nano-silica (CnS-2) is synthesized at low
temperature and has a relatively high concentration of silanol groups on its surface
(around 5.3 Si-OH/nm2), which increases its reactivity (ECETOC, 2006; Iler, 1955). For
the pyrogenic type of nano-silica (PnS-3) a concentration of silanol groups on its surface
in the range of 1.2 to 2.5 Si-OH/nm2 has been reported (ECETOC, 2006). On the
contrary, Lieftink (1997) reported for olivine nano-silicas, having a BET specific surface
area of 400 m2/g, a constant concentration of silanol groups on its surface in the range of
11 to 14 Si-OH/nm2. It was demonstrated by Björnström et al. (2004) that the reactivity
of nano-silica is controlled by its specific surface area and the amount of Q2-3 (silanol)
Si-OH groups, which cover the nano-particle. These groups constitute condensation sites
for monomeric silica units released from the clinker phases and, consequently, the setting
of the cement paste is accelerated. Some researchers reported a strong and instantaneous
interaction between nano-silica (independently from its state: colloidal, powder or in
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slurry form) and some chemical species dissolved in the liquid phase of fresh cement
pastes, leading to the formation of a destabilizing gel with high water retention capacity,
mainly in the form of bound water (Madani et al., 2012; Berra et al., 2012; Kong et al.,
2013). Even in a well-dispersed colloidal dispersion, the nano-particles still exist as
clusters (agglomerates) when incorporated into the highly alkaline environment such as
the cement paste (Kong et al., 2012). By using colloidal silica (CnS-2), it is assumed that
the mono-dispersed nano-silica can act as filler and nucleation seed to form C-S-H gel
much more effectively than the agglomerates of silica particles generated from pyrogenic
silica powders (PnS-3). Nevertheless, Kong et al. (2012) revealed that the colloidal silica
reacts to form a gel or coagulates immediately when the cement is mixed in water
containing sol due to the rapid increase of ionic strength in the paste, the rising pH and
the adsorption of Ca2+ ions on the silica particles. As a result, no matter which source of
nano-silica is used, it is the behavior of the final agglomerates, rather than that of the
individual nano-particles, which controls the flowability, the filling ability, the
pozzolanic and acceleration effects on the cement hydration and the improvement of the
final concrete microstructure. This fact is more important for the DOnS-8, which poses
the smaller primary particles size and thus, the higher agglomerated state.
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Figure 6.4: Compressive strength development of the tested SCC mixes.

During the development of strength over time, the mix with CnS-2 showed the highest
increase in the compressive strength from 3 until 91 days. An interesting observation is
that at 7 days, the mix with PnS-3 shows similar compressive strength as the reference
mix, mainly caused by the pozzolanic reaction with Ca(OH)2 generated during the OPC
hydration. At 91 days, the PnS-3 developed a higher compressive strength than the
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reference SCC. In the case of the SCC with CnS-2, the 91-days compressive strength was
almost the same as at 28 days. This fact is mainly caused by the higher reactivity of that
silica, so in turn, it was consumed earlier. It can be deduced from various investigations
(Byung et al., 2007; Sadrmomtazi and Barzegar, 2010; Raiess-Ghasemi et al., 2010;
Zhang et al., 2012) that concretes made with nano-silica have a finer pore structure, with
a lower proportion of fairly coarse capillary pores. For the same composition, these
concretes are, therefore, generally denser than pure Portland cement concretes. One
reason for this is a lower content of coarse Ca(OH)2 crystals in the matrix and the
aggregate surface of these concretes. A shift of the pore structure towards finer pores as a
result of the pozzolanic reaction is also observed when nano-silica is used in concrete
(Sari et al., 1999; Collepardi et al., 2002; Qing et al., 2007; Byung et al., 2007; Gaitero et
al., 2008; Sadrmomtazi and Barzegar, 2010; Zhang et al., 2012). The reaction of the
coarse Ca(OH)2 crystals to form microcrystalline C-S-H gel is recognized to be a cause of
this densification of the microstructure. In addition, several researchers reported that
concretes with very fine pozzolans, such as nano-silica, have a significantly higher
impermeability than conventional concretes. This is attributed in particular to a
considerable improvement of the aggregate’s ITZ (Qing et al., 2007; Zhang et al., 2012;
Jalal et al., 2012). In normal concretes there is an increased concentration of well
crystallized Ca(OH)2 and ettringite needles aligned uniformly towards the aggregate
surface in the ITZ, which increases the porosity compared to the surrounding matrix.
Pozzolans that are substantially finer than cement achieve a denser packing of the
particles at the aggregate surface from the outset, which favors a pozzolanic reaction in
this zone, i.e. the formation of denser and high stiffness C-S-H gel phases (Qing et al.,
2007; Gaitero et al., 2008; Mondal et al., 2010). The changes in the microstructure in the
presence of CnS-2 and PnS-3 are responsible for the slightly increased compressive
strength (9-10% higher) of SCC. On the contrary, the lowest compressive strength was
obtained by DOnS-8 due to the higher w/c ratio (0.5) of this mix compared to the other
SCC mixes (w/c = 0.45). Even though the higher w/c ratios of the SCC mix with DOnS-8,
the compressive strength is only 2.8% lower than the reference SCC mix. This means that
the accelerated hydration and the pozzolanic reaction of this type of nano-silica can
produce similar compressive strength than mixes with lower water content. Further
explanation and support is presented in Section 6.3.4.
An important factor that should be considered is that the 28-day compressive strength is
statistically close between the mixes. The average compressive strength values for all
SCC is within the error band of the measurements. The error (standard deviation) in the
compressive strength results is higher for the SCC with colloidal nano-silica (CnS-2)
additions (± 9.4 N/mm2), including the 91-days strength standard deviation (± 6.5
N/mm2). The standard deviations for the reference mix, PnS-3 and DOnS-8 SCCs
amounts to ± 1.6, 4.5 and 0.5 N/mm2, respectively. The standard deviations for CnS-2
and PnS-3 are higher than the recommended range (3.5 - 4.8 N/mm2) for high strength
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concrete (Neville, 2002). This might be caused by the increased reactivity and the higher
viscosity of the paste due to the fact that CnS-2 leads to an inhomogeneous dispersion of
the mix components. On the other hand, the SCC with DOnS-8 showed the lowest
standard deviation, possibly caused by a good dispersion promoted by the higher water
and SP content of this mix (see Table 6.1). From the industrial point of view a higher
standard deviations is a factor to be considered in the application of colloidal nano-silica
in the future. A higher standard deviation of the 28-day compressive strength results in
SCC mixes with a “poor” standard of control classification in real conditions (Neville,
2002), based on the fact that higher standard deviations are expected in the field than
under laboratory conditions.
Tensile splitting strength
The determined average 28 days tensile splitting strength of the reference mix was 4.5
N/mm2. The equivalent values for the mixes with CnS-2 and PnS-3 are higher and
amount to 4.9 N/mm2 and 5.5 N/mm2, respectively (Figure 6.5). On the contrary, the
lowest tensile splitting strength was found for the mixes with DOnS-8 (4.1 N/mm2). It is
caused by the higher agglomerated state of this type of silica and the higher amount of
water added to satisfy the workability class F7.
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Figure 6.5: 28 and 91 days splitting tensile strength of the tested SCC mixes.

A possible explanation for the higher tensile splitting strength of the samples containing
nano-silica (CnS-2 and PnS-3) is that the bond between the hardened paste and the
aggregates is stronger. The nano-silica improves the quality of the interfacial zone (ITZ)
due to precipitation of smaller and stronger (higher stiffness) C-S-H gel and an

190

SCC modifications by the use of various amorphous nano-silica

accelerated rate of hydration of the paste, as it is also reported by several researchers
(Qing et al., 2007; Li, 2004; Maghsoudi and Arabpour, 2007; Gaitero et al., 2008;
Baomin et al., 2008; Khanzadi et al., 2010; Raiess-Ghasemi et al., 2010; Mondal et al.,
2010; Wei and Zhang, 2011; Jalal et al., 2012). Similar trends in the tensile splitting
strength at 91 days were observed. Further data are presented in the Section 6.3.4.
The distinctions on the tensile splitting strength produced by the CnS-2 and the PnS-3
originate from their different reactivities. As the powder nano-silica (PnS-3) is less
reactive at early age, a better wet packing or filling of the space between the aggregates is
obtained due to a lower viscosity of the paste. Then, with the age and the progress of the
pozzolanic reaction, the ITZ is densified, improving the bond between the matrix and the
aggregates. Nevertheless, similarly to the compressive strength results, the average
tensile splinting strength of the SCCs with both types of nano-silica (CnS-2 and PnS-3)
are within the error band of the measurements. It is only evident at 91 days that the
compressive and tensile splitting strength of the SCC are improved by 13-18% due to the
use of these types of nano-silica. The standard deviation obtained for all SCCs in the
tensile splitting strength are all lower than the maximum recommended value of ± 0.40
N/mm2 to classify them as a “good” standard control (Neville, 2002).
6.3.3 Hardened concrete: durability
Permeable porosity
The results of the measurements of the permeable porosity of the SCC mixes are
presented in Table 6.3.
Table 6.3: 28-day permeable porosities and penetration depths of water under pressure of
the three designed SCC mixes.
SCC properties
Reference
CnS-2
PnS-3
DOnS-8
Permeable porosity (Vol. %)
12.07 ± 0.17 12.45 ± 0.26 12.48 ± 0.23 13.06 ± 0.38
Penetration depth of WUP* (mm)
26 ± 7
3±2
3±2
10 ± 3
(*) WUP: Water under pressure (5 bar).

The data are showing that the SCC reference mix has slightly lower porosity (12.1%)
compared to the mixes containing the three types of nano-silica (12.5-13.1%). The
porosity as well as the tortuosity of the pores in the hardened cement paste are normally
reduced when pozzolanic materials are added, and which influences many properties such
as the compressive and splitting tensile strength (Garboczi, 1990). Moreover, Yogendran
and Langan (1987) stated that for the addition of micro-silica the total pore volume is not
necessarily changed, but larger pores appear to be subdivided into smaller pores.
Apparently, the same behavior was found for the SCC in the present case. The air content
of the fresh mix influenced, probably, the final porosity. Some researchers (Safiuddin and
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Hearn, 2005) state that the vacuum-saturation technique is also able to take the air voids
into account. This means that the porosity values shown in Table 6.3 consider also the
difference in the air content of the mixes (the lower the air content the lower the
permeable porosity). It is also known that a higher amount of mixing water results in a
higher amount of capillary pores (Neville, 2002), which is the case for the SCC with
DOnS-8 addition.
Penetration of water under pressure
The test results of the penetration of water under pressure are shown in Table 6.3.
According to Raiess-Ghasemi et al. (2010), all tested samples are in the low permeability
range (penetration depth of less than 30 mm). Additionally, the two SCC with CnS-2 and
PnS-3 types of nano-silica presented penetration depth lower than 5 mm. The SCC with
DOnS-8 resulted in a penetration depth of 10 mm. This means that despite of the higher
w/c ratio used and total permeable porosity measured the addition of olivine nano-silica
improved or modified the microstructure of the pores, probably changing its tortuosity or
shape. This implies, in general, that the addition of 3.8% nano-silica results in concrete
which is highly resistant to the penetration of water under pressure of 0.5 MPa (5 bar).
Similar permeability improvements were reported by Raiess-Ghasemi et al. (2010) for
conventional concrete with micro and nano-silica addition. The results also suggest that,
despite the similar permeable porosity of all SCC mixes, the nano-silica samples have
very low effective water permeability (less interconnected pores and/or finer pore
structure). A similar phenomenon was already reported by Yogendran and Langan (1987)
for HPC with micro-silica addition, where the total porosity was not affected, but the
permeability decreased by one order of magnitude.
Pore size distribution and porosity of the concrete matrix
To support the findings presented in Sections 3.3.1 and 3.3.2 the hardened mortar of the
concrete samples (matrix) was analyzed using mercury intrusion porosimetry (MIP). The
obtained results are shown in Figures 6.6 and 6.7 for the reference, CnS-2 and PnS-3
SCCs, respectively. In addition, the properties of the hardened matrix (mortar) of SCC
mixes obtained from MIP measurements are shown in Table 6.4. In Figures 6.6 and 6.7 it
is possible to notice that the addition of 3.8% of nano-silica slightly increases the volume
of pores lower than 20 nm (indicated with black arrows in Figures 6.6 and 6.7). Similar
trends were obtained for the overall parameters that were extracted from the mercury
intrusion test. These parameters are shown in Table 6.4.
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Table 6.4: Properties of the hardened matrix (mortar) of SCC mixes obtained from MIP
measurements.
Properties
Reference
CnS-2
PnS-3
Median pore diameter by volume (nm)
34.8
30.9
33.8
Median pore diameter by area (nm)
20.3
17.2
17.5
Average pore diameter, 4V/A+ (nm)
27.8
24.3
25.9
Bulk density at 0.1 MPa (g/ml)
2.216
2.222
2.239
Apparent skeletal density* (g/ml)
2.415
2.438
2.445
Porosity (%)
8.79
9.31
8.99
(*): Determined excluding the Hg accessible pores, (+): ratio between four times median pore diameter by volume and the
median pore diameter by area (4V/A).

From Table 6.4 it is clear that the addition of nano-silica decreased the median pore
diameter (by volume and area) and the average pore diameter, which is reduced from
27.8 nm (for the reference) to 24.3 and 25.9 nm for the colloidal nano-silica and powder
nano-silica, respectively. Apparently, a reduction of 4 nm in the average pore diameter
was enough to significantly reduce the permeability of the SCC containing nano-silica.
According to Mindess et al. (2003), the pores in cement paste are divided into large
capillary pores from (10 to 0.05 ȝm), medium capillary pores (50 to 10 nm) and gel pores
(<10 nm). This means that the modification of the SCC pore structure due to nano-silica
addition is reflected in changes in the medium capillary pores and the gel pores (the
minimum pore size detected with MIP was 8 nm). Permeability and penetration of
harmful substances into concrete are affected mainly by the large and medium capillary
pores (Neville, 2002). Apparently, nano-silica homogenized the pore structure of the
paste by increasing the amount of medium sized capillary pores. In a similar way, the gel
pores volume was increased (see Figure 6.7). The increased gel porosity can be caused by
an increased amount of C-S-H gel in the paste and/due to the acceleration effect of the
nano-silica (Björnström et al., 2004). The increased gel porosity results from a higher
hydration degree as well as from the properties of the gel produced by the pozzolanic
reaction of the nano-silica particles. Pozzolanic C-S-H gel, has normally a lower Ca/Si
(1-0.8) ratio and different gel porosities (Lothenbach et al., 2011). Similar changes in the
pore structure of blended cement with slag and nano-silica addition was reported in Jalal
et al. (2012).
Another interesting fact, also presented in Table 6.4, is that the apparent (skeletal) density
of the hardened mortar was higher for the SCC with nano-silica (CnS-2 and PnS-3 types).
This demonstrates that the addition of nano-silica promotes the densification of the
cement matrix. Despite this densification of the cement matrix, the apparent porosity of
the paste increases with the addition of nano-silica (see Table 6.4), similar to the results
obtained for the permeable porosity of SCC. This means that other factors are improving
the resistance to water penetration of the SCC with nano-silica. These factors can for
instance be changes of the shape of the pores (cylindrical vs. bottle-neck type), changes
of the tortuosity and/or pores interconnectivity, and an improvement of the ITZ. During
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the intrusion cycles, the entire pore space is filled with mercury. When the pressure is
released, the mercury is sucked out of the pore space except for the ink-bottle and deadend pores.
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Figure 6.6: Cumulative intrusion/extrusion vs. pore size curves of hardened paste extracted from the
tested SCC mixes. Black arrows in the figures indicate changes or displacements of the curves due to
the addition of nano-silica.
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Figure 6.7: Log differential intrusion vs. pore size curves of hardened paste extracted from the tested
SCC mixes. Black arrows in the figures indicate changes or displacements of the curves due to the
addition of nano-silica.
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Isolated (non-accessible) pores do not contribute to the transport properties of fluids and
cannot be detected by MIP. Moreover, taking into account the differences between the
intrusion and the extrusion cycles of mercury (Figure 6.6) and the definition of effective
porosity and ink-bottle porosity defined in Ye (2003), it is possible to observe that the
addition of nano-silica increased the amount (volume) of ink-bottle pores. The increase is
around 7% (+ 0.0028 mL/g) for both types of nano-silicas. The transport of species
through the ink-bottle pores is more difficult due to their constrictivity. This difference
can explain the observed change in the pore structure of the cement pastes and can
partially explain the test results of water penetration under pressure. Similar results were
reported by Shih et al. (2006) who found a small difference in the porosity (- 2.84% in
the volume of pores of cement pastes with nano-silica compared to pure cement pastes),
but they demonstrated that nano-silica addition of 0.8% (bwoc) caused the microstructure
of hardened cement becomes denser in the regions where the pore size was larger than 10
nm, but becomes looser at regions where the pore size is smaller than 10 nm. Even
though, the MIP analysis performed gives some evidence of the changes in the concrete
pore structure, the results are close to the test repeatability. For that reason,
complementary analyses of the pore size distribution and other characterization
techniques enabling to detect changes in the pore structure are recommended for further
research activities.
Electrical conductivity
Figure 6.8 shows the average electrical conductivity, measured on cylindrical SCC
samples that were extracted from the cast cubes. It is apparent that the electrical
conductivity of the SCC with CnS-2 and PnS-3 nano-silica is reduced by more than 50%
compared to the SCC reference and DOnS-8 mixes. Meanwhile, the SCC with the CnS-2
presented a slightly lower electrical conductivity than the samples with PnS-3. Different
authors (Andrade et al., 2007; Desmet et al., 2011; Andrade et al., 2011) established that
the electrical conductivity is directly related to the porosity, the pore structure (tortuosity,
connectivity and conductivity) and to the pH of the pore solution. The pH in presence of
amorphous silica is decreased, as was established in Spiesz et al. (2012). In general, more
pore water as well as more and larger pores with higher degree of connectivity and lower
tortuosity results in higher electrical conductivity (Polder, 2001). The lower electrical
conductivity shown by the SCC with nano-silica is the result of the pore structure
refinement (less connected pores) due to the progressive pozzolanic reaction and higher
hydration degree (see Chapter 5). The small difference between CnS-2 and PnS-3 is
mainly related to the higher reactivity of the colloidal nano-silica, which promotes a more
compact and finer microstructure (higher stiffness C-S-H gel) than the powder nanosilica. Nevertheless, the values are in line with the results of the penetration of water
under pressure and the determined compressive strength. An interesting fact is that the
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SCC mixes with DOnS-8 showed electrical conductivity values similar to the reference
mix despite their higher w/c ratio (0.50). This means that this type of nano-silica can be
used to improve the microstructure of concretes with high w/c ratio (0.45 – 0.7).
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Figure 6.8: 28 and 91 days conductivity of the tested SCC samples.

The electrical conductivity or its inverse value (electrical resistivity) can also be related
to the compressive strength as was demonstrated by Andrade et al. (2011). These authors
concluded that the electrical resistivity is a suitable test for providing the estimated
compressive strength with a high level of reliability. The electrical resistivity is related
with the compressive strength because it reflects the ability of the porous medium for the
transport of electrical charge through the aqueous phase. This property promotes a
satisfactory relation between the resistivity, porosity and connectivity of the pores in
saturated concrete. Due to the refinement of the pore structure caused by the progressive
hydration over time, the resistivity increases over time. It was demonstrated (Andrade et
al., 2011) that this evolution is very similar to the development of the compressive
strength over time, and a linear relationship between the compressive strength and the
resistivity was proposed. But, the improvements in the compressive strength of the SCCs
were much lower than the improvement obtained in the electrical conductivity test. This
is probably caused by the fact that the total pore volume of the SCC is not reduced by the
pozzolanic reaction promoted by the nano-silica, but the pore structure becomes more
discrete. In addition, the electrical conductivity of concrete depends on the pore solution
and the chemical binding of various ions by the hydration products (Bagheri et al., 2012),
whereas these phenomena do not affect the strength. The use of nano-silica dilutes the
pore solution and increases the binding of different ions such Na+ and K+ by the reaction
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products. Consequently, the pH of the pore solution is reduced (OH- concentration drop).
Because of the important role of hydroxyl ions in the electrical conductivity of concrete,
the reduction of the pH of the pore solution of concrete due to the use of supplementary
cementitious materials such as nano-silica can increase the electrical resistance of
concrete (Bagheri et al., 2012).
Rapid chloride migration test (RCM)
The rapid chloride migration test, performed according to NT Build 492 (1999), is a
commonly used accelerated technique for determining the chloride transport rate in
concrete. In this context, Figure 6.9 presents the average values of the calculated chloride
migration coefficients (DRCM) of each SCC mix studied.
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Figure 6.9: 28 and 91-days SCC chloride migration coefficient (DRCM).

Similar to the results of the conductivity test, the migration coefficient is much lower for
mixes containing nano-silica. Additionally, the SCC mix with CnS-2 shows again the
best performance. On the contrary, the SCC mix with DOnS-8 showed similar
performance than the reference mix despite its higher w/c ratio. The explanation of this
behavior is the same as previously discussed: a finer porosity, greater tortuosity and more
precipitated C-S-H gel decrease the mobility of the chloride ions into the SCC pore
solution. It can also be noticed that the 91-days DRCM values are lower compared to the
28-days DRCM. This can be explained by the progressing hydration of cement and a
related densification of the microstructure of concrete.
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The 28-days DRCM can be employed in service-life design models (DuraCrete, 2000;
CUR, 2009) for concrete elements and structures exposed to chlorides. When comparing
all the obtained 28-days coefficients with values suggested in the CUR Durability
Guideline (2009) for 100 years of service life (see Table 6.5), the SCC reference and
DOnS-8 mixed are out of the range of the aimed exposure class XS3. In contrast, SCC
mixes with CnS-2 and PnS-3 nano-silica satisfy the exposure class XS3 when a concrete
cover depth of 50 mm is provided. This demonstrates how a relatively small addition of
nano-silica (3.8% bwoc) can effectively increase the resistance of concrete to the
intrusion of chlorides, and opens, therefore, a possibility for reducing the thickness of the
concrete cover, based on the values suggested in CUR (2009), which are shown in Table
6.5. On the other hand, comparing the obtained DRCM values to similar SCC mixes
published in literature, the values obtained for the reference mix are in line with SCC
mixes having a high amount of limestone powder, which are in the range of 8 to 12 × 1012
m2/s at 28 days (Audenaert et al., 2007). The values obtained for SCC mixes with
nano-silica (CnS-2 and PnS-3) are comparable to values reported for SCC composed of
slag cement or fly ash with similar w/b ratio and cement content, which are in the range
of 4 to 5 × 10-12 m2/s (Audenaert et al., 2007).

steel

pre-stressed steel

Table 6.5: Maximum values of 28-days DRCM coefficients for 100 years of service-life design of
concrete, taken from (CUR-Durability-Guideline, 2009).
Minimum
concrete
Maximum value of DRCM (× 10-12 m2/s)
cover depth
[mm]
CEM II B/V +
CEM I + CEM III
CEM III
CEM I
CEM I
25 - 50 % GGBS
50 - 80 % GGBS
20 - 30 % fly ash
XD1, XD2,
XD3, XS1

35
40
45
50
55
60

45
50
55
60
65
70

3.0
5.5
8.5
12
17
22

XS2,
XS3

XD1, XD2,
XD3, XS1

XS2,
XS3

XD1,
XD2,
XD3, XS1

XS2,
XS3

XD1, XD2,
XD3, XS1

XS2,
XS3

1.5
2.0
3.5
5.0
7.0
9.0

2.0
4.0
6.0
9.0
12
16

1.0
1.5
2.5
3.5
5.0
6.5

2.0
4.0
6.0
8.5
12
15

1.0
1.5
2.5
3.6
5.0
6.5

6.5
12
18
26
36
47

5.5
10
15
22
30
39
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Chloride diffusion test
In Figure 6.10 the obtained apparent chloride diffusion coefficients (Dapp) of the four
SCC mixes are shown. A trend similar to the DRCM was obtained for the diffusion test.
The largest Dapp was computed for the reference SCC, 9.61 × 10-12 m2/s. The Dapp of 4.45
× 10-12 m2/s and 3.55 × 10-12 m2/s were obtained for PnS-3 and CnS-2, respectively.
Even though the SCC with DOnS-8 has a higher w/c ratio, it features a lower Dapp (7.08 ×
10-12 m2/s) than the reference SCC mix. Despite the fact that the chemical balance of the
pore solution is changed due to the addition of nano-silica and the dominating chloride
transport mechanisms in both methods are different (migration due to the electrical field
and diffusion due to the concentration gradient), the obtained Dapp and DRCM show the
same decreasing trend for each tested SCC.

Total Cl- concentration (%m/m)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.000

0.005

0.010

0.015

0.020

Depth (m)
Figure 6.10: Chloride diffusion profiles of the tested SCC mixes (Ƈ Reference, Ŷ CnS-2, ǻ PnS-3 and
żDOnS-8).

Freeze-thaw resistance
The results of the freeze-thaw surface scaling of the four selected SCC mixes are shown
in Figure 6.11. The failure of the SCC reference mix occurred about the 11th cycle, taking
into account the maximum scaling criteria of 1.5 kg/m2 after 28 cycles as recommended
by Romero et al. (2011). On the other hand, the SCC mixes with CnS-2 and PnS-3
addition resulted in a surface scaling factor lower than the recommended limit for non-air
entrained concrete after 28 cycles. These SCC mixes failed the 1.5 kg/m2 criteria after 52
cycles. In contrast, the SCC with DOnS-8 showed a scaling factor lower than the
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reference (21 cycles) but higher than the specified limit for non-air entrained concrete.
Better resistance to the freeze-thaw cycles of the SCC with DOnS-8 can be attributed to
its denser microstructure and higher air content compared to the reference SCC (see
Table 6.2). The highly stiff C-S-H gel and the refined pore structure results in a limited
intrusion of water and in an improved resistance to changes of temperature in the
concrete surface. The freeze-thaw resistance depends on the compressive strength as well
as the porosity and therewith related parameters such as pore sizes and pore size
distribution (Neville, 2002). A better resistance to freeze-thaw induced damage of the
SCC with nano-silica addition can be attributed to different factors, such as the formation
of highly stiff C-S-H gel with a Young's modulus of 26 GPa reported by Mondal et al.
(2010) and the refined pore structure (higher tortuosity and constrictivity of the pores),
which results in a limited intrusion of water and improved resistance to the temperature
changes near the surface of the concrete. Despite the better performance in the freezethaw test of the SCC with nano-silica compared to the reference mix, its scaling values
are still larger than the recommended value of 0.5 kg/m2 after 56 cycles, suggested by
Stark and Wicht (2001) for a concrete classified as having good resistance against freezethaw exposure. Nevertheless, with an air entrainment admixture that guarantees a
minimum air content of 4%, the freeze-thaw resistance of SCC with nano-silica should
result in a mix having a high resistance to freeze-thaw.

Surface scaling Sn (kg/m2)

7.5
Reference
CnS-2
PnS-3
DOnS-8

6.0

4.5

3.0

1.5

0.0
0

10

20

30

40

50

60

Freeze-thaw cycles
Figure 6.11: cumulative scaling factor (Sn) after 56 freeze–thaw cycles (3% NaCl solution).
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6.3.4 Microstructural analysis
The objective of the microstructural analysis is to support the findings shown of the
present research. It is important to notice that the performed microstructural analyses
were qualitative, with the objective to give additional information that can explain the
obtained results. In this context, Figure 6.12 shows some selected morphological
characteristics of the microstructure of the reference SCC. The reference SCC has an
apparent dense structure and a relatively good ITZ (Figure 6.12a). A good ITZ is defined
in the present investigation as the zone (10-20 ȝm long) in the vicinity of the sand and
gravel aggregates, with a relatively lower amount of gel and air pores. The microstructure
presented heterogeneous morphologies, with high amount of small pores and big sized CS-H gel. Additionally, acicular (needle-shaped) structures (Figure 6.12b and 6.12c) were
identified and possibly formed of ettringite or other AFt phases that are rich in CO3-2
(verified by EDS). The formation of the needle-shaped AFt phases in cement pastes with
a high calcium carbonate concentration was reported by Nocun-Wczelik and Loj (2011).
Another expected phase, that was not possible to identify, is monocarboaluminate. The
influence of the presence of limestone on the hydration of Portland cement was
investigated by Lothenbach et al. (2008). Blending of Portland cement with limestone
was found to influence the hydrate assemblage of the hydrated cement. Thermodynamic
calculations as well as experimental observations indicated that in the presence of
limestone, monocarboaluminate instead of monosulfoaluminate was stable.
Thermodynamic modeling shows that the stabilization of monocarboaluminate indirectly
also stabilizes ettringite. This leads to a corresponding decrease of the total volume of the
hydrated phases and an increase in porosity. Similarly, Bonavetti et al. (2001) reported
that in limestone-blended cement (20% limestone based on the weight of cement),
calcium monocarboaluminate can be easily detected after 3 days and its amount increases
after 28 days of hydration. The excess of carbonate ions in cement paste causes the
transformation of monosulfoaluminate to monocarboaluminate. This promotes the
reconversion of monosulfoaluminate to ettringite in limestone blended cements due to the
sulfate liberated during the carbonate substitution. The conversion of ettringite to
monosulfoaluminate is deferred by the presence of limestone filler. Probably, similar
assemblies of hydration phases take place in the reference SCC, which has a limestone
concentration of 179.4 kg/m3 (34% based on weight of cement). Nevertheless, without
complementary characterization techniques such as X-ray diffraction (XRD) and
differential thermogravimetric analysis (DTG) it is not possible to confirm the formation
of monocarboaluminates phases in the reference SCC. In addition, in the reference SCC,
well crystallized hexagonal portlandite (Ca(OH)2) plates were formed in the cement
matrix and in the largest air-voids (Figure 6.12d) due to the absence of any pozzolanic
additives. Normally, the presence of significant amounts of Ca(OH)2 results in a lower
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chloride intrusion resistance and lower compressive strength (Gaitero et al., 2008). These
findings are in line with the mechanical and durability test results discussed previously.

a)

Sand aggregates

c)

Ettringite needles

ITZ
C-S-H gel

50 ȝm
b)

SCC-ref
Ettringite needles and
rod-like AFt phases
(CO3-2-rich)

3 ȝm

SCC-ref

5 ȝm

SCC-ref

d)
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20 ȝm

Ca(OH)2
hexagonal
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SCC-ref

Figure 6.12: Microstructure at low vacuum (0.6 mbar) FEG–SEM photomicrographs of the SCC
reference mix, a) cement matrix and aggregate ITZ, b) Ettringite and AFt needles, c) precipitated
hexagonal Portlandite plate crystals and d) Ettringite like needles and C-S-H gel.

As it can be observed in Figure 6.13a, the SCC with colloidal nano-silica (CnS-2) shows
a more homogeneous microstructure compared to the reference mix. A homogenous
microstructure is defined by a regular morphology and similar size of the hydrates. This
microstructure is characterized by apparent compact and small-sized C-S-H gel and the
absence of abundant gel porosity. As a consequence, a relatively denser ITZ was also
confirmed by SEM (Figure 6.13b). It is important to notice that the needle-type structures
or well grown Ca(OH)2 crystals were not found in the microstructural analysis. The
absence of needle-type hydrates in the cement matrix is unexpected. In general, as
explained for the reference SCC, ettringite is one of the hydrated phases formed in
cementitious systems with high amount of limestone powder. In the case of the SCC with
CnS-2 the concentration of limestone was slightly decreased (from 179.4 to 151.8 kg/m3),
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but this decrease should not influence the formation of hydration phases. Similarly, it was
assumed in system with amorphous nano-silica that one of the stable phases formed is
ettringite (Lothenbach et al., 2011). Ettringite on long-term is only unstable when the pH
of the pore solution falls below 10 due to further replacement of cement by silica. The
dropping of the pore solution pH to values lower than 10 is predicted for amorphous
silica additions higher than 35% by mass (Lothenbach et al., 2011). In the present
research only 3.8% (bwoc) of nano-silica is added. One possibility that can explain the
absence of ettringite is that the addition of nano-silica decreased the size of ettringite
crystals, making it more difficult to identify them by the used magnification of the ESEM.
Also, smaller ettringite crystals are more susceptible to be discomposed by drying and
vacuum conditions as was reported by Taylor (1990). As mentioned before, well grown
Ca(OH)2 crystals were not found in the microstructural analysis. Changes in the amount
and size of portlandite crystals are expected in the presence of amorphous silica as
established by different authors (Rols et al., 1999; Björnström et al., 2004; Ji, 2004;
Sobolev and Ferrara, a2005; Sobolev and Ferrara, b2005; Green, 2006; Sobolev and
Flores, 2006; Qing et al., 2007; Lin et al., 2008; Gaitero et al., 2008; Senff et al., 2009;
Senff et al., 2010; Belkowitz and Armentrout, 2010). The absence of well crystallized
portlandite and the lower amount of gel pores confirm that the addition of nano-silica
causes a refinement of the microstructure and probably induces the precipitation of smallsized C-S-H gel that normally has a high stiffness and lower Ca/Si ratio (Mondal et al.,
2010).
The improvement of the microstructure is also reflected by the mechanical properties
(compressive and splitting tensile strength) due to the fact that the pozzolanic gel
structure has better mechanical properties than the C-S-H gel precipitated in OPC
concrete. These differences in the local C-S-H gel properties were reported by Mondal et
al. (2010) using nanoindentation techniques. The study complemented with 29Si MASNMR spectra of cement pastes with nano-silica proved that its addition increases the
average chain length of C-S-H gel. Therefore, it is expected that nano-silica increases
either the amount of high-stiffness C-S-H gel (Young's modulus of 26 GPa) and the
strength in the ITZ. Nanoindentation studies proved that the Young's modulus of the two
types of C-S-H gel phases (low and high stiffness type) did not change with the addition
of nano-silica (Mondal et al., 2010). However, they stated that nano-silica increased the
volumetric amount of high-stiffness C-S-H gel. For example, they reported that in
samples with 6% by mass of nano-silica, the volume fraction of high-stiffness C-S-H gel
was as high as 38% by vol. of the total gel. In contrast, reference samples (without
nanoparticles) showed only 19% by vol. of high stiffness C-S-H gel. This might explain
the positive impact of nano-silica on the durability of SCC in the present study.
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Figure 6.13: Microstructure at low vacuum (0.6 mbar) FEG–SEM photomicrographs of the SCCCnS-2 mix, a) cement matrix, b) aggregate dense ITZ, c) agglomerates in a pore and d) C-S-H gel like
structures.

In the case of SCC with powder nano-silica (PnS-3), the obtained results of the
microstructural analysis were similar to the CnS-2. Its microstructure is also found to be
refined (as it is shown in the selected image in Figure 6.14a), but not as much as with the
CnS-2. Apparently, due the fact that this nano-silica was produced at high temperature
(more compact, lower concentration of silanol groups) its pozzolanic activity is lower
than the colloidal one (CnS-2). Moreover, a relatively homogeneous matrix was observed
with more small pores distributed in it (Figure 6.14b). Even though the microstructure
was refined due to the addition of the powder silica, it was still possible to observe some
remnant needle-shaped AFt phases in the matrix (Figure 6.14c). As explained for the
reference and SCC with CnS-2, the presence of ettringite is expected in cements blended
with amorphous silica. In the case of the powder nano-silica the size of the ettringite
needle appears to be smaller than the needle-type hydrates identified by the reference
SCC. This confirms that the presence of amorphous nano-silica and probably also the

204

SCC modifications by the use of various amorphous nano-silica

higher amount of SP in the SCC, might modify the morphology of the ettringite-type
hydrates. Taylor (1990) reported that the amount of available space, pH and sulfate ion
concentration controls the ettringite morphology. In addition, a very small C-S-H gel like
structure confirms the refinement of the microstructure due to the presence of PnS-3
(Figure 6.14d).
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Figure 6.14: Microstructure at low vacuum (0.6 mbar) FEG–SEM photomicrographs of the SCCPnS-3 mix, a) cement matrix, b) aggregates ITZ, c) AFt needles precipitates and d) C-S-H gel like
structures.

Finally, Figure 6.15 shows some selected morphological characteristics of the
microstructure of the SCC mix with olivine nano-silica (DOnS-8). This SCC shows a
similar microstructure to the reference SCC, characterized by a heterogeneous
microstructure (Figure 6.15a). The SCC DOnS-8 presents a relatively dense ITZ (Figure
6.15b) but with heterogeneous precipitates such as portlandite hexagonal plates (Figure
6.15c) and ettringite needle-like structures possibly formed of ettringite or other AFt
phases that are rich in CO3-2 (Figure 6.15d). The presence of well defined hexagonal
plates is the result of the higher w/c ratio (0.50 vs. 0.45) of this SCC mix compared to the
other mixes analyzed. Nevertheless, a relative good ITZ is observed based on small-sized
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C-S-H gel, the presence of big Ca(OH)2 plates and ettringite at this zone should increases
the transport properties and permeability of species through the concrete matrix. This can
explain the results obtained for the RCM and chloride diffusion test (Section 6.3.3). The
microstructure presented high amounts of small pores and medium sized C-S-H gel like
structures. In addition, in this SCC, big and well-crystallized hexagonal portlandite
(Ca(OH)2) plates were formed in the cement matrix and in the largest air-voids (Figure
6.15d) despite the presence of a pozzolanic additive (DOnS-8). As explained before, the
presence of significant amounts of Ca(OH)2 results in a lower chloride intrusion
resistance and lower compressive strength (Gaitero et al., 2008). These findings are in
line with the results of the mechanical and durability test discussed previously.
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Figure 6.15: Microstructure at low vacuum (0.6 mbar) FEG–SEM photomicrographs of the SCCDOnS-8 mix, a) cement matrix, b) aggregates ITZ, c) AFt needles precipitates and d) Ca(OH)2
hexagonal plates precipitated inside a pore wall.

In summary, the resistance to the intrusion of chlorides and water under pressure in the
SCC containing nano-silica was improved due to the densification of the microstructure
and the high specific surface area of the produced gel (Bentz et al., 2000). The high
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reactivity of the colloidal nano-silica (CnS-2) was also confirmed by Figure 6.13c, where
small C-S-H gel precipitates were observed around the limestone powder and
agglomerates of nano-particles. The differences between the SCC with the three types of
nano-silica observed in the microstructural analysis can explain the results that were
obtained for these SCCs, where the SCC containing CnS-2 presented better results in
most of the performed tests. The SCC with CnS-2 appears to have a denser matrix and
ITZ than other SCCs with nano-silica, leading to a refined microstructure. The refinement
of the microstructure was confirmed by the increased volume of ink-bottle type pores in
the SCC with CnS-2 and PnS-3. In addition, this refinement causes better mechanical and
durability properties of the tested SCC despite the higher w/c ratio, which was the case
for the SCC with olivine nano-silica (DOnS-8). Even though the mix DOnS-8 has a
higher w/c ratio, its behavior is comparable to the reference SCC. The higher w/c ratio
improved the fresh concrete properties of the SCC mix. Unfortunately, due to the
increased specific surface area of the DOnS-8 the consumption of SP was three times
higher than for the reference mix. For the particular type of SCC mixes evaluated, it is
recommended to use the olivine nano-silica in a low concentration, for example, to apply
the same equivalent specific surface area than the two evaluated commercial types (CnS2 and PnS-3) nano-silica particles (50 m2/g). Taking into account this criterion, a dosage
of 3.2 kg/m3 of DOnS-8 is recommended for future tests. Further research is needed to
relate the results obtained in this chapter with the progressing hydration of the SCC paste
in the presence of nano-silica particles. In addition, more research is also needed to
determine which type of nano-silica is more suitable for the production of SCC under
practical conditions.

6.4 Conclusions
Based on the mechanical and durability properties obtained by the tests on a reference
SCC and SCC mixes containing three types of nano-silica, the following conclusions can
be drawn:
1. The results of the fresh state behavior of SCC demonstrated that concrete with an
addition of 3.8% nano-silica (bwoc) shows similar flow properties and higher
viscosity as the reference mix without nano-silica. A slightly increased air content in
the mixes with nano-silica was measured due to a higher viscosity of the paste.
2. Under the laboratory conditions, the compressive and tensile splitting strength of the
reference SCC was improved by the addition of colloidal and powder type nano-silica.
The highest compressive strength was found for the colloidal nano-silica, while the
highest splitting tensile strength was found for the powder type nano-silica. Small
differences in the reactivity at early age (1-day) were confirmed by the compressive
strength measurements for the nano-silica studied.
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3. The water permeable porosity of the three SCC mixes was found to be similar. On the
other hand, when nano-silica (CnS-2 and PnS-3 type) were added, the concrete
becomes almost impermeable to the penetration of water under pressure. This can be
explained by a refinement of the microstructure of the paste due to a higher amount of
pores with ink-bottle shape, as confirmed by MIP measurements.
4. The results of the fresh state behavior of SCC with olivine nano-silica (DOnS-8)
demonstrated that concrete with addition of 3.8% (bowc) features a better flow
behavior and higher/lower viscosity than the reference mix. The high reactivity of the
olivine nano-silica increased the water demand and resulted in higher air content of the
mix. The compressive and tensile splitting strength of SCC with DOnS-8 was not
improved due to the higher w/c ratio. On the contrary, the water permeable porosity
was similar to the reference mix. Nevertheless, when olivine nano-silica is added, the
SCC mixes showed a higher resistance to the penetration of water under pressure.
5. All durability indicators of the SCC studied (electrical conductivity, chloride
migration and diffusion coefficients, and freeze-thaw resistance) were significantly
improved with the addition of 3.8% (bwoc) of the three types of the nano-silica.
Moreover, the SCC with colloidal nano-silica had slightly better properties than the
SCC with powder nano-silica.
6. The microstructural analysis of the hardened SCC reveals that the addition of nanosilica resulted in a homogeneous microstructure, characterized by compact and smallsized C-S-H gel. As a consequence, a denser ITZ was produced. The addition of nanosilica caused a refinement of the microstructure (less interconnected and finer pores)
and induced the precipitation of small-sized C-S-H gel, probably having a higher
stiffness and lower Ca/Si ratio.
7. The improvement of the microstructure resulted in higher mechanical resistance
(compressive and splitting tensile strength) due to the fact that the pozzolanic gel
structure shows better mechanical properties than the C-S-H gel precipitated in OPC
concrete. In addition, the permeability of concrete was significantly reduced (good
resistance against the penetration of chlorides and water under pressure) because of
the microstructural densification and increased tortuosity within the pore system.
8. The high reactivity and faster pozzolanic behavior of the colloidal nano-silica (CnS-2)
particles at early age produced a more refined microstructure than obtained for the
SCC with powder nano-silica and olivine nano-silica. Nevertheless, the higher
reactivity and agglomerated state appears to be the reason for the higher standard
deviation of the compressive strength results.
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Chapter 7
1 Influence of olivine nano-silica additions in oil well cement
slurries: an explorative study
7.1 Introduction
In oil and gas well construction, one of the most critical processes is the primary well
cementing. Primary cementing is the process of placing cement in the annular space
between the casing and formations exposed to the drilled wellbore (Figure 7.1). The
major function is to provide zonal isolation between the formations, with the objective to
exclude fluids such as water or gas from oil producing zones in the well. Without
complete isolation in the wellbore, the well may never reach its full production potential
(Nelson and Guillot, 2006). For these reasons, one of the needs in the oil industry,
specifically in well cementing field, is the use of materials with high performance, in
order to enhance the useful well's life and reduce costs associated with their repair or
losses due to failures in the cement sheath.
Wellbore


Casing
Cement
Sheath
Aquifer
Cement bonded
to casing

Cement bonded
to formation
Oil or gas
pay zone

Figure 7.1: Schematic representation and Functions of primary cementing process.

Currently, the efforts in the area of high performance materials for oil well cementing are
focused on the development and possible use of nanotechnology. In this respect,
nanotechnology is the science that studies materials at nanoscale (10-9 m) and offers
means to obtain substantial changes in the chemical, physical and mechanical properties,
due to the increase of their surface that allows them to have a high reactivity. As
introduced in Chapter 2, cement is a complex mixture of inorganic chemical compounds
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that contain mainly calcium silicates, aluminates, gypsum and other minor oxides. In the
cement slurry, the cement comes in contact with water, producing the C-S-H gel as the
main hydration product, with an amorphous initial structure that generates a mixture of
solids with crystalline phases sometimes at nanoscale. The final structure of the C-S-H
gel is responsible for the mechanical properties. Therefore, their comprehension,
modification and size control at nanoscale enables the production of cementitious
systems with improved properties. In this context, nanoparticles have been widely used to
significantly improve material properties, because they show unique physical and
chemical characteristics, due to their nanometric size. Hence, cementing companies are
interested in the modification of certain properties of Portland cements used in oil and gas
well operations through the addition of nano additives to the system. The use of nano
additives would allow solving specific problems in each stage of the cement life, from its
placement, hydration, well’s productive life, and even well’s abandonment. This by
means of manipulating cementing system properties, such as, cement phases hydration
velocities, mechanical properties, permeability of the cement system already set, and
others. In addition to the modification and control of the cementitious slurry, our aim is to
design a long time cementing system that allows us to solve problems during different
cementation stages and to obtain a cementing system able to stand the diverse pressures,
temperatures and geo-mechanical conditions that are common in an oil well under
construction.
The most used nano-material to modify the properties of oil well cementing compositions
is amorphous nano-silica. As already introduced in Chapter 1, currently, the two most
important commercial processes in the production of nano-silica are the neutralization of
sodium silicate solutions with acid (this material is referred to as colloidal silica) and the
flame hydrolysis (pyrogenic silica) (Lazaro et al., 2012). Both processes are expensive
because of the price of the raw materials and the energy requirements. Nano-silica can be
applied more widely if a new industrial, low cost, production process is developed. Based
on this, the new developed nano-silica from the dissolution of olivine in acid emerges as
alternative. The promising results obtained and presented in Chapter 5 on the hydration
kinetics and the rheology of paste with OnS support this hypothesis. The results on the
hydration kinetics of pastes have shown acceleration effects on the setting time
meanwhile the heat of hydration was maintained constant. The rheological tests have
shown that the yield point, viscosity and gel strength of cement paste increased with the
addition of OnS. Finally, it was demonstrated that the thixotropic behavior of the paste
increases with OnS addition. The obtained results on the hydration kinetics and
rheological tests of OPC cement pastes with OnS have shown the potential use as
additive to control the viscosity of the slurry, their thixotropic behavior and possibility to
enhance the early compressive strength due to higher degree of hydration (decreased
permeability). These effects will be used to control the cementing slurry early and final
strength, decrease the final permeability of the hardened cement sheath, allow better
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control of the free fluid, decrease the fluid-loss and also increase the static gel strength
(flat setting), reduce the risk of fluids migration in the annular space, similarly to the
contemporary colloidal silica. However, the effects of adding OnS on the type of cement
(CEM G vs. CEM I) and the curing condition found typically in well cementing operation
have not been studied yet.
The goal of this chapter is to establish the influence of OnS as additive on cementitious
slurries for oil and gas wells. These mixes will be tested using available methods and
procedures such as prescribed by corresponding ISO/API standards (ISO 10426, parts 1,
2, 3, 5 and 6).
7.1.1 Use of amorphous silica in oil well operations
The use amorphous silica in oil well cementing operation was originally established by
Grinrod et al. (1988), who used micro-silica in cement formulations to prevent annular
gas migration. The successful application of this technology was also confirmed by
Coker et al. (1992) in North Sea shallow gas control. Current applications of micro-silica
in cementing operations do not only provide anti-gas flow properties (when it is used in
combination with other additives), but also enhance rheological properties, slurry stability,
compressive strength development, and fluid loss control. The drawbacks to the use of
micro-silica in some operations are its cost, availability and also its bulk handling in
offshore operations, namely high storage volumes and the potential for solids settling in
the micro-silica suspension. To reduce costs and make offshore logistics more efficient, a
cement slurry using colloidal nano-silica was developed by Bjardal et al. (1993). As
already explained, colloidal silica is a pure form of amorphous silica containing only
SiO2 and traces of stabilization agents such as NaOH, KOH, Al(OH)3 and others.
Because of the extended surface area (between 50 to 500 m2/g), colloidal silica
overcomes the two aforementioned drawbacks of micro-silica. Increased surface area
eliminates settling of solids in the product container. Increased surface area also means
less material is needed to accomplish the same desired results. This translates directly
into lower material costs and fewer liquid storage tanks required on the rig floor. Since its
introduction, the four major areas of colloidal silica application have been lightweight
cementing, low-rheology cementing, horizontal well cementing and annular gas control.
Even though several cementing operations using colloidal silica designs have been
successfully performed since its introduction, there are still some parameters that limit its
extended use. The most important parameters are its cost, impact on the viscosity of the
slurry and its availability. Commercial fumed nano-silica can cost more than 8800 US
$/ton (Sinisha, 2012). Also colloidal silica prices can be about 13000 US$/ton (Baker,
2011). Recently, with the advances in the field of engineered nano-particles and oilfield
chemical (multi-functional polymer based additives) several potential applications of
nano-silica emerged. One part of the potential fields are well cementing applications and
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the other field of application are drilling fluids for tight gas reservoir (Friedheim et al.,
2012; Hoelscher et al., 2012), enhanced oil recovery operation (EOR) (Metin, et al., 2012;
Nguyen et al., 2012; McElfresh et al., 2012) and water control or cut-off (Patil and
Kalgaonkar, 2012).
During the past years, several researchers (Ershadi et al., 2011; Choolaei et al., 2012;
Patil and Deshpande 2012; Santra et al., 2012) demonstrated that the benefits of using
colloidal nano-silica, combined with optimized designs, it is possible to produce low
priced and efficient cementing systems containing amorphous nano-silica (mainly
colloidal type). In these works, it is stated that nano-silica enhances the early and final
strength, decrease the final permeability of the hardened cement sheath, allows better
control of the free fluid, decreasing the fluid-loss and also increase the static gel strength
(flat setting), reducing the risk of fluids migration in the annular space. In addition, it was
demonstrated that colloidal nano-silica can be used as chloride free accelerator for low
temperature applications (Santra et al., 2012) and as ultra-fine filler in conventional,
squeezable and optimized packing volume fraction (PVF) cementing slurries (Maroy et
al., 2000; Barlet-Gouedard , 2001; Santra et al., 2012; Thaemlitz et al., 2012).
Based on the previous overview, the potential benefits of olivine nano-silica addition to
oil well cements is supposed to be the improvement of compressive strength, due to its
high reactivity (acceleration and pozzolanic effect), resulting in the formation of an
additional C-S-H gel structure, which enhances the mechanical properties (early and final
compressive strength) and reduces the permeability of the hardened cement sheath. Thus,
it can improve the long-term zonal insulation decreasing the number of remedial jobs and
saving costs during the life of the well. In addition, the OnS can replace 3.8% of cement
by weight (as was demonstrated in Chapter 5), decreasing the CO2 footprint of the
cementing slurry and it can be used as chloride-free accelerator (in lower concentration
than CaCl2) for low temperature wells and lightweight slurries. The end product is a
cementing slurry with improved properties and lower environmental impact.

7.2. Materials and experimental methods
7.2.1 Materials
In this Chapter, OnS dispersions with 10.0 wt.% solids were used and prepared from one
batch (F-27) synthesized on pilot scale. The general properties of the olivine nano-silica
cake (OnS-15) used for the dispersion are presented in Chapter 5, Tables 5.8 and 5.9. The
oil well cement used for the experiment was cement class G HSR grade as classified by
ISO 10426-1 (2009). The physico-chemical properties of this cement are shown in
Chapter 2, Tables 2.6 and 2.7. For the calorimetric study of normal density cementing
slurries an oil well grade micro-silica (Microlite®-P) provided by Elkem Materials
(Norway) was used for comparison. Micro-silica physico-chemical properties are shown
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in Chapter 2, Tables 2.9 and 2.10. In addition, commercial admixtures based on modified
polycarboxylate ether (PCE-type SP1) were used for the calorimetric study. Finally, the
basic performance tests on the slurries were performed using oil well grade
polynaphthalene sulfonate (PNS) dispersant, antifoam long-chain hydroxyl compound
and anti-settling biopolymer, provided by Total E&P (France) were used. Distilled water
was used in all experiments.
7.2.2 Experimental methods
Calorimetric studies of normal density slurries
For this test, a total of eight oil well cement slurries with a normal density of 1.89 g/cm3
(15.79 lbm/gal) were prepared according to the designs shown in Table 7.1. For the
mixing, a high energy (600 W) hand blender (Philips HR1363) was used. Initially, the
water, SP1 and the DOnS-15 or powder micro-silica were mixed at 20 s intervals,
thereafter the cement was added in 15 s and the mixing was continued for 1 min. The
formulated slurries were studied using an isothermal calorimeter (TAM® Air TA
Instruments). The materials and methods employed are explained in detail in Chapter 2.
All cement slurries were tested at 20, 40 and 60 °C. Finally, the heat flow curves and the
total heat release of the pastes were measured for 48 hrs.
Table 7.1: Slurry designs used for hydration kinetic studies (density 1.89 g/cm3).
Materials

Ref-1

CS-1

CS-2

CS-3

CS-4

CS-5

CS-6

CS-7

OnS-15 (% bwoc)*
Micro-silica (% bwoc)
CEM G HSR (%)
Water (% bwoc)
SP1 PCE (gal/sk) x 100
w/b

0
0
100
44
6
0.44

0.5
0
100
44.1
6
0.44

1.0
0
100
44.3
6
0.44

1.5
0
100
44.4
6
0.44

2.0
0
100
44.6
6
0.45

0
1.0
100
43.7
6
0.44

0
2.0
100
43.5
6
0.44

0
10.0
100
41.3
6
0.41

(*) Equivalent SiO2 content; sk: 1 cement sack = 94 lbm (42.64 kg).

Degree of hydration (Į) and activation energy (Ea) of normal density slurries
The progress of the hydration of the cement slurries can be quantified by the hydration
degree (Į), which varies from 0 to 1, with a value of 1 indicating complete hydration. For
this study, the hydration degree is estimated according to van Breugel (1991) as the ratio
of heat evolved at time t to the total amount of heat available (Qmax) as shown in Eq. (7.1):

dD
dt

1 dQ(t )

Qmax dt

(7.1)
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where Į equals the hydration degree at time t, Q(t) equals the heat evolved from time 0 to
time t (J/g), and Qmax equals the total heat available for a complete reaction (J/g). The
value Qmax is a function of cement composition and amount and type of silica (mSiO2), and
may be calculated according to Poole et al. (2007) as follows:

Qmax

QCEMG  mCEMG  QSiO 2  mSiO 2

(7.2)

where mCEMG, mSiO2 is the percentage of oil well cement type G and silica (OnS or mS) in
the slurries, respectively; QCEMG is the maximum heat of cement hydration calculated
according to Bogue (van Breugel, 1991) and QSiO2 is the maximum heat of olivine nanosilica or micro-silica assumed to be equal from the amount of amorphous SiO2 in both
silica types. The maximum heat for amorphous silica is 780 J/g (Waller et al., 1996). The
value of Qmax was calculated according to the CEM G composition shown Chapter 2
(Table 2.6) and as follows:

QCEMG

500  mC3S  260  mC2 S  866  mC3 A  420  mC4 AF  624  mSO3  850  mMgO

(7.3)

The activation energy (Ea) of a reaction is intended to represent the energy that a
molecule in the initial state of the process must acquire before it can take part in a
reaction (Poole et al, 2007). In this chapter, the activation energy was estimated using
two different methods. The first method applied was considering a first order reaction
rate. It is normally represented with an Arrhenius-type expression as follows:
 Ea

k

A  e RT

(7.4)

where R equals the natural gas constant (8.314 J/mol/K), T equals the temperature K at
which reaction occurs, k equals the rate of heat flow evolution (dH/dt), A equals the
proportionality constant (same units as k), and Ea equals the activation energy (J/mol). In
the present research, k was calculated from the heat flow curves obtained for each slurry
tested. It is derived as the slope of the best linear fit during the acceleration period. To
quantify the apparent Ea, the methodology described by Glasstone et al. (1941) was
applied plotting the natural log of reaction rate (slope of the acceleration period) versus
the inverse of the reaction temperature (20, 40, and 60 °C). The value Ea was determined
by multiplying the negative of the slope of the best-fit line through ln(k) versus 1/T by R.
This interpretation of Ea is used to characterize the reaction rate of cementitious materials
at various temperatures. It is important to notice that the value A is not typically reported
in cement or concrete research, and is not often considered in Portland cement hydration
(Poole et al, 2007). This is because the majority of calculations uses the ratio of reaction
rate, thus the constant A is therefore cancelled out. The value of Ea is calculated
independently from A.
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The second method applied to determine the activation energy was the incremental
reaction rate method. This method considers that the reaction rate is a function of the
hydration degree, mainly because cement is composed of a number of different
compounds that react at different rates. An incremental calculation method highlights
how Ea is influenced by the hydration progress. The incremental calculation method
considers a differential first order rate approximation (Poole et al, 2007) calculated
incrementally at each point where heat flow evolution was measured at a constant
hydration degree. Thus, the activation energy is calculated from the heat rate results
according to Kada-Benameur et al. (2000):

Ea D

ª
§ dD1
« T1  T2
¨
R«
 ln ¨ dt
dD
« T1  T2
¨ 2
© dt
¬

·º
¸»
¸»
¸»
¹¼

(7.5)

in which R equals the natural gas constant, T1 and T2 are the curing temperatures (in K)
and dĮ1/dt, dĮ2/dt are the rate of hydration at T1 and T2, respectively. For the calculation
of the activation energy using the incremental reaction rate method only the data at 20
and 40 °C were considered.
Performance tests of conventional oil well slurries with OnS

Slurry designs and mixing
For these tests, three oil well cement slurry designs (Table 7.2) with a standard density of
1.90 g/cm3 (15.86 lbm/gal) were adopted according to the good stability of the reference
mix developed by Total E&P (France).
Table 7.2: Slurry designs used for the performance based tests
(density 1.90 g/cm3).
Materials
Ref-2 CS-8 CS-9
OnS-15 cake (% bwoc)*
0
0.5
5.0
CEM G HSR (%)
100
100
100
Water (% bwoc)
44.0 43.6 40.0
Dispersant PNS-type (gal/sk) x 100
11
11
11
Antifoam (gal/sk) x 100
9
9
9
Anti-settling biopolymer (% bwoc)
0.15 0.15 0.15
w/b
0.44 0.44 0.44
(*) OnS cake with 20 wt.% solids; sk: 1 cement sack = 94 lbm (42.64 kg).

All slurries were prepared in a variable speed propeller-type mixer at room temperature
with deionized water and cement according to the recommended practice as outlined by
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the American Petroleum Institute API RP 10B-2 (ISO 10426-2). Laboratory cement
slurries (600 ml) were prepared, first mixing the OnS cake and the admixtures for 15 s at
4000 ± 100 rpm, afterwards CEM G was added to the mixing water in a maximum of 15
s when the blender was covered and the mixing speed was changed to 12000 ± 250 rpm
and continued for additional 35 s. All slurries prepared for this study were mixable,
pourable and without evidence of settling. Finally, the density of the mixed slurries was
measured using a pressured fluid density balance according to (ISO API 10426-2).
Rheological properties
These tests were performed according to API specification 10A standard (ISO/API
10426-1, 2003) using a Chandler Engineering concentric viscometer model 3500 coupled
with a rotor R1 and bob B1, respectively. Two measurements of the cement slurry
viscosity were carried out, one immediately after mixing and the second one after the
slurry was conditioned for 30 min in an atmospheric consistometer at 25°C. The
atmospheric consistometer consist of a rotating (150 ± 15 rpm) cylindrical container
equipped with a stationary paddle assembly. To measure the rheological properties, first
the cement slurry was poured to a viscometer cup. During the tests the viscometer cup,
bob, and sleeve were kept at the test temperature (room temperature and 25 °C) using a
temperature control cup assembly. The first reading was taken 10 s after continuous
rotation at the lowest rotating speed (3 rpm). After that, the remaining readings were
taken first in ascending order (6, 30, 60, 100, 200 and 300 rpm), and then in descending
order for 10 s intervals at each speed. The rheological measurements were reported as the
average of ramp-up plus ramp-down readings. Afterwards, the static gel strength of the
slurries was determined after mixing at 300 rpm and after 10 s and 10 min of static
conditions from 3 rpm viscometer readings. Finally, the true rheological properties were
estimated by the geometrical consideration and the best fitted fluid model.
Free-water and slurry sedimentation
Normally, when cementing slurries are in static condition over long periods before setting,
free water can be formed and migrate upward and accumulate at the top. This separation
can impair zonal isolation being more critical in highly deviated wells (Nelson and
Guillot, 2006). In this context the free-water or free-fluid test, as is called nowadays,
measures this separation tendency in the laboratory following API recommendations
(ISO/API 10426-2, 2003). For this test, after the atmospheric conditioning for 20 min,
cement slurries were poured in a 250 ml graduated cylinder and afterwards left at static
condition in a climate chamber at 25 °C for 2 h ± 5 min. After this 2 h the volume of
developed supernatant fluid was measured by an accuracy of ± 0.1 ml and was recorded
as milliliters free water. Later the collected free-water (mlcol) is converted to a percentage
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of the started slurry volume representing the value as percent free-water (%FW) as
following:

%FW

mlcol  U slurry
mi

100

(7.6)

where, ȡslurry is the density of the slurry and mi is initially recorded (starting) mass of the
slurry.
Additionally to the free-water development in a cementing slurry, the suspended solids
may also tend to separate and settle toward the bottom of the cement column. Such
sedimentation can produce variations in density, leading to the invasion of the annular
space increasing the risk to loss in control of the well. For that reason, a sedimentation
test is normally performed to oil well cement slurries. In this context, the sedimentation
test was performed in the laboratory following the API recommendations (ISO/API
10426-2, 2003). For this test, after the atmospheric conditioning for 20 min, cement
slurries were poured in a sedimentation tube (BP cell) with 1 inch diameter and
afterwards the tube was placed in a climate chamber at 25 °C until the slurry set. After
the setting, the obtained cylinder was sliced in several sections. The density of each
section was measured using the Archimedes’ law, and the percent density difference
between the un-set cement and the set section was calculated as follows:

'U

§ U set  U slurry ·
¨¨
¸¸  100
© U slurry ¹

(7.7)

where ȡslurry is the density of the slurry and ȡset is the density of the set slurry section.
Finally, the mean density, the difference between the mean and theoretical density, the
maximum difference obtained and the difference in density from the top and the bottom
section are respectively reported.
Thickening-time
Thickening-time is a measure for the length of time when a cement slurry remains a
pumpable fluid. It is normally performed in the laboratory at simulated wellbore
temperature and pressure (Nelson and Guillot, 2006). The test procedure is also described
in the ISO/API 10426-2 (2003). The device for measuring thickening-time consists of a
pressurized consistometer with a rotating cylindrical slurry container, equipped with a
stationary paddle assembly. First the slurry was loaded in the slurry container and placed
in the pressure vessel. During the initial part of the test, temperature and pressure of the
cement slurry were increased from room temperature and atmospheric pressure to 25°C
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and 3.45 MPa (500 psi) in 15 minutes. The thickening-time was recorded as the passed
time between the first application of temperature and pressure to the pressurized
consistometer and the time at which a consistency of 100 Bearden units (Bc) was reached.
Bearden unit of consistency or Bc is the measure of the consistency of a cement slurry
which is a dimensionless quantity with no direct conversion factor to more common units
of viscosity (Nelson and Guillot, 2006). 70 Bc is generally considered as the maximum
consistency until a cementing slurry is pumpable (Scherer et al., 2010). However, from
the operational point of view, 40 Bc is considered as the highest consistency where a
cementing slurry can be pump without excessive pressure (Luke, 2014). Finally, the time
to reach consistency values of 30, 40, 70 and 100 Bc were reported.
Ultrasound compressive strength
The compressive strength of oil well cementing slurries is normally estimated by nondestructive techniques (ultrasound). For this measurement, an ultrasonic cement analyzer
(UCA) or similar device called static gel strength analyzer (SGSA) are used. These
devices measures the travel time of ultrasonic energy through a cement sample as it cures
under simulated temperatures and pressure conditions (Nelson and Guillot, 2006). The
compressive strength is correlated to the transit time (inverse of ultrasonic velocity) using
an empirical correlation initially established from mechanical compressive strength and
transit time data for various slurry systems. These correlations are part of the preprogrammed calculations or algorithm used to determine the cement properties and to
control the ultrasound device. In this context, compressive strengths of the different
slurries were determined using a Chandler Engineering (USA) Static Gel Strength
Analyzer (SGSA) model 5265. After the cement was poured and sealed in the SGSA
curing cell, the pressure of the test was initially set at 3.45 MPa (500 psi) and during the
initial part of the test, temperature of the cement slurry was increased from room
temperature to 25°C in 15 to 30 minutes. The evolution of the transit time and the
resulting compressive strength was obtained continuously until 48 hrs. The time to reach
0.35 MPa (50 psi) and 3.45 MPa (500 psi) was reported. In addition, the equivalent
compressive strengths at 12, 24 and 48 hrs were respectively reported.

7.3. Results and discussion
7.3.1 Calorimetric studies of normal density slurries

Figure 7.2 shows the resulting plots for the heat flow and total heat curves as a function
of elapsed time of the different cement slurries (normal density 1.89 g/cm3) tested at 20,
40 and 60 °C, respectively.
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Figure 7.2: Heat flow and total heat curves of the different cement slurries (standard density 1.89
g/cm3) tested at 20, 40 and 60 °C.
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The measurement temperature can be considered as the bottom hole temperature in a well
at real conditions. It is clear from Figure 7.2 that, with increasing temperature, the
maximum hydration peak increases, while the time to reach the peak decreases. This
means, that the rate of cement hydration is accelerated with temperature, which is in line
with chemical kinetics laws (Taylor, 1997; Santra et al., 2012). Additionally, it is
observed that the peak width decreases with increasing temperature, indicating faster
hydration rate with time. This is associated with the particular mechanism of cement
hydration as the hydration rate dependents on the total degree of reaction (Santra et al.,
2012). It can also be observed in Figure 7.2 that the accumulated total heat increases with
temperature. These observations are valid for all cement slurries tested.
Further observations can be made when comparing the slurries with OnS and micro-silica
with the reference cement G slurry. At 20 °C, the results are in line with previous
observations made for cement pastes with OnS - already explained and discussed in
Chapter 5. In Figure 7.2 (heat flow curve at 20 °C) it is possible to observe that the height
of the peak slightly increases with the addition of OnS and the induction period almost
linearly decreases with higher additions of OnS (see, Table 7.3).
Also, for OnS concentration of 1.5 and 2.0% bwoc, it is possible to observe that the peak
normally related with the aluminate phases is higher and starts to be more noticeable. The
acceleration of the aluminates phases also produces a widening of the main hydration
peak, which is mainly caused by the so-called filler effect (Lothenbach et al., 2011) and
the acceleration of the hydration due to an enhanced nucleation. Olivine nano-silica
affects at the same time the hydration of alite, belite and aluminates phases when higher
concentrations are used (>1.0% bwoc). On the contrary, concentration of micro-silica
(mS) of 1.0 and 2.0% bwoc do not affect the maximum peak and the induction period
significantly. The effect of micro-silica is mainly noticeable for a concentration of 10%
bwoc, where the induction period is shortened and the maximum peaks increase. Table
7.3 shows in more detail the effects of OnS and mS on the hydration kinetics of the
cementing slurries tested. In this table, it is possible to observe that the relative setting
time (RST) and the time to reach the maximum hydration peak (TMHP) for slurries with
OnS addition are shorter (1 to 7 h less). Furthermore, it is possible to confirm that the
hydration rate, which is the slope of the acceleration period (SAP) increases with the
addition of OnS. This confirms the acceleration effect found in Chapter 5 for CEM I
pastes and which was also expected for oil well cement slurries. For this temperature,
equivalent results can be obtained with 1.0% of OnS instead of 10% bwoc of mS. Similar
results were reported by Sandra et. al (2012) for cement H slurries with a density of 1.78
g/cm3 (14.86 lbm/gal). They found that 0.45% bwoc of nano-silica with an average
particle size of 30 nm gives similar calorimetric curves as slurries with 10% bwoc of
micro-silica.
In the case of the total heat involved, it is evident from Figure 7.2 (heat curve at 20 °C)
that a small amount of OnS (0.5% bwoc) affects the total heat at the first 48 h. The
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maximum obtained heat gain was 23.3 J/g for 2.0% OnS concentration. In contrast, the
heat gains for all the mS concentration are marginal or inside of the measurement error of
the calorimetric test at the same age (48 h).
Table 7.3: Parameters of the hydration kinetics of the different cement
slurries (normal density 1.89 g/cm3) tested at 20 °C.
Induction period
RST
TMHP
SAP
Slurry
(h: min)
(h: min)
(h: min) (mW/gh)
Ref-1
9: 17
4: 31
21: 32
0.553
CS-1 (0.5% OnS)
8: 30
2: 52
19: 39
0.598
CS-2 (1.0% OnS)
4: 59
3: 55
18: 28*
0.650
CS-3 (1.5% OnS)
4: 19
3: 15
16: 20*
0.693
CS-4 (2.0% OnS)
2: 41
3: 22
14: 32*
0.744
CS-5 (1.0% mS)
10: 49
4: 39
21: 22
0.574
CS-6 (2.0% mS)
6: 43
4: 11
21: 01
0.561
CS-7(10% mS)
6: 26
3: 07
17: 25*
0.691
RST: relative setting time, TMHP: time to reach the maximum hydration peak, SAP: Slope
acceleration period, (*) Aluminates reaction peak. All percentages are based on the weight of
cement (bwoc).

The results and general trends observed at 40 °C are slightly different to the 20 °C tests.
As it is evident from Figure 7.2 (flow curve at 40 °C) and Table 7.4, the effect on the
aluminates peak is noticeable for all concentration of OnS. This is expected because the
higher test temperature accelerated all hydration reactions. Also, the effect of OnS in the
induction period is still evident from data presented in Table 7.4 (from 42 min to 1 h 20
min less than the reference).
Table 7.4: Parameters of the hydration kinetics of the different cement
slurries (normal density 1.89 g/cm3) tested at 40 °C.
Induction period
RST
TMHP
SAP
Slurry
(h: min)
(h: min)
(h: min) (mW/gh)
Ref-1
2: 38
2: 13
10: 08
4.424
CS-1 (0.5% OnS)
1: 56
1: 36
8: 03*
4.712
CS-2 (1.0% OnS)
1: 33
1: 21
7: 08*
4.782
CS-3 (1.5% OnS)
1: 17
1: 27
7: 00*
4.619
CS-4 (2.0% OnS)
1: 43
1: 28
6: 34*
4.580
CS-5 (1.0% mS)
3: 50
2: 11
10: 16
4.401
CS-6 (2.0% mS)
3: 58
1: 37
9: 51
4.637
CS-7(10% mS)
2: 38
1: 44
8: 17
4.490
RST: relative setting time, TMHP: time to reach the maximum hydration peak, SAP: Slope
acceleration period, (*) Aluminates reaction peak. All percentages are based on the weight of
cement (bwoc).

On the contrary, for some unknown mechanisms, mS produces an extension of the
induction period but it shortens the RST. At this test temperature, also the height of the
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main hydration peaks is slightly affected due to the OnS presence. In this particular case
10% bwoc mS gives the same peak height as the reference. The difference in reactivity
between OnS and mS is evident from the TMHP time and the SAP obtained and shown in
Table 7.4. Equivalent results can be obtained with 0.5% of OnS instead of 10% bwoc of
mS considering the same TMHP and similar reaction rate (SAP). Another observation is
that the SAP initially increases with the addition of OnS, but decreases for concentration
of 1.5-2.0%. This can be a consequence of error considering a unique reaction rate for all
cement phases during the measurement of the SAP. As is evident, higher concentration of
OnS affect the aluminates phases’ hydration.
The total heat obtained at 40 °C confirms also the higher reactivity of OnS compared to
mS. From Figure 7.2, it is evident that OnS gives higher total heat at all concentrations
than mS. The maximum heat gain for OnS at this temperature was 36.3 J/g. Furthermore,
it is possible to observe that 10% bwoc mS accelerated the cement hydration in the same
way as 0.5% of OnS, but resulted in lower total heat after 48 h. This is clear evidence of
higher hydration degrees induced by the OnS (further discussed in Section 7.3.2).
At 60 °C, all reaction rates are enhanced as it is evident from the results shown in Figure
7.2 and Table 7.5 for this temperature.
Table 7.5: Parameters of the Hydration kinetics of the different cement
slurries (normal density 1.89 g/cm3) tested at 60 °C.
Induction period
RST
TMHP
SAP
Slurry
(h: min)
(h: min)
(h: min) (mW/gh)
Ref-1
2: 56
0: 47
9: 13
12.470
CS-1 (0.5% OnS)
2: 03
0: 50
6: 46
17.181
CS-2 (1.0% OnS)
2: 00
0: 55
6: 07
15.600
CS-3 (1.5% OnS)
1: 39
0: 53
5: 28
14.047
CS-4 (2.0% OnS)
1: 22
1: 04
4: 50
13.600
CS-5 (1.0% mS)
3: 28
0: 53
9: 11
14.285
CS-6 (2.0% mS)
3: 06
0: 57
9: 23
15.210
CS-7(10% mS)
1: 45
0: 43
6: 27
16.223
RST: relative setting time, TMHP: time to reach the maximum hydration peak, SAP: Slope
acceleration period, (*) Aluminates reaction peak. All percentages are based on the weight of
cement (bwoc).

From Figure 7.2 it is possible to observe that all hydration peaks obtained for cementing
slurries containing OnS or mS are higher than the reference. The highest peak was
obtained for a cement slurry with 0.5% bwoc of OnS. Similarly to the 40 °C results, for
some unknown mechanism, mS produces an extension of the induction period but at this
time the RST is not shortened. In contrast, the OnS always produced a decrease in the
induction period and in the TMHP. With 2% of OnS the TMHP can be decreased by 4 h
23 min compared to the reference slurry. Furthermore, at this temperature it is also
possible to observe that the rate of reaction represented by the SAP value increases
linearly with the addition of mS. In contrast, OnS presented a maximum SAP for a
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concentration of 0.5% bwoc, after that a decrease is obtained again. The reason for this is
the same one as explained before (estimation of SAP considers that all hydration
reactions are at the same time). One further point that has to be considered at this
temperature is that the pozzolanic reaction of mS is clearly based at this temperature on a
shoulder that appeared for the 10% mS addition (Figure 7.2). Apparently, the higher
hydration degree induced at early age produces more portlandite that later reacts with mS
to produce more extra heat. This accelerated pozzolanic reaction of the 10% mS slurry is
reaching its maximum total heat plateau faster than the other test samples (heat curve in
Figure 7.2). Even though higher initial total heat was observed for 10% mS, the final total
heat is similar to the reference slurry at 48 h. An opposite case is observed for the OnS
slurries, which maximum total heats are higher than the reference at the same age (48 h).
The maximum heat gain is obtained for 2.0% bwoc OnS addition and amounts to 43.1 J/g.
7.3.2 Degree of hydration (Į) and activation energy (Ea) of normal density slurries

Degree of hydration (Į)
From the heat flow curves and Eq. (7.1), the hydration degree (Į) of the different
cementing slurries studied was calculated (Figure 7.3). It is interesting that the final
estimated Į of 10% mS slurry is the lowest in the tested range of temperatures (20 to
60 °C). The lowest hydration degree for 10% mS is probably caused by the lower w/b
ratio (0.41) compared to the others slurries tested (w/b= 0.44) as it is shown in Table 7.1.
In general, the hydration degree is proportional to the compressive strength if the porosity
of the cementing system is constant (Garboczi, 1990). Based on this premise and the
obtained values of Į shown in Figure 7.3, higher compressive strength is expected for
cementing slurries with OnS addition. The higher hydration degree obtained at all tested
temperatures confirms again the acceleration effect induced by the OnS additions. In
general, the higher the temperature, the higher the hydration degree for OnS slurries.
Table 7.6 summarizes the calculated hydration degrees at 12, 24 and 48 h, for all the
cement slurries tested.
It is possible to observe from Table 7.6 that small addition of OnS (0.5% bwoc) has the
same effect than 10% bwoc of micro-silica. Higher hydration degree after 12 h results in
cost reductions due to the decrease in waiting time to continue the drilling operations due
to cementing operations. Also, operations performed can be easier due to the fact there is
no need for more blending steps of a high percentage of micro-silica.
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Table 7.6: Estimated hydration degree (Į) for the different cement slurries (normal density 1.89
g/cm3) tested at 20, 40 and 60 °C, respectively.
20 °C
40 °C
60 °C
Slurry
Į (12 h) Į (24 h) Į (48 h) Į (12 h) Į (24 h) Į (48 h) Į (12 h) Į (24 h) Į (48 h)
Ref-1
0.023
0.22
0.44
0.27
0.47
0.59
0.35
0.55
0.65
CS-1
0.026
0.28
0.48
0.37
0.54
0.66
0.48
0.64
0.73
CS-2
0.031
0.30
0.49
0.39
0.54
0.66
0.51
0.67
0.75
CS-3
0.053
0.33
0.50
0.39
0.55
0.67
0.53
0.68
0.76
CS-4
0.089
0.35
0.50
0.39
0.55
0.67
0.54
0.68
0.76
CS-5
0.023
0.23
0.45
0.26
0.47
0.49
0.37
0.59
0.70
CS-6
0.022
0.23
0.45
0.29
0.49
0.61
0.36
0.59
0.69
CS-7
0.028
0.27
0.42
0.30
0.45
0.58
0.43
0.59
0.63
0.80
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Figure 7.3: Estimated curves of the hydration degree of the different cement slurries (normal density
1.89 g/cm3) tested at 20, 40 and 60 °C respectively.

Another interesting analysis performed is the comparison of the time to obtain a
hydration degree of 0.04 (Figure 7.3). Zhang et al. (2010) found that the hydration degree
is constant at the initial set point for cementing slurries formulated with oil well cement
class H with similar w/b ratio. They concluded that setting is a percolation process,
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consequently, at a given w/b ratio, the hydration degree at setting is constant, regardless
of the effects of ambient temperature or presence of additives. Extrapolating the results
obtained by Zhang et al. (2010) to the cementing slurries with cement class G, tested at
20 °C, it is possible to deduce that the setting will start earlier for all OnS concentrations
tested. Small amounts (0.5% bwoc) can decrease the initial setting time by 2 h,
meanwhile 10% bwoc of mS decreases the initial setting by 3 h. The best result is
obtained with 2.0% bwoc of OnS which decreases the initial setting by almost 6.5 h.
Activation energy (Ea)
The hydration kinetics of cement depends on the reaction temperature. An issue related to
the effect of curing temperature on cement hydration is the apparent activation energy
(Ea). Under the classic definition, the activation energy is the minimum energy required
for a reaction to occur for a single reaction (Van Tuan et al., 2011). The higher the
temperature is, the higher the number of molecules with a high enough kinetic energy for
the reaction to occur. In cement hydration, multiple reactions take place simultaneously,
all of which are affected by temperature. The term apparent activation energy is used to
represent the average effect of temperature on the combined reactions. The determination
of the Ea was performed using two different methods, as explained in Section 7.2.2, a
linear approximation and an incremental calculation. A further explanation of the method
can be found in (Poole et al., 2007). The results for the first method (slope or linear
approximation) and the second method (incremental calculation) are presented in Figure
7.4 and 7.5. Additionally, the estimated apparent activation energies obtained are
summarized in Table 7.7.
3.5

Ref-1
CS-3 (1.5% OnS)

3.0

CS-1 (0.5% OnS)
CS-4 (2.0% OnS)

CS-2 (1.0% OnS)
CS-5 (1.0% mS)
CS-5
y = -7,803x + 26.2
R² = 0.99

2.5

ln[K(T)]

2.0
1.5
1.0
0.5
0.0
-0.5

CS-6
y = -8,136x + 27.3
R² = 0.99

Ref-1
y = -7,646x + 25.6
R² = 0.98
CS-1
y = -8,162x + 27.5
R² = 0.99

CS-3
y = -7,317x + 24.7
R² = 0.99

CS-2
y = -7,7601x + 26.2
R² = 0.99

CS-4
y = -7,017x + 23.7
R² = 0.99

-1.0
0.0029

0.0030

0.0031

0.0032

CS-7
y = -7,6467x + 25.8
R² = 0.99

0.0033

0.0034

0.0035

1/Temperature (1/°K)
Figure 7.4: Determination of the activation energy (Ea) from plot of ln(k) versus 1/T for the different
cement slurries tested (normal density 1.89 g/cm3).
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Figure 7.5: Heat flow versus hydration degree and calculated activation energies by the incremental
method of the different cement slurries (normal density 1.89 g/cm3).

The slopes of the acceleration period obtained in Section 7.3.1 define the reaction rate
K(T) at each temperature. Thus, Figure 7.4 shows the plot of ln(K) versus the inverse of
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the absolute temperature used to estimate the apparent activation energy (Ea) for all the
cement slurries tested. The activation energies obtained are shown in Table 7.7.
Table 7.7: Estimated average activation energy (Ea) of the different cement slurries (normal density
1.89 g/cm3).
Slope method (static)
Incremental method (dynamic)
Incremental method (dynamic)
Slurry
Ea20-40-60 (kJ/mol)
Ea20-40 (kJ/mol)
Ea40-60 (kJ/mol)
Ref-1
63.57
38.18 ± 0.09 (39.57)
43.34 ± 0.05 (43.49)
CS-1
67.86
38.12 ± 0.11 (38.99)
43.37 ± 0.14 (41.40)
CS-2
64.52
38.20 ± 0.15 (39.24)
43.33 ± 0.06 (39.72)
CS-3
60.84
38.16 ± 0.05 (39.96)
43.35 ± 0.10 (40.48)
CS-4
58.34
38.14 ± 0.06 (37.89)
43.33 ± 0.07 (38.76)
CS-5
64.88
38.17 ± 0.11 (39.52)
43.29 ± 0.11 (41.92)
CS-6
67.65
38.14 ± 0.05 (38.41)
43.36 ± 0.04 (46.67)
CS-7
63.57
38.14 ± 0.07 (35.26)
43.32 ± 0.07 (43.40)

It is evident from the data presented in Table 7.7 that the apparent activation energy (Ea)
obtained by the slope method is different for all slurries. In the case of the OnS slurries,
the activation energy increases for 0.5 and 1.0% bwoc OnS slurries (CS-1 and CS-2)
compared to the reference, after that the Ea drops to a minimum of 58.34 kJ/mol for 2.0%
OnS (CS-4). Similar observation, but with lower extent, was made for the slurries with
micro-silica (mS). For these slurries the Ea increases for 1.0 and 2.0% bwoc of mS (CS-5
and CS-6) and drops later for 10.0% bwoc slurries (CS-7) to the same Ea as obtained for
the reference. Different interpretations can be made based on the obtained results. First,
the drop in the activation energy, in general, confirms the acceleration effect induced by
nano-silica particles. Lower activation energy means that the hydration reaction is
enhanced or can occur easier. Also, according to Levenspiel (1999), reactions with high
activation energy are very temperature-sensitive. On the contrary, reactions with low Ea
are relatively temperature-sensitive. Based on this, it is possible to state that the addition
of OnS and mS in concentrations lower than 2.0% bwoc make the hydration reaction of
CEM G more temperature-sensitive. The increase in the activation energy for small
amounts of OnS and mS is not expected considering the observed acceleration effects.
One explanation of this can be found in changes induced by the presence of nanoparticles in the stoichiometry, kinetics and mechanism of cement hydration reaction
(Levenspiel, 1999). In case of the stoichiometry, it is already known that the C-S-H gel
produced by pozzolanic reaction has lower Ca/Si ratio and smaller sized C-S-H gel
(Lothenbach et al., 2012). These induce changes in the microstructure, which is already
reported as a possible reason of higher Ea (Thomas, 2012). Furthermore, changes in the
hydration kinetics were already demonstrated by the calorimetric test (faster heat flow
evolution and higher hydration degree). Finally, another possibility is the change in the
controlling mechanism of cement hydration. The linear method considers that all
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reactions are proceeding at the same time, but cement is a multi-phase mix with different
hydration kinetics (silicates reacts different than aluminates). Levenspiel (1999)
suggested for multiple reactions that the change in Ea with temperature indicates a shift
in the controlling mechanism of the reaction. Thus, for an increase in temperature, Ea
increases for reactions or steps in parallel; meanwhile Ea decreases for reactions in series
(Levenspiel, 1999). Taking this into account, it is possible to suggest that the initial
increase in Ea observed for slurries with OnS and mS can be the result of parallel
reactions of which one is related to nucleation or acceleration effects induced by the
higher surface area of nano-silica and the other one is related to the classical cement
hydration theories of dissolution, nucleation and growth (Bullard et al., 2011; Scherer et
al., 2012) that are still a subject of scientific debate. When the OnS is added in higher
amount (1.0% bwoc) the aluminates reaction starts to be affected as demonstrated in the
previous section. It is possible that changes in the hydration kinetics of the aluminate
phases do also modify the controlling mechanism or produce a reaction in series with
lower Ea as stated by Levenspiel (1999). To confirm one of the different hypotheses,
further analysis is needed such as in situ XRD analysis, pore solution analysis,
polymerizing degree of C-S-H gel by NMR and others. All of these analyses are out of
the scope of this PhD dissertation.
Comparing the results obtained with the linear method with the literature several
observations can be made. The Ea reported in the literature for CEM G standard density
slurries without dispersant are in the range of 34 to 50 kJ/mol (Pang et. al, 2013a; Pang et.
al, 2013b). The values obtained in the present investigation are higher for all the slurries
tested (58 to 68 kJ/mol). So far no reports were found for slurries with addition of
dispersant or superplasticizers. The increase of Ea with the presence of dispersant or SP,
in this particular system PCE-type, is expected. It has been shown (Jansen et al., 2011)
that the superplasticizer retards both the silicate reaction and the aluminate reaction.
Retardation means, that the energetic barrier for the hydration process is larger than a
system without dispersant, thus, Ea might be higher.
As explained before, cement is composed of a number of different phases that react at
different rates, so it is possible that the Ea may vary considerably as the cementitious
material hydrates (Poole et al., 2007). Furthermore, hydration is initially reaction-ratelimited and becomes diffusion-limited as solid hydration products are formed (Bullard et
al., 2011). Several researchers have reported these facts to state a dependence of Ea on
the hydration degree. For example, Schindler (1994) proposed an equation for the Ea that
considers the chemical composition and fineness of cement. Hansen et al. (1977)
recommended that the Ea only depends on the curing temperature. Finally, van Breugel
(1991) proposed an equation for the Ea as a function of the chemical composition of
cement, curing temperature and the hydration degree. Furthermore, partial replacement of
Portland cement by pozzolans is found to alter the Ea values (Poole et al., 1997; van Tuan,
2011). For that reason an incremental calculation method was also applied to highlight
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how Ea is influenced by the progress of hydration. The results of the applied incremental
method are shown in Figure 7.5 and Table 7.7. In Figure 7.5 it is possible to observe the
evolution of Ea for each tested slurry in the temperature range from 20 to 40 and from 20
to 60 °C, respectively. It is important to notice that, generally, Ea remains almost
constant for Į higher than 0.1.
The variation at hydration degrees (Į) lower than 0.1 can be explained by the fact that the
reactions at early age are more controlled by nucleation effects, growth and mode of
diffusion. In the long term (Į higher than 0.5), one turns from a mode controlled by
chemical reactions to a mode controlled by the diffusion of water through the layers of
hydrates, the Ea can also change as observed by Kada-Benameur et al. (2000). The
sensitivity to the temperature of these periods is different and the Arrhenius law cannot
be applied in those cases. Table 7.7 shows the values of the apparent activation energy
obtained in the stabilized parts of each cement slurry tested. Table 7.7 also shows that the
average Ea for slurries with OnS is slightly affected compared to the reference slurry.
Nevertheless, considering the instantaneous Ea calculated at very early age (Į=0.01)
which is represented by the values in parenthesis in Table 7.7, it is possible to observe
that the Ea is lower than the reference. This confirms again the role of OnS to decrease
the Ea and thus, accelerating the slurry’s setting. The same observation is valid for mS
slurries which also decrease Ea. Even though changes in the Ea were observed for all the
slurries tested, it is important to notice that the average values are very close considering
the error band and the accuracy of the incremental method.
In Table 7.7 it is also possible to observe that the apparent activation energy varies with
the temperature (Ea20-40 < Ea40-60). According to Kada-Benameur et al. (2000) this
variation is not illogical insofar as the Arrhenius relation has been established for simple
reactions only. This energy represents a constant with chemical significance. In the case
of the reaction of cement hydration, it concerns a macroscopic apparent activation energy,
which translates no chemical law at the microscopic level (Waller, 1999). Further studies
(Poole et al., 2007; Thomas, 2012; Pang et al., 2013a); attributed the change of Ea with
temperature rise. The fast initial hydration caused by high temperature leads to the
formation of a thicker and more compact layer of hydration products (changes in
microstructure level) around the cement grains that affects the hydration (increasing Ea).
Variation of Ea with temperature was already reported by Pang et. al (2013a) for different
oil well cements (Class A, C, G and H). These researchers found, at a temperature range
similar to the present research (25 to 60 °C), that Ea increases for CEM A from 38.4
(Ea25-40) to 46.2 kJ/mol (Ea40-60), respectively. On the contrary, they also found that Ea
for CEM G decreases instead of increases with temperature, changing from 44.7 (Ea25-40)
to 38.5 (Ea40-60) kJ/mol, respectively. Despite the differences in the activation energy
between literature and this research, the estimated values are in the same order of
magnitude (38 to 43 kJ/mol) for the same class of cement (class G). The discrepancy can
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be related to the use of dispersants (SP PCE-type), the type of calorimeter used and the
mixing method employed (API-type waring blender vs. high energy hand mixer).
7.3.3 Performance tests of conventional oil well slurries with OnS

The objective of this section is to investigate the interaction of Class G oil well cement
with olivine nano-silica and the corresponding admixture compatibility. Several tests
were performed as per the American Petroleum Institute (API) recommended practice
and using a standardized device. The present study allows a comprehensive
understanding of the effect of OnS on the properties of oil well cement slurries at room
temperature. This contributes to the selection of adequate admixtures and their effective
dosages to overcome potential difficulties encountered during the well construction such
as rapid loss of workability, high pumping pressure, acceleration of cement hydration,
evaporation of mixing water and loss in zonal isolation. In the following, the main results
obtained from the performance-based tests of conventional oil well cement slurries with
olivine nano-silica additions are presented.
Rheological properties
The rheological properties of oil well cement slurries are important in assuring that the
slurries can be mixed at the surface and pumped into the well with minimum pressure
drop. The rheological properties of the cement slurry play also a critical role in mud
removal stage. A proper flow regime must be maintained for complete removal of the
mud from the well bore to have a successful cementing job (Nelson and Guillot, 2006). In
this context, Table 7.8 shows the rheological properties of different cement slurries
studied. In addition, Figure 7.6 shows the resultant flow curves derived immediately after
mixing and after 30 min atmospheric conditioning at 25 °C. As it is possible to observe in
Table 7.8 the addition of 0.5% bwoc of OnS cake (0.1% equivalent SiO2) does not have
an adverse effect on the slurry rheology. On the contrary, after the atmospheric
conditioning, the final rheological properties are slightly improved than the reference
CEM G slurry due to the lower plastic viscosity (PV) and yield point (YP) determined
using a Bingham plastic fit in Figure 7.6. This can be the result of an improved packing
or enhanced stability of the slurries induced by the presence of nano-particles.
Nevertheless, it is important to notice that the gelling tendency is apparently higher for
the slurry with 0.5% OnS cake based on the gel strength value obtained after 1 min
stirring (Table 7.8). This is in line with the thixotropic or high gelling tendency of cement
pastes with OnS and fixed amount of SP discussed in Chapter 5. All the YP and PV
values derived for the slurries Ref-2 and CS-8 before and after atmospheric conditioning
are in the reported range for standard density slurries formulated with CEM G according
to Shahriar (2011).
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Table 7.8: Rheological properties of slurries used for the performance based test (density 1.90
g/cm3).
Average dial readings
rpm
Ref-2
CS-8
CS-9
Ref-2 (AC)
CS-8 (AC)
300
29.0
29.5
50
34.5
30.0
200
20.3
21.0
36.8
23.8
21.0
100
10.3
10.8
24.0
13.0
11.0
60
6.8
7.3
19.0
8.5
7.5
30
4.0
4.0
16.0
5.3
4.3
6
3.0
1.5
15.3
2.0
2.0
3
1.0
1
14.3
1.5
1.3
Plastic viscosity (mPa·s)
28
29
36
33
29
Yield point (Pa)
0.53
0.56
6.65
0.83
0.70
10 s static gel strength (Pa)
0.51
8.17
0.51
0.51
10 min static gel strength (Pa)
10.7
20.4
9.2
9.2
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Figure 7.6: Flow curves of the different conventional cement slurries (standard density 1.90 g/cm3)
after mixing and atmospheric conditioning for 30 min at 25° C.

In the case of the slurries with 5.0% bwoc of OnS cake (1.0% equivalent SiO2) it is
evident that the increase in specific surface area in the mix produced an increased yield
point of the cement slurry after the initial mixing (0.53 vs. 6.65 Pa). It should be
mentioned that an excessive increase in OnS will thicken the slurries and has negative
effects on the rheology when a fixed amount of dispersant is used. This can also be the
result of the larger water retention capacity of the OnS agglomerates as already
demonstrated in Chapter 5. The higher concentration of nano-particles results also in an
increase in the plastic viscosity which is expected for cement slurries with the same
dispersant content. Furthermore, the gelling capacity of the slurry (CS-9) was affected to
a larger extent based on the gel strength values derived at 10 s and 10 min (Table 7.8).
This is the same trend observed for cement paste with OnS and fixed amount of SP as
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discussed in Chapter 5. In general, for a fixed concentration of SP or dispersant, a linear
increase in viscosity and yield point is expected. Similar linear increase in the yield point
and plastic viscosity of oil well cement G slurries were already reported by Ershadi et al.
(2011) using spherical nano-silica powder (20 nm) between 1.0 to 3.0% bwoc.
The rheological test results have consequences for the design of real oil well slurries
because the effects in the rheology need to be overcome by the addition of retarders or
larger amount of dispersant to obtain the recommended rheological properties for a
particular cement job program. Nevertheless, rheological properties of the standard
slurries formulated with 5% bwoc of OnS cake can still be decreased avoiding the use of
anti-settling agents (biopolymer). These biopolymers have the same stabilization effect
than the OnS agglomerates and also affect the viscosity of the mixing water. Thus,
avoiding the use of this biopolymer it is possible to decrease to some extent the plastic
viscosity and the yield point of the cement slurry. Additionally, it is possible that the
optimum concentration of OnS can be between 0.1 and 1.0% bwoc (extra tests are
recommended to confirm the range). The thickening effect of OnS can also be used in
future for low density slurries that are in general more difficult to stabilize due to the
higher water/binder ratio (0.7 to 1.2) normally used. The use of nano-silica in lightweight
(0.9 to 1.4 g/cm3) cement slurries was recently reported by Choolaei et al. (2012). They
use a nano-silica with a BET specific surface area of 710 m2/g (produced by the sol-gel
route) as suspending agent for light hollow ceramic microspheres in order to prevent their
segregation and to increase the final compressive strength. Additionally, these researchers
reported that with the optimum design the effects of nano-silica on the rheological
properties can be controlled. Similarly, Salazar (2012) used colloidal nano-silica as
additive to improve the mechanical properties, stability and gas migration control of
lightweight slurries on west Venezuelan fields. The designs used were formulated with
colloidal silica (50% solids) content of one gallon per sack of cement for slurries with
density of 1.63 g/cm3 (13.6 lbm/gal).
Free-water and slurry sedimentation
The amount of free-water in the cementing slurries was measured according to the
ISO/API 10426-2 (2003) standard to determine the stability of the slurries. The results
shown in Table 7.9 demonstrate no free-water in the designed slurries using the OnS cake.
These results can also overlap with the effect produced by the anti-settling biopolymer
added to all slurries. As explained before, the addition of OnS has an effect on the freewater due to the decreased water retention capacity that probably reduced the slurries
fluid loss as well. Published research (Ershadi et al., 2011; Choolaei et al., 2012)
demonstrated that nano-silica shows effective properties as a fluid loss control agent.
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Table 7.9: Free-water and sedimentation test results of slurries used for the performance
based test (density 1.90 g/cm3).
Test
Ref-2
CS-8
CS-9
Free-water (ml/250 ml) after 2 h
0
0
0
Mean cement density (g/cm3)
1.899
1.858
Difference theoretical and measured density (g/cm3)
-0.001
-0.042
Maximum difference (g/cm3)
0.052
0.041
Difference between top and bottom (g/cm3)
0.049
0.041
-

As extension of the free-water test a sedimentation test was also performed to determine
the segregation tendency (settling) of the slurries. The results for the reference (Ref-2)
and the slurry with 0.5% bwoc of OnS cake (CS-9) are presented in Table 7.9. For both
slurries the operational criteria of maximum change of 0.06 g/cm3 (0.5 lbm/gal) are
satisfied. This criterion normally changes depending on the cement slurry application
(Nelson and Guillot, 2006). This means that the slurries are stable and no large
sedimentation was obtained. One point of attention is the larger difference between the
theoretical and the measured density for the CS-8 slurry. Even though the previous
sedimentation criterion is satisfied, the difference in density is larger than the reference.
This can be attributed to errors in the solid content of the OnS cake or in minor extent to
the lightening effect produced by the OnS silica, which normally decreases the density of
the slurry. In the case of the slurry CS-9, the sedimentation test was not performed due to
the larger YP and PV of this slurry which guarantees higher stability and lower settling.
Thickening-time
As explained before, the thickening-time test is designed to determine the length of time
a cement slurry remains in a pumpable fluid state under simulated well bore conditions
(Nelson and Guillot, 2006). It is the time to perform the cementing job from the mixing
stage to the final placement on the desired well depth. The thickening-time also includes
an extra time as a safety margin. A suitable thickening-time depends on well conditions,
time limits, working depth and other drilling conditions (Ershadi et al., 2011), hence it is
normally adjusted by adding retarders or accelerators that allow to reach an optimal
operational time. Taking into account this context, Figure 7.7 shows consistometer curves
obtained for the three cement slurries tested. Table 7.10 presents the derived thickeningtimes (TT) considering values of consistency of 30, 40, 70 and 100 Bc units, respectively.
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Figure 7.7: Consistometer results (thickening-time) of the different conventional cement slurries
(1.90 g/cm3). LOP: limit of pumpability, OLOP: operational limit of pumpability, PD: point of
departure.
Table 7.10: Thickening-times (TT) of the different
conventional (1.90 g/cm3) cement slurries tested (25°C-500
psi-15 min).
TT (h:m:s)
Consistency value
Ref-2
CS-8
CS-9
30 Bc
5:48:30
5:30:00
3:03:30
40 Bc
6:29:30
6:08:30
3:57:00
70 Bc
7:38:00
7:23:00
4:53:00
100 Bc
8:28:00
8:04:00
5:30:30
Bc: Bearden units.

In Figure 7.7, it is possible to notice that the consistency of the cement slurries with a
fixed amount of dispersant is affected. Comparing the reference slurry (Ref-2) with
slurries with different additions of OnS cake (CS-8 and CS-9), several observations can
be made. Fist, the CS-8 slurry, which presented similar PV and YP than the reference
also shows consistency values lower than the reference during the first 4 hr and 10 min.
This result is important because it demonstrates that small additions of nano-silica (0.1%
bwoc) can improve the consistency without affecting the TT to a large extent allowing a
more efficient placing of the cement slurry on site. Even though the lower consistency
shown in Figure 7.7 for CS-8, it is also possible to observe that the point of departure
(PD), considered as the point where the setting of cement starts (Nelson and Guillot,
2006), is shortened by 33 min. This is a clear evidence of the accelerating effect on the
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hydration induced by the nano-silica particles. In Table 7.10, the respective TT to reach
different consistency criteria is shown. The most important thickening time are obtained
at consistency values of 40 (OLOP) and 70 Bc (LOP) units, respectively. These are the
defined limits of pumpability, where OLOP is the highest consistency, considered from
the operational point of view, that a slurry can be pumped without pressure problems
(Luke, 2014) and LOP is the maximum consistency when it is physically impossible to
pump a cement slurry (Scherer et al., 2010). As it can be observed in Table 7.10, small
amounts of OnS marginally decreased the TT to 40 and 70 Bc which amounts to only 1520 min less than the reference. In the case of the CS-9 slurry, the consistency and the TT
are affected by the addition of 5% bwoc of OnS cake. Even though the CS-9 shows lower
consistency values at the first 1 h and 38 min (as it can be observed in Figure 7.7), the
point of departure (PD) or the initial setting of the slurry starts almost 2 h 37 min before
the reference (1 h after starting the test). This confirms again that the OnS acts as an
accelerator. The increase in consistency is too fast and can produce higher pumping
pressure and difficulties in a real cementing job. The acceleration on the cement slurry
hydration is also translated into a lower TT to obtain 40 and 70 Bc (Table 7.10). The TT
to obtain 40 and 70 Bc are shortened in 2 h and 31 min and 3 h 15 min, respectively.
Similar results were reported by Ershadi et al., (2011) which found that additions of 1%
bwoc of nano-silica decreased the TT (70 Bc) from 8 h to 1.58 hrs. The effect on the TT
is an advantage to be explored in the future for slurries for low temperature application
where normally the consistency development is delayed and which is normally
compensated by the addition of chloride-based accelerators such as CaCl2, NaCl and KCl.
Here, OnS can be used as a chloride free accelerator. Based on the same concept, Patil
and Despande (2012) demonstrated that the addition of colloidal nano-silica (15% solid)
can improve TT of cementing slurries with high amount of latex based admixtures which
normally induce a delay in TT and decrease of the final compressive strength.
Ultrasound compressive strength
The development of the compressive strength of cementing slurries is an important
parameter from the operational point of view and also for the life of the well. From the
operational perspective, the most important parameters are the time to reach 50 and 500
psi (0.35 and 3.45 MPa, respectively). The 50 psi point is considered as the time when the
initial setting appears (Salazar, 2012). The 500 psi point is considered as the minimum
time or compressive strength to continue the drilling operation to the next hole or section.
For that reason, usually the time to reach 500 psi is also called “waiting on cement” or
WOC (Nelson and Guillot, 2006). From the point of cement integrity and quality control,
the compressive strength development at 12, 24 and 48 hrs is also reported. All of these
parameters are obtained or extracted from ultrasound measurements obtained with
laboratory ultrasonic cement analyzers (UCA). Based on this, Figure 7.8 shows the
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Figure 7.8: Evolution of the compressive strength and transit time of the different conventional
cement slurries (1.90 g/cm3).
Table 7.11: Compressive strength of the different conventional (1.90
g/cm3) cement slurries tested (25°C-500 psi-15 min).
TT (h:m)
Compressive strength parameter
Ref-2
CS-8
CS-9
Time for 0.35 MPa (50 psi)
9:31
9:03
6:20
Time for 3.45 MPa (500 psi)
15:54
15:20
13:20
12-h compressive strength (MPa)
1.19
1.40
2.61
24-h compressive strength (MPa)
9.00
9.47
10.74
48-h compressive strength (MPa)
16.22
16.86
18.91

According to the UCA curves shown in Figure 7.8 to determine the compressive strength
of the cementing slurries, it is quite evident that the development of compressive strength
is accelerated in the slurries with OnS additions. A similar trend as obtained in the
thickening-time test is observed. Small amounts of OnS cake (0.5%) produced a decrease
in the times to reach the 50 and 500 psi (Table 7.11). The effect of small amounts of OnS
is more evident for the 12-h compressive strength which is 16% higher than the reference.
The improvement is later decreased with time having values that are 5.2% and 3.9%
higher than the reference slurry at 24-h and 48-h, respectively. This is again evidence for
the acceleration effect which induces higher hydration degree and thus higher

Chapter 7

237

compressive strength development. In the case of the CS-9 slurry, which has higher OnS
concentration, the effect is more obvious. The time to reach 50 psi is decreased by 3 h 11
min compared to the reference meanwhile the time to obtain 500 psi was 2 h 34 min
lower (Table 7.11). This means, if the increase in rheological properties can be managed
that it is possible to save at least 2 to 3 hours of operational time which can be translated
in labor cost reduction due to less WOC. Furthermore, early compressive strength (12-h)
was remarkably improved; it is 219% higher than the reference. Meanwhile at later stages,
the 24 and 48-h strength showed values that are 19 and 17% higher than the reference.
Similar effects on the UCA compressive strength has been reported by several
researchers (Roddy et al., 2009; Balza et al, 2011; Ershadi et al., 2011; ; Sandar et al.,
2012; Patil and Deshpande, 2012; Choolaei et al., 2012; Thaemlitz et al., 2012). For
example Ershadi et al. (2011) found that the addition of 1% bwoc of spherical powdertype nano-silica (20 nm) increased the compressive strength of class G cement slurries by
almost 100% at 48-h (20.86 MPa). Similarly, Patil and Deshpande (2012) reported that
additions of 0.13% bwoc of colloidal nano-silica (5-7 nm) to class H cement latex-based
slurries (1.97 g/cm3) increased the rate of strength development from 1.19 to 3.17 MPa/h.
In addition they found that the 24-h strength of class H cement composition was three
times higher than of the control and control plus micro-silica.
It is important to clarify that the strength values obtained using either API/ISO crush test
or the UCA presented here are indicative of the integrity of the cement under only
uniaxial loading without confining pressure. In real wellbore conditions and during the
well life the cement is subjected to complex triaxial loading, and the failure stresses may
be substantially different from those observed in uniaxial standard compressive strength
test. For that reasons, currently tensile strength, elasticity and ductility are mechanical
parameters that are determined for the long-term durability of the cement sheath. In this
concern, further research is needed to understand the effects of olivine nano-silica
addition on the tensile strength and elasticity of cement sheaths. In general, too high
compressive strength can result in cement with decreased ductility. Nevertheless, some
evidence can already be found in the literature that indicates the contrary. For example,
Roddy et al. (2009) found that the addition of powder type of nano-silica (30 nm) does
not only increase the compressive strength but also increases the shear bond and the
Brazilian-tensile strength measured according to ASTM C496 (2006). Rahman et al.
(2014) reported that the addition of nano-silica to oil well cement produces the formation
of small and high-stiff hydration products (high density C-S-H gel) using nanoindentation techniques. They also report the formation of un-known sub-microstructural
new C-S-H phases with high Young’s module that can play a fundamental role to
improve the cement strength and durability. Based on this, it is recommended to perform
triaxial tests on oil well cementing composition with olivine nano-silica addition to
determine the overall impact on the mechanical properties and the long-term integrity of
the cement sheath.
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7.4 Conclusions
In this chapter, the influence of olivine nano-silica (OnS) as additive on oil well cement
class G compositions has been addressed. Cementing mixes were tested using available
calorimetric methods and standard procedures such as prescribed by corresponding
ISO/API standards (ISO 10426, parts 1, 2, 3, 5 and 6). Different modifications in the
properties of the cement slurries have been observed which depend on the amount and
properties of the OnS used. Based on these observations several conclusions can be
drawn and expressed as follows:
1. The addition of olivine nano-silica increases the rate and the hydration degree of
standard density oil well cement slurries. This holds for the case in which commercial
PCE-type dispersants are applied. The increase in the hydration rate of the slurry is the
result of the increased specific surface area.
2. Based on the isothermal calorimetric tests and the analysis performed, it is possible to
conclude that the olivine nano-silica acts as an accelerating agent in well cementing
slurries. The induction period, the relative setting time and the time to reach the
maximum peak of hydration are shortened. It is suggested that the acceleration effect
is controlled by the high specific surface area that causes nucleation of C-S-H seeds at
the nano-silica surface. Additionally, it was found that, depending on the
concentration, the nucleation of aluminate hydrates is also promoted. Finally, it is
evident that the pozzolanic activity is also high; based on the fact that the peak heights
of the heat flow curves are higher than obtained for pure class G cement slurries.
Comparable results can be found when 0.5% bwoc of OnS is used instead of 10%
micro-silica.
3. The isothermal calorimetric tests demonstrated that the temperature, specific surface
area (concentration) and type of amorphous silica (OnS vs. mS) for the given w/b ratio
(0.44) are the controlling parameters in the hydration behavior of oil well cement
slurries. From the formulation of cement slurries, it was found that the Arrhenius law
is not suitable to describe the influence of temperature on the rate of cement hydration.
Nevertheless, it shows a potential to be used to determine the sensitivity to
temperature changes in the hydration of cementing slurries with OnS and to validate
acceleration effects of additives based on the concept of apparent activation energy
(Ea). The activation energy of different cement slurries is first increased (68 kJ/mol)
and afterwards decreased by incremental addition of OnS (58 kJ/mol) when these
values are compared to the reference (64 kJ/mol). Additionally, it was found that the
Ea can be calculated according to the hydration degree and time using the incremental
method described by Kada-Benameur et al. (2000). The estimated Ea values varied
over the temperature range (20-40 and 40-60 °C, respectively) and the early hydration
degree showed values between 38.1 and 43.4 kJ/mol for all tested oil well slurries.
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4. The rheological properties of oil well cement slurries are affected depending on the
amount of olivine nano-silica. OnS affects to a higher extent the yield point and the
gelling tendency of cement slurries when a fixed concentration of NLS-type dispersant
is used. After the atmospheric conditioning, the rheological properties of cement slurry
with small amount of OnS (0.1% bwoc) are slightly better than the reference CEM G
slurry as a results of improved packing or enhanced stability of the slurries induced by
the presence of nano-particles. On the contrary, concentration of 1% bwoc of OnS
increased the yield point of cement paste due to the high water retention capacity and
reactivity leading to thicker cement slurries.
5. It was found that OnS does not affect the free-water or sedimentation in oil well
cementing slurries. On the contrary, it is expected that OnS particles decrease the fluid
loss and increase the stability of cement slurries due to their reactivity and water
retention capacity.
6. The consistency evolution of oil well cement slurries with fixed amount of dispersant
is affected by incremental additions of OnS which is translated to lower thickeningtime. The addition of 1.0% bwoc of OnS can decrease the thickening-time of
conventional class G cement slurries by almost 2 h 31 min confirming the potential
use of OnS as accelerator and thickening additive for oil well applications.
7. The compressive strength of oil well cement slurries is improved by the addition of 0.1
to 1.0% bwoc of OnS. Both the rate and early compressive strength development are
remarkably affected by OnS (16 to 219% more than the reference). The ultimate
compressive strength obtained after 48-h of curing was affected to a lower extent (4 to
17% higher). The overall acceleration of the compressive strength development allows
drilling operation to resume quickly, lowering waiting on cement times (WOC) and, in
consequence, reducing operational cost. Nevertheless, further research is needed to
confirm the positive results presented.
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Chapter 8
1 Photovoltaic waste as silica-rich supplementary cementitious
material (SCM)1
8.1 Introduction
Photovoltaic or PV is the technology which converts sunlight into electricity. With
increasing concerns surrounding the global climate and the uncertainty of oil sources and
prices among other traditional fuels, the solar power industry has been growing
substantially in recent years. Since 1990, photovoltaic module installed power had
increased more than 500 times from 46 megawatts (MW) to 30.8 GW in 2012
(www.pvmarketresearch.com), making it the world’s fastest-growing energy technology.
Due to the rapid expansion of the silicon photovoltaic industry it receives increased
attention because of the potential environmental impact of their process and products.
Decommissioning at the end of the life cycle of PV modules, which are expected to last
around 30 years (Fernandez et al, 2011), is an important factor. There are also concerns
regarding their disposal as they may contain small amounts of regulated materials.
Different researchers have focused on the recycling waste streams from the PV slicing
production process. In this area, Wang et al. (2008) published a novel approach for
recycling “kerf” loss from the cutting slurry waste. Also Kong et. al (2011) made efforts
to recycle silicon powder from the silicon wafer back grinding. Recently, researchers
(Wang et al., 2008; Fernandez-Carrasco et al., 2009) suggest the immobilisation in
cementitious materials as possible re-utilization of solar cell residue to construction
materials, which will lower the costs and helps to decrease the waste disposal from PV
systems.
Nowadays, supplementary cementitious materials (SCM) are widely used in concrete
either in blended cements or added separately to the concrete mix (Lothenbach et al.,
2011). The use of silica-rich SCM such as blast furnace slag, fly ash, metakaolin and
micro-silica represents a viable solution to the partial replacement of ordinary Portland
cement. As it was mentioned in previous chapters, other possible materials, which are
under research worldwide, are silica fines. They are mainly composed of high purity SiO2
with micron and submicron particles. Examples are silica flour (Sf), micro-silica (mS),
fumed silica (FS) and nano-silica (nS). However, these products are obtained in complex
processes which make their use still non-feasible due to their price or in some case their
1
Parts of this chapter were published elsewhere [Quercia, G., van der Putten, J.J.G., Hüsken, G. and Brouwers, H.J.H., Cement &
Concrete Research 54 (2014) 161–179].
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availability for the construction industry (Dunster, 2009; Lazaro, 2014). In this context,
another potential source of nano-silica particles is the waste sludge, generated during the
polishing process (Figure 8.1) of photovoltaic (PV) solar panels (Phylipsen amd Alsema,
2005) or microelectronics (Si-wafer).
Electronics’ Si-wafer

Force
CMP slurry
feed

Wafer carrier

Pad
Rotating
plate

CMP slurry waste

PV Si-wafer

Figure 8.1: Schematic of the CMP industrial process, pictures taken from (Netzsch, 2013; Omron
Electronics L.L.C., 2009).

This waste sludge is collected during the slurries filtering and dewatering steps used in
the polishing or finishing process of the silicon solar panels by chemical mechanical
planarization (CMP) (Tamamoto et al., 2002), which is schematically shown in Figure
8.2. Chemical mechanical planarization (CMP) is a fundamental technology used in the
semiconductor manufacturing industry to polish and planarize a wide range of materials
for the fabrication of microelectronic devices (i.e., computer chips and solar panels). In
South Korea, 50,000 tons of CMP silica sludge s generated annually. The polishing
slurries are usually composed of a stable colloidal nano-silica, fumed silica, nano-CaCO3
and other types of suspension (Tamamoto et al., 2002; Min and Kwan, 2004; Morioka et
al., 2004; Phylipsen amd Alsema, 2005). This sludge deflocculates in aqueous solutions
into nano-particles smaller than 1 μm. Thus, this nano-silica sludge (nSS) is a potential
hazardous waste when is improperly dumped. The feasibility to use waste sludge from
semiconductor industry in cement mortars was established for the first time by Lee and
Liu (2009) and later by other researchers (Lee, 2012; Lee et al., 2012; Chang et al., 2012).
However, the use of waste sludge from PV panel CMP process has not been studied yet.
In addition to the need to improve the properties of concrete, the environmental impact of
the cement used in concrete industry is becoming also an important issue. The component
with the highest environmental impact that is used for concrete production in terms of
energy and CO2 emissions is cement clinker. In general, according to the British Cement
Association (BCA), 0.85 ton of CO2 is released when 1 ton of cement clinker is produced.
It is calculated that cement clinker production contributes 5 to 8% to the total CO2
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emissions worldwide (BCA, 2006). Consequently, the construction sector demands
concrete with a lower environmental impact. Based on these premises, the aim of this
chapter is to determine the potential use of photovoltaic silica-rich sludge as
supplementary cementitious material (SCM) in concrete. In this chapter, the main
properties of three different samples of photovoltaic silica-rich waste sludge were
physically and chemically characterized. The final goal is to demonstrate that the nSS can
be utilized as SCM to replace cement in mortars partly, thereby decreasing the CO2
footprint of concrete and to avoid the environmental impact of PV waste landfill.
CMP slurry
waste

Reducing agent, pH adjustment, flux
enhancement, precipitant
Equalizing
tank

Up to 10 wt% solids
Mixer
Treated effluent
Cross-flow membrane filter

Feed
Tank

Filter press
Dewatered sludge (30-40 wt. % H2O)
Figure 8.2: Schematic illustration of the CMP waste slurry treatment and disposal based on (Yamada
et al., 2011).

In this chapter, the initial characterization and testing of different silica-rich waste
sludges (nSS) obtained from one South-Korean photovoltaic panel producer is presented.
To access the potential use of nSS as supplementary cementitious material, three different
batches of nSS were physically and chemically characterized. In addition, a dispersibility
study was performed to design stable slurries to be used as liquid additives for the
concrete production on site. The designed slurries were tested using an isothermal
calorimeter. Finally, standard cement pastes and mortars with 7% by weight of cement
(bwoc) replacement were fully characterized to determine the pozzolanic activity and to
assess the feasibility of the waste silica-rich sludge as supplementary cementitious
material in concrete.
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8.2. Materials and experimental methods
8.2.1 Materials
Three batches of CMP sludge cake from wet waste were obtained from DAE Pyung
Ceramics Co., Ltd. located in South-Korea. After drying at 105 °C for 24 h until a
complete dry state (constant weight) was obtained, the water content of the sludge was
determined to be between 33 to 39%. These cakes had ivory white color. The cement
used was ordinary Type I Portland cement OPC (CEM I 52.5 N) produced by ENCI
Cement, The Netherlands. The OPC had an apparent density of 3.15 g/cm3 and a Blaine
specific surface area of 484 m2/g. The chemical composition (determined by XRF) and
the proportion of mineral phases provided by the producer are shown in Table 2.6
(Chapter 2). Standard sand was used according to EN 196-1 (2005), with particles size
between 0 and 2 mm. In addition, commercial micro-silica slurry (PmS-4) with 50% solid
content was used for comparison. The physico-chemical characteristics of the microsilica slurry are fully explained in Chapter 3.
8.2.2 Experimental methods
Characterization techniques of the silica sludge (nSS)
Size and morphology of the particles of the silica sludge were analyzed using a high
resolution scanning electron microscope (at voltage of 10 keV and 0.6 mbar of lowvacuum pressure) coupled with an EDAX® energy dispersive spectroscopy (EDS)
detector, as explained in Section 2.2.2.
Powder X-ray diffraction (XRD) analysis was carried out using an X-ray diffractometer
(Rigaku, Geigerflex, Japan) with Cu KĮ1 radiation and a 6 h scanning range between 5°
and 100°. The XRD scans were run at 0.02° per step with a counting time of 4 s. In order
to obtain a more accurate chemical composition of the investigated nano-silica sludge, a
quantitative X-ray fluorescence (XRF) analysis according to the method described in
Section 2.2.5 was performed.
A thermal gravimetric (TG) and differential scanning calorimetric analysis (DSC) were
performed to determine the amount of adsorbed water and other types of possible
contaminants (carbonates, organics, etc.) in the nano-silica sludge. The device and testing
procedure used is described in Section 2.7.2. In this case, the samples were tested as
received and a simple hand grinding was performed prior to testing.
Using the BET theory (Section 2.2.3) and the standard procedure described by DIN ISO
9277 (1995), the specific surface area (SSABET) of the silica samples was determined. The
physisorption analyses were carried out three times with a standard deviation below 5%
for the SSABET. The particle size of the nano-silica was calculated from the geometrical
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relationship between surface area and mass using Eq. (2.5). This particle size is an
average value, considering that the particles are spherical. The specific density of the
different nSS batches were determined using the procedure described in Section 2.2.4
(helium pycnometry). Finally, laser light diffraction technique (LLD), fully described in
Section 2.2.1, was used to determine the particle size distribution of the original nanosilica sludge and the resulting stable slurries. The zeta potential (ȟ) of stable slurries
formulated with the nano-silica sludge was measured using dynamic light scattering
technique, also described in Section 2.2.1. A conventional cell was used for particle size
(volume distribution) measurement (Malvern, 2009).
Dispersibility study with high shear mixer
Due to the highly agglomerated state of the nano-silica sludge, a dispersibility study was
performed. For this study only a sample of nano-silica sludge batch 2 (nSS-2) was
considered. Batch 1 was discarded for the dispersibility study due to its high content of
impurities (discussed in Section 8.3). Cakes of dried nano-silica sludge from batch 2 were
pre-dispersed in water (1% m/m) in a glass stirred vessel (1L beaker). Dispersions were
transferred to the high energy shear mixer (Silverson® L5M using a size reduction stator
head). The rotor speed was set to the required value (3000 and 7000 rpm) and at each
speed the dispersions were sheared for 210 minutes. Small samples from the dispersion
were taken at certain times and the particle size distribution (PSD) was measured using
LLS. In addition, zeta potential was measured to study the stability of the dispersion. A
dispersion study was also performed with varying pH value of the solution prepared with
25% NH4OH.
Design of stable nano-silica slurries for their use as SCM
Three different stabilized slurries were designed for their use in the calorimetry and
mortar tests. Table 8.1 shows the different components used to obtain stable slurries. The
slurries were prepared using dried silica sludge (16.5 wt. %) from different batches. Each
sample was pre-dispersed for 1 hour at 7000 rpm in water, using a glass stirred vessel
coupled to an Ultramix® stirrer. Prior the pre-dispersion step, NH4OH and a
polycarboxylate type superplasticizer, Viscocrete® 2610 from Sika® (SP6), were added
to stabilize the slurries and to adjust the final pH value between 9.1 and 9.6. Then the
dispersions were transferred to the high shear mixer, but using a size reduction stator
head for additional 30 min. The obtained slurries were stable over time. No gelling was
observed over a time period of 3 weeks with static conditions.
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Table 8.1: Proportioning of the designed silica sludge slurries.
Batch number
nSS-1
nSS-2
nSS-3
Water (g)
600
600
600
Powder nano-silica sludge (g)+
200
200
200
NH4OH 25% (g)
14.3
14.3
14.3
SP (PCE type) (g)
4.4
4.4
4.4
Final pH
9.27
9.58
9.12
Slurry density (g/cm3)
1.070
1.103
1.102
Solid content (% m/m)*
16.06
16.48
16.32
(+): 30 to 35% content of H2O, (*): Computed by drying 5 g of slurry at 110°C for 24 h.

Hydration kinetics of cement pastes with nano-silica
A calorimetric analysis of cement mortars with w/c ratio of 0.5 was performed using the
device and procedures described in Section 2.7.1. A slurry prepared from the nano-silica
sludge batch 2 (nSS-2) was used. In total, 4 different cement pastes with 0, 3, 6 and 9%
of nSS-2 based on the weight of cement (bwoc) were tested in duplicate for 72 h at 20 °C.
The cement pastes were mixed with a hand mixer for 1 minute. The calorimetric analysis
was performed to assess whether the nano-silica sludge particles exhibit an acceleration
effect or any pozzolanic activity. Similarly, a second calorimetric analysis was performed
using the slurries prepared from batch 1-3 (nSS-1, nSS-2 and nSS-3) and the standard
micro-silica slurry (PmS-4). In total 4 different cement pastes with 7% by weight of
cement replacement (bwoc), w/c of 0.5 and SP content (based on the mortar recipes
shown in Table 8.2 without sand addition) were tested in duplicate for 70 h at 20 °C. The
cement pastes were mixed with a high energy (600 W) hand blender (Philips HR1363)
for 2 min. The results were analyzed using the same procedure described in Section 2.7.1.
Table 8.2: Mix designs and characteristics of mortars used for determining compressive strength and
pozzolanic index.
Materials
Reference
nSS-1
nSS-2
nSS-3
PmS-4
CEM I 52.5N (g)
450.0
418.5
418.5
418.5
418.5
nSS slurry (16.5 wt. %) (g)
0
196.9 ȟ
196.9 ȟ
196.9 ȟ
0
mS slurry (50% wt. %) (g)
0
0
0
0
72.3
Water (g)
225
59.6
59.6
59.6
184.2
Standard sand 0-2 mm (g)
1350
1350
1350
1350
1350
SP1 for standard workability (g)
0
2.01
0.93
0.93
1.07
Total SP (% bwob)
0
0.68
0.44
0.44
0.24
w/c
0.5
0.5
0.5
0.5
0.5
Air content (Vol. %)*
6.14
10.98
6.15
3.99
Slump-flow (mm), 15 strokes
176 ± 4
176 ± 3
181 ± 4
180 ± 5
182 ± 7
(*) Estimated, (ȟ) Included 0.54 wt% of SP6 according to Table 8.1.

Chapter 8

247

Compressive strength of cured cement mortars and pozzolanic activity
To determine the pozzolanic index or activity of the nSS, different cement mortars were
prepared and tested following the procedure established in CEN-NE 196-1 (2005). Based
on the procedure described by Justnes and Ostnor (2001), a 7% by weight of cement
replacement was selected. In total 9 standard prisms per mix were tested following the
mix designs presented in Table 8.2. The SP content in these mixes was adjusted to obtain
a spread flow of 175 ± 15 mm (Hägermann cone). The flexural and compressive strength
of the mixes was determined at 1, 7 and 28 days. Finally, the pozzolanic activity index
was calculated based on the results of the standard cement mortar at 7 and 28 days. In
addition, the pozzolanic index was compared with the results obtained for one
commercial micro-silica slurry (PmS-4).
Characterization of the hydrated mortars
As the use of silica-rich waste sludge influences the amount and kind of formed hydration
phases and thus the volume, the porosity and finally the durability properties of concrete,
different characterization techniques were performed to consider the photovoltaic silicarich sludge as supplementary cementitious material.
The microstructural morphology of the prepared mortars (reference, nSS-1, nSS-2 and
PmS-4) was analyzed using the same ESEM/EDS devices and procedures as described in
Section 2.2.2. For this analysis, 5 mm thick slides were horizontally extracted from
hardened prisms at the age of 28 days using a precision diamond saw. After cutting, the
samples were ground by hand and moderate pressure on the middle-speed lap wheel with
p180, p320 and p600 SiC papers. Polishing was done on a lap wheel with 15, 7, 3, 1 and
0.25 ȝm diamond pastes for about 2 minutes each. After polishing, the samples were
immersed in isopropanol for three days to stop the hydration completely and then dried in
an oven for extra three days at 70 °C. Finally, the samples were stored in a desiccator
over silica-gel (in vacuum) until the ESEM analysis was performed. The images were
obtained using the BSE detector in low vacuum mode (60 mbar) and using an
acceleration voltage of 20-15 keV.
Extracted slides of each mortar composition at the age of 28-days were soaked in
isopropanol for three days to stop the hydration. Afterwards, the slides were crushed and
pulverized by the use of an automatic mortar crusher for 1 min and dried at 70 °C for
three days. Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis
(DTG) were performed using the same device and procedures as described in the Section
2.7.2. A total quantity of 74-92 mg was heated at 5 K/min from 20 to 1000 °C. The
amount of chemically bound water, portlandite (CH) and calcite was determined by the
sample’s weight loss. The weight loss was determined for three different temperature
intervals. The weight loss due to the decomposition of CH, ranging from about 410 ºC to
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550 ºC, the weight loss corresponding to the decomposition of monocarboaluminates and
calcite (release of CO2), measured between 550 °C and about 750 °C, and the weight loss
corresponding to the release of chemically bound water (H), defined here as the measured
weight lost between 105 °C and about 1000 °C minus the weight lost due to carbonation
(measured between 550 °C and about 750 °C). The start and ending of each temperature
interval is determined for each sample based on the DTG-curve. The weight loss was
calculated taking into account the molecular weight of each component (CH, calcite and
water) and was expressed as percentage of the dry mortar mass at 550 °C. Moreover, the
mass loss of CH and calcite was corrected taking into account the original calcite content
(ex. nSS-2 sample) and the chemical reaction between CH an CO2 (carbonation) using
the methodology described by De Belie et al. (2010).
Powder X-ray diffraction (XRD) spectrums were obtained with pulverized mortar
samples from the same batches used to obtain the TG/DTG profile. XRD qualitative
analysis was carried out using the same device previously described. To assess the
permeable (water accessible) porosity and other related durability properties of the
mortars containing nSS, two cylindrical samples (height of approximately 110 mm,
diameter of 100 mm) for the reference, silica sludge batch 1-2 (nSS-1 and nSS-2) and for
the micro-silica slurry (PmS-4) were cast, striped after 1 day and cured under water for
28 days. Three mortar discs, two with a height of approximately 15 mm and one with a
height of approximately 50 mm for each mortar mix were extracted from the inner layers
of eight different cylindrical samples. In total 16 discs (15 mm in height) were used to
determine the permeable porosity, following the procedure described in ASTM C1202
(2005) and fully described in Section 6.2.1. The remaining discs (50 mm in height) were
used for the rapid chloride migration test (RCM) and conductivity tests also described in
Section 6.2.1. The vacuum-saturation technique was applied to fill the accessible pores
with water, as this technique is concluded to be the most efficient by Safiuddin and Heran,
(2005). To understand the impact of cement replacement on the durability of cement
pastes, the RCM test was performed. In total 8 discs (50 mm in height), two for each mix,
were used for RCM tests at the age of 28 days. Before the RCM test, the electrical
resistance was measured on the same saturated samples by using the “two electrodes”
method (Polder, 2001) as already described in Section 6.2.1.
8.3. Results and discussion
8.3.1 Characterization of the PV silica-rich sludge
Figures 8.3 to 8.5 show the morphology of different nSS particles of nSS-1, nSS-2 and
nSS-3 obtained using a FEG-SEM microscope.
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Figure 8.3: Microstructure low vacuum (0.6 mbar, 10-20 KeV) FEG–SEM photomicrographs of the
nSS-1, a) overall agglomerates and contaminants b) polishing debris detail, c) nano-silica
agglomerates and a sea water fossil and d) details of agglomerates nano-particles.

The nSS is characterized by a wide particle size distribution, containing particles in the
micro and nano range (Figure 8.3a, 8.4a and 8.5a) that show a highly agglomerated state.
Angular, irregular and spherical particles are also identified (see Figures 8.3 to 8.5). The
semi-quantitative chemical analysis that was performed using an EDS detector
demonstrates that the nSS-1 has a high content of SiO2 (86 to 95%). Other elements that
were identified are Na, Al and P. These elements probably originate from the
stabilization agents that are normally used in colloidal silica products and the chemicals
to treat the waste water. The analysis of nSS-2 and nSS-3 shows small angular and
spherical particles. The spherical particles (silica fume) are composed of SiO2 (Figures
8.4c and 8.5d), commonly used in the preparation of CMP slurries (Min and Kwan, 2004).
In addition, small angular particles (Figures 8.4b, 8.5b and 8.5c) with a high content of
Ca and C (detected by EDS) were also identified. The calcium rich particles are
composed of CaCO3 (validated by XRD and TG/DSC analysis), which is used for CMP
slurries as well (Yamamoto et al., 2002; Min and Kwan, 2004; Morioka et al., 2004).
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Figure 8.4: Microstructure low vacuum (0.6 mbar, 10-20 KeV) FEG–SEM photomicrographs of the
nSS-2, a) overall agglomerates morphology, b) CaCO3 angular particles, c) nano-silica agglomerates
and spherical silica fume particles and d) details of agglomerated nano-particles.

The chemical analysis demonstrates that the silica sludge of nSS-2 and nSS-3 has a lower
content of SiO2 (47%) compared to nSS-1. Other elements that were identified are C, Na,
Cl, Ca, Mg, K, Al. Another observation is that the chloride content in the samples is high,
reaching values of 0.56 to 1.86%. The high chloride concentration originates, most likely,
from the use of deflocculating agents of the waste treatment or from chlorates used as
oxidizing agents (Sheng and Chung, 2004). Several authors reported (Sheng and Chung,
2004; Dena, 2005; Budiman, 2006) that water extracted from the sludge is normally
treated with aluminum poly-chloride compounds to deflocculate the nano-particles.
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Figure 8.5: Microstructure low vacuum (0.6 mbar, 10-20 KeV) FEG–SEM photomicrographs of the
nSS-3, a) overall agglomerates morphology, b) CaCO3 angular particles, c) nano-silica agglomerates
and CaCO3 angular particles and d) details of agglomerated nano-particles and spherical silica fume.

In order to obtain detailed information on the chemical composition of the investigated
nano-silica sludge, a quantitative X-ray fluorescence (XRF) analysis was performed. The
results are shown in Table 8.3. The data demonstrate that the nSS-1 is rich in SiO2
(80.6%), Al2O3 (8.9%), P2O5 (3.2%) and SO3 (2.1%). These results are in line with the
chemical analysis performed using the EDS detector. Furthermore, it is demonstrated that
the nSS-2 and nSS-3 are rich in CaO and SiO2, with an equivalent content between 41
and 43 % by weight of SiO2 and 45 to 56 % by weight of CaO. Another observation is the
high concentration of chloride (Cl-), confirmed in both samples (1.34 to 1.86 wt. %). This
concentration of chloride exceeds the maximum concentration (0.3 wt. %) specified for
micro-silica in NEN EN 3263-1 (2005) and it is higher than the maximum concentration
specified for Bottom ashes, which is 0.62 wt% (CUR, 1992). In this case, it is
recommended to determine the total chloride content in these samples by titration method
as specified in DIN EN 196-2 (2005) for cement. The high chloride content limits the
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application of this type of waste sludge in concrete and makes it probably not feasible for
special exposition classes.
Table 8.3: Chemical composition of the three waste silica sludge batches
and reference micro-silica (PmS-4) by XRF.
nSS-1
nSS-2
nSS-3
PmS-4
Substance
(wt. %)
(wt. %)
(wt. %)
(wt. %)
SiO2
80.58
40.67
43.09
96.12
Na2O
2.55
0.36
0.27
0.21
Al2O3
8.86
1.50
1.37
0.86
Fe2O3
0.39
0.41
0.47
0.34
CaO
1.96
55.79
44.51
0.39
Cl
0.56
1.86
1.34
0.30
P2O5
3.22
0.02
0.03
0.07
K2O
0.14
0.13
0.11
1.05
MgO
0.15
0.75
0.60
0.53
TiO2
0.06
0.06
0.06
0.01
MnO
0.01
0.03
0.04
SO3
2.07
0.28
0.15
0.36
Total C
1.01
11.91
10.69
0.66

In addition to the XRF analysis, X-ray diffraction (XRD) measurements were performed
to verify whether the silica sludge has crystalline impurities. The results for nSS-1 are
shown in Figure 8.6 (diffraction pattern - a). The XRD spectrum shown in Figure 8.6 is
typical for materials with high content of amorphous phases; no crystalline phases were
identified for this batch. On the contrary, the results of the nSS-2 and 3, shown in Figures
8.6 (diffraction pattern-b and pattern-c, respectively), revealed that in these two samples
the content of crystalline phases (in addition to amorphous SiO2) is high. The crystalline
phases identified were mainly calcium carbonates (Calcite type) and chloride containing
phases (NaCl and CaCl2). In addition, also CaO and remnant Si were found, probably in
small amounts, based on the relative height of their peaks. These results are in line with
the high calcium and chloride content found by the EDS and XRF analyses.
To complement the characterization of the different silica sludge samples, a combined
TG/DSC analysis was performed. Figure 3a shows the mass loss over the temperature. It
is evident from Figure 8.7 that nSS-1 is mainly composed of water (42 to 45%) and
amorphous SiO2. The temperature range between 20 to 200 °C, where this batch shows
the main weight loss, is typically for hydroxylated colloidal silica, which is mainly used
in the production of CMP slurries. The peak shown in Figure 8.8 (131 °C) is related to
zeolitic water (water inside the porous structure of the agglomerated amorphous silica).
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Figure 8.6: XRD spectrums of the different batches of nano-silica sludge (with a filtered background).
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Figure 8.7: TG curves for the different batches of nano-silica sludge.

In case of nSS-2 and nSS-3, the water content is lower than nSS-1, but both samples have
a main mass loss between 420 to 750 °C. This loss of weight is caused by the decarbonatation (CO2 release) of the calcium carbonates. Taking into account the mass loss
(24 to 27% CO2) and the molecular weight of each compound, it is possible to estimate
that nSS-2 and nSS-3 have 56% and 49% of CaCO3 respectively. Analyzing Figure 8.8,
several observations can be made. First, the peak where the water is released is related to
the difference in the porous structure (explained before in this section) and to the
composition of both samples. The peaks corresponding are observed at 131 °C for nSS-1

254

Photovoltaic waste as silica-rich supplementary cementitious material (SCM

and between 79.1 and 83.1 °C for nSS-2 and nSS-3, respectively. Secondly, the
successive peaks for nSS-2 and nSS-3 are related to the de-carbonation of CaCO3 (636.6
and 695.7 °C) and MgCO3 (595.4 °C) and the consequent formation of CaO, which reacts
later with the amorphous SiO2 to form Ȗ-C2S (739.3 and 756.7 °C).
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Figure 8.8: DSC curves for the different batches of nano-silica sludge.

Different adsorption curves obtained for the batches of silica sludge are presented in
Figure 8.9. All samples show absorption curves of Type IV, as it is classified by the
International Union of Pure and Applied Chemistry (IUPAC, 1985). These curves are
typical for mesoporous powders. The calculated BET specific surface area amounts to:
178 m2/g for nSS-1, 29 m2/g for nSS-2 and 38 m2/g for nSS-3 (see BET plot Figure 8.9).
These results are in agreement with the FEG-SEM, XRD and XRF analyses. In general, a
larger content of nano-silica in the samples gives a larger specific surface area. The BET
surface area calculated for nSS-2 and nSS-3 is comparable to the values specified for
micro-silica in NEN EN 13263-1 (2005), where a value between 15 and 35 m2/g is given.
Using the calculated BET specific surface area (BET plot in Figure 8.9), the density of
the particles (compared later in this section) and the procedure presented by Thiele et al.
(2010), it was possible to determine the size of the primary particles in the different
batches using Eq. (2.5). An average primary particle size computed for the different
batches of silica sludge were: 16 nm for nSS-1, 84 nm for nSS-2 and 66 nm for nSS-3.
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Figure 8.9: Nitrogen adsorption/desorption isotherms for the different batches of nano-silica sludge
and the BET plot derived in the relative pressure range from 0.20 to 0.04.

The results of the density measurements are depicted in Figure 8.10 together with the
density limit of commercial nano- and micro-silica powder (ECETOC, 2006). In this
context the nSS-1 is the only sample that has comparable specific density than nano-silica
(average 2.167 g/cm3). The other two batches presented specific densities higher than the
specified limits for micro-silica (2.3 g/cm3). The averages values obtained were 2.451
g/cm3 for nSS-2 and 2.402 g/cm3 for nSS-3. The reason for the high density is the high
content of CaCO3, as discussed previously; nSS-2 and nSS-3 have 52 and 62% by mass
of CaCO3, which density is about 2.73 g/cm3.
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Figure 8.10: Specific density of the different batches of nano-silica sludge versus the number of
measured cycles.
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8.3.2 Dispersibility study with high shear energy mixer and zeta potential (ȟ)
measurements

a)

15

D(0.9)
D(0.5)
D(0.1)

30

Surface weighted mean
D[3,2] (ȝm)

Particle size D(0.x)(ȝm)

40

20
10
0
0

50

100

150

200

b)

25

3000 rpm (pH=7.54)
Particle Vol%

20

10

15
10

5

5
0

250

0
0

Stirring time (min)

50

100

150

Stirring time (min)

200

Volume of particles smaller
than 1ȝm (%)

Due to the highly agglomerated state of the nano-silica sludge, a dispersibility study was
performed. For this study only a sample of nSS-2 was considered based on the similarity
to nSS-3. Batch 1 (nSS-1) was discarded for the dispersibility study due to its high
content of impurities. In addition, zeta potential was measured to study the stability of the
dispersion. The results of the performed tests are presented in Figure 8.10 and Figure
8.11.
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Figure 8.10: a) Evolution of the granulometric parameters of one nano-silica sludge (nSS-2, 3000 rpm
over 210 min, pH = 7.54), b) surface weighted mean (D[3,2]) and volume (%) of nano-particles
generated.
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Figure 8.11: a) Evolution of the granulometric parameters of one nano-silica sludge (nSS-2, 7000 rpm
over 210 min, pH = 7.94), b) surface weighted mean (D[3,2]) and volume (%) of nano-particles
generated.

Comparing the results shown in Figures 8.10 and 8.11, several observations and
conclusions can be drawn. First, the size reducing effect or dispersion is more effective at
7000 rpm than at 3000 rpm. In the latter case, an effective reduction was observed after
the first 30 min of stirring, but with proceeding stirring time, only the coarse particles
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Adhesive force (ȝN)

(D(0.9) parameter) were affected, whereas the other two parameters (D(0.5) and D(0.1))
showed a constant value over that period. The same behavior was also confirmed by the
constant values of the surface weighted mean (D[3,2]), shown in Figure 10b. It is evident
that the introduced energy was not sufficient to break the agglomerated particles to nanoparticles and to totally disperse them. The maximum amount of nano-particles generated
during the studied period was 14.5% by volume. Similar trends were obtained with the
experiments at 7000 rpm (Figure 8.11). Even though more energy was introduced into the
system, only D(0.9) and D(0.5) are effectively reduced. The higher mixing energy results
in a higher amount of non-agglomerated nano-particles at shorter time. During the first 30
min, almost the same amount (by volume) of nano-particles was generated at 7000 rpm
as generated at 3000 rpm during 210 min. The maximum amount of nano-particles
generated at 7000 rpm was 22% by volume. This behavior has already been reported by
different authors (Pacek et al., 2007; Padron et al., 2008; Özcan-Taskin and Padron, 2009;
Ding et al., 2009). In general, larger agglomerates suspended in a fluid are broken when
the hydrodynamic forces exceed the cohesive bonds between the particles or smaller
agglomerates. The strength of individual bonds depends on the type of nano-particles
(van der Waals interactions), surface properties (wettability, zeta potential, etc.) and the
nature of the dispersion media (liquid bridges within agglomerates). Different
mechanisms of fracturing have been postulated (shattering, rupture and erosion) and their
occurrence depends on the size of the agglomerates and the energy introduced to the
dispersion (Özcan-Taskin and Padron, 2009). It has been postulated that erosion occurs at
low energy intensity and that particles are broken by fragmentation when the energy
intensity increases (Goa and Frossberg, 1995). As the agglomerates become smaller
during de-agglomeration, surface forces become more important than mass forces and for
agglomerates smaller than 1 ȝm, surface forces are more than one million times larger
than mass force (Kendall and Staiton, 2001) as it is illustrated in Figure 8.12.

Particle size D (ȝm)
Figure 8.12. Interparticle forces of spherical particles and particle weight in dependence of the
particle diameter (Hüsken, 2010).
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Therefore, fracturing of large agglomerates is relatively simple, whereas fracturing of
agglomerates smaller than 1 ȝm might be very difficult and it has been suggested that the
particles smaller than 10 to 100 nm cannot be broken by mechanical action (Mende et al.,
2003). Probably, this is also the case for nano-silica particles. It was easy to break the
bigger agglomerates (decreasing D(0.9) and D(0.5), but the smaller ones (D(0.1) and
particles lower than 1 ȝm) reached a constant value earlier (see, Figure 8.11a). Based on
these results, it can be concluded that the breaking mechanism is dominated by the
erosion and rupture of the bigger agglomerates. In addition, it is evident that the energy
introduced to the system (7000 rpm.) and the time of stirring was not sufficient to
produce shattering of the agglomerates to nano-particles. It is recommended to perform
further research using another type of mechanical mixing technique or to increase the
stirring time to more than 210 min.
Other researchers reported (Wengeler and Nirschl, 2007; Pacek et al., 2007; Ding et al.,
2009) that the mechanical stirring shall be complemented with chemical additives to
increase the dispersibility and to overcome the forces involved when small agglomerates
are generated during the dispersing process. For that reason, experiments with varying pH
value of the dispersion were performed. The results for varying pH values of the
dispersion ranging from 7.8 to 9.6 were similar (Figure 8.13), only a small increase in the
volume of nano-particles was observed. Nevertheless, the dispersion shows more stability
over time and less sedimentation of the particles was observed after 3 days.

250

Stirring time (min)

Figure 8.13: a) Evolution of the granulometric parameters of nano-silica sludge (nSS-2, 7000 rpm
and 210 min, pH = 9.6), b) surface weighted mean (D[3,2]) and volume (%) of nano-particles
generated.

The zeta potential of the silica particles dispersed using the high-energy mixer is shown
in Table 8.4. Studying the results presented in Table 8.4, it is evident that it is easier to
disperse the nSS-2 due to the higher zeta potential (- 39.3 mV). It can be stated that with
higher pH value, the particle surfaces are more negatively charged (Iler, 1979). A more
negative zeta potential produces more stable dispersions due to the electrostatic repulsion
of the particles, which avoids their re-agglomeration. The higher zeta potential improves
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the stability of the particles smaller than 1 ȝm. Despite of the higher stability, it is still
not possible to increase the volume of dispersed nano-particles to more than 22% (Figure
8.11b).
Table 8.4: Zeta potential of the nano-silica of batch
2 dispersed in tap water (1% by weight) at 25 °C.
Sample
Zeta potential (mV)
nSS-2 (3000 rpm, pH=7.4)
-26.1
nSS-2 (7000 rpm, pH=7.8)
-26.6
nSS-2 (7000 rpm, pH=9.6)
-39.3

8.3.3 Hydration kinetics of cement pastes with nano-silica sludge
Studying the obtained curves (Figure 8.14), it is evident that the replacement of cement
with different amounts of nSS-2 does not have a decreasing effect on the heat flow of the
blended paste. On the contrary, a higher heat flow was found due to the nucleation effect
produced in the cement paste and due to the pozzolanic activity promoted by the presence
of amorphous nano-silica and CaCO3 particles (Figure 8.15).
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Figure 8.14: 10. a) Normalized heat flow of cement pastes with nSS-2 addition (bwoc) and details of
the different stages of the induction period.

Different authors reported (Lothenbach et a., 2011; Zhang et al., 2012; Nicoleau, 2012;
Lothenbach et a., 2012; Hou et al., 2013) that nano-particles can accelerate the setting of
cement pastes due to two acting mechanisms. The first one is the so-called filler effect
that appears when the nano-particles are inert. Fillers with very high specific surface area
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produce more nucleation points for C-S-H seeds at early age. When the thermodynamic
barrier is overcome, these nuclei start to grow and to form second stage C-S-H gel and
portlandite (Taylor, 1990).
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Figure 8.15. Normalized total heat evolution of cement pastes (Q) with nSS-2 addition (bwoc).

The second effect is routed to the reactivity of the nano-particles in the case of
amorphous SiO2. The small amorphous SiO2 particles react with the CH released from
the hydration of the calcium silicates in the clinker forming extra C-S-H gel. Similarly, it
is stated that part of the CaCO3 are reactive (Hewlett, 2004) and it can be incorporated in
the hydration products of the aluminate phases, for example AFm or AFt (Hewlett, 2004;
Lothenbach et al., 2011). These two effects are probably acting at the same time
producing the extra heat observed when the concentration of nSS-2 increases. Another
observation can be made from Figure 8.14. It is possible to observe that higher amounts
of nSS-2 produce the appearance of a second peak (indicated by a black arrow at 30 h in
Figure 8.14). Normally, this peak appears at about 30 hrs of hydration and can be
attributed to the formation of monosulfoaluminate (AFm) phases (Hewlett, 2004; Taylor,
1990) due to the reaction between the initial ettringite (AFt) formed at early age and the
remnant C3A. Likewise, it can also be caused by the formation of monocarboaluminate
(CO3-AFm) as it was stated by other authors (Hewlett, 2004; Lothenbach et al., 2011) for
OPC-CaCO3 blends. The accelerating effect of nSS-2 is evident from Figure 8.16a. In
Figure 8.16a, it is possible to observe that the rate of heat (increasing slope) in the
acceleration period follows a linear relationship (R2 = 0.99). It is possible that the slope
of this period is related to the increased amount of nucleation sites produced by the
increased specific surface area.
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Figure 8.16: a) Changes in the slope of the acceleration period caused by the addition of nSS-2 (data
were derived from the curves of Figure 8.14, b) changes in the extrapolated maximum heat of cement
paste with nSS-2 (derived from the curves of Figure 8.15 taking into account an exponential fit decay
model). In all graphs, the solid line fits the linear portion of the data set and the dashed lines show
±10% limit to the best-fit line according to the recommendation established by Oey et al. (2013).

Despite the accelerating effect described before, the presence of SP in the silica sludge
caused an extension of the induction period (Figure 8.14 and Table 8.5). The increasing
amount of nSS-2 slurry increases the total SP content as well (see Table 8.1). Despite the
retardation effect on the induction period (calculated as the time between the lower point
of the heat flow curve and the first inflexion point in the main peak), the relative setting
time (calculated as the time between the first and the second inflexion point in the heat
flow curve), as well the time to reach the maximum hydration peak of the cement paste,
were accelerated.
Table 8.5: Hydration kinetics of cement pastes containing nSS-2.
Induction period Relative setting time
Peak time
Paste type
(h: min)
(h: min)
(h: min)
CEM I 52.5 N
0: 39
2: 03
7: 39
nSS-2 (3% bwoc)
1: 03
1: 56
7: 20
nSS-2 (6% bwoc)
1: 22
1: 45
6: 58
nSS-2 (9% bwoc)

1: 35

1: 40

6: 35

The pozzolanic activity of the nSS-2 is confirmed by the increase of the total heat shown
in Figure 8.15. The total heat is the contribution of heat produced by the cement particles
themselves (accelerated by the filler addition) and the heat contribution of the pozzolanic
reaction between the nano-silica particles and the precipitated Ca(OH)2 (Hewlett, 2004).
According to van Breugel (1991), the total heat can be related to the hydration degree of
the paste (Į = Q(t)/Qmax), see Eq. (7.1). Similarly, the hydration degree of the paste was
related to the compressive strength of the paste, if the parameters of the microstructure
are similar (ex. porosity). Thus, higher compressive strength is expected with the
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progressive increase of nano-silica sludge. In contrast to the rate of heat evolution during
the acceleration period, the maximum extrapolated heat (Qmax) follows an exponential
trend (Figure 8.16b) with a good correlation (R2 = 0.96).
As an additional hydration kinetic study, cement pastes following the recipe shown in
Table 8.2 (without sand) were tested by isothermal calorimetry. The purpose of this test
was to compare the effect of the different silica sludge batches (1-3) at same replacement
level (7% bwoc) and comparable workability (adjusted by different SP amount) on the
hydration kinetics of the standard mortars. The resultant heat flow and accumulative heat
evolution curves are shown in Figure 8.17.
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Figure 8.17: Normalized heat flow (HF) and total heat evolution (Q) of cement pastes with 7% bwoc
of nSS and different SP content.

In Figure 8.17, it is possible to observe that nSS-1 presented, at the initial 24 h of
hydration, a lower heat flow but a wider peak compared to the pure cement paste. These
differences can be attributed to several factors. The first influencing factor is related to
the delaying effect due to the presence of SP in the paste of batch 1 (0.68% bwoc).
Nevertheless, the delaying effect of the SP normally influences the induction period (as it
is evident from Table 8.6) but will not change the height of the maximum peak of
hydration. A change in the maximum peak height is normally expected with retarding
agents instead of PCE type superplasticizer (Nelson and Guillot, 2006). This leads to a
second possible factor that reduces the hydration peak. The second factor is the
precipitation of initial hydration products, supported by a higher heat during the initial
dissolution of the paste (initial 2.5 h) or the adsorption of some contaminants such as
unknown organics or water-soluble phosphates (nSS-1 has 3.22% of P2O5) on the surface
of the cement grains with some protective properties producing a retarding effect in the
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rate of alite hydration. Thus, the hydration rate is reduced (see Figure 8.18a), but
extended in time (widening the hydration peak).
Table 8.6: Hydration kinetics of cement pastes containing 7% bwoc of different silica samples
(nSS and mS) studied.
Induction period Relative setting time
Peak time
Paste type
(h: min)
(h: min)
(h: min)
CEM I 52.5 N (No SP)
0: 42
2: 10
8: 47
nSS-1 (SP 0.68%)
1: 32
1: 31
10: 48
nSS-2 (SP 0.44%)
1: 49
2: 01
9: 38
nSS-3 (SP 0.44%)

1: 29

1: 51

8: 19

Micro-silica slurry-PmS-4 (SP 0.24%)

1: 41

1: 58

9: 32
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Figure 8.18: a) Changes in the slope of the acceleration period caused by the addition of 7% bwoc of
nSS and different SP amount, b) changes in the extrapolated maximum heat of cement paste with 7%
bwoc of nSS and different SP content. The data were derived from the curves of Figure 8.17.

The widening of the hydration peak is also the result of the higher rate of hydration in the
aluminate phases. Different authors (Hewlett, 2004; Nelson and Guillot, 2006) reported
that a small amount (0.05%) of water-soluble P2O5 or organophosphonates produces
setting retardation. The mechanism reported (Nelson and Guillot, 2006) involves the
adsorption of phosphonate groups onto the nuclei of cement hydrates, thus hindering their
growth. Even though a lower heat flow was observed in pastes with nSS-1, the
accumulative heat is similar at 78 h of hydration (Figure 8.17) and the extrapolated
maximum heat becomes higher than for cement, but lower than that of the other silica
sludge batches (2-3), as is shown in Figure 8.18b. The lower heat flow observed is not
expected because the nSS-1 has the highest BET specific surface area (178 m2/g), thus a
higher filler and pozzolanic effect is expected to produce an increase in the heat flow
curve compared to the reference cement paste and the other silica sludge batches (BET of
29-38 m2/g).
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Although nSS-1, nSS-2 and nSS-3 presented higher heat flow than the cement paste, it
was similar to the reference micro-silica (PmS-4) studied. The main differences observed
are the heat released during the first hours and the height of the second hydration peak
related to the aluminate phases. This is attributed to the different amount of CaCO3
estimated (Section 8.3.1) in the silica sludge of the batches 2-3 (56 and 49%,
respectively). The higher amount of CaCO3 (lower SiO2) of nSS-2 influenced to a higher
extent the aluminates hydration peak mainly due to the filler and pozzolanic effect
explained before. The small difference in the composition is also observed in Figure
8.18a where nSS-2 shows a slightly lower rate of hydration (slope) during the
acceleration period due to its lower content of SiO2 compared to nSS-3. Both silica
sludges (nSS-2 and nSS-3) are characterized by slightly higher rate of hydration (slope
during the acceleration period) compared to the reference micro-silica (Figure 8.18a). It is
caused by the higher BET specific surface area of the silica sludges (29 and 38 for batch
2 and 3, and 22 m2/g for micro-silica, respectively). Also, the differences in the
composition influenced the estimated induction period, relative setting time and the time
to reach the maximum peak of hydration as shown in Table 8.6. In general, a higher
amount of SiO2 with the same SP content (0.44% bwoc) results in a shortening of the
induction period and setting times for nSS-3. Nevertheless, it does not apply for the
micro-silica slurry (96% of SiO2 and 0.24% bwob of SP), which shows a longer induction
period and the time to reach the maximum hydration peak (see Table 8.6).
Figure 8.18b shows the maximum extrapolated heat for the different pastes with 7%
cement replacement. The cementitious properties of the different silica sludge batches are
confirmed by the presence of an increase of the total heat compared to the cement
reference. The total heat is the contribution of heat produced by the cement particles
themselves (accelerated by the filler addition) and the probable heat contribution of the
pozzolanic reaction between the nano-silica particles and the precipitated portlandite
(Hewlett, 1988). A further analysis is presented in Section 8.3.5.
8.3.4 Compressive strength tests of cured cement mortars and pozzolanic activity
The evolution of the mechanical properties of the different mortars tested is shown in
Figure 8.19. Analyzing the evolution of the flexural strength over time (Figure 8.19a),
several observations can be made. At early age (1 day) the flexural strength was
influenced by the different doses of SP added to the mortar (see Table 8.2). The nSS-1
showed the lowest flexural strength due to the high content of SP (0.68%) and probably
due to differences in the chemical composition and the presence of contaminants. On the
contrary, nSS-2 and nSS-3 showed already at 1 day comparable flexural strength
compared to the reference standard mortar (CEM I 52.5N). At 7 days, the same behavior
in the flexural strength was observed for all tested mortars, with the exception that the
difference in the strength of nSS-1 to the reference mortar is smaller. Finally, at 28 days
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all tested mortars obtained lower flexural strength than the reference mortar. It is
important to notice that all average values of the 28 days a flexural strength are near to
the error band of the test (± 8.3%).
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Figure 8.19: Development of the mechanical properties of the tested mortars (7% bwoc of nSS), a)
flexural strength, b) compressive strength.

In case of the compressive strength of the tested mortars (Figure 8.19b) at 1 day, it is also
possible to observe the influence of the different SP concentrations. At this age, the
mortar prepared using the nSS-3 showed the highest compressive strength. In addition,
nSS-1 presented the lowest compressive strength - similar to the flexural strength. The
lowest compressive strength of nSS-1 is the result of its P2O5 content. The 1 day
compressive strength results are in line with the calorimetric curves shown in Figure 8.17.
At 7 days, the strength development of nSS-2, nSS-3 and the reference micro-silica
(PmS-4) reached higher compressive strength than the reference mortar (CEM I 52.5 N).
At this age, the delaying effect observed for nSS-1 is still evident. Finally, at 28 days the
compressive strength of the mortar with nSS-3 resulted in higher compressive strength
than the mortar with 100% cement (CEM I 52.5 N), but lower than the micro-silica
mortar. At this age, the mortar prepared with nSS-1 showed the lowest compressive
strength (60 N/mm2). Apparently, at 28 days the delaying effect produced by the P2O5
content in batch 1 is overcome and the mortar developed its normal strength. Another
factor that probably influences the compressive strength is the volume of air voids of the
mortars. In general, it is empirically accepted that 1% increase in air void volume will
lead to a 5% decrease in compressive strength (Neville, 2002). Table 8.2 shows the
estimated air content of the hardened mortars. The data listed in Table 8.2 reveal that the
mortar with the highest air content was nSS-1 (11%) and the lowest value was obtained
by the mortar with PmS-4 (4%). The difference in the air content explains why the silica
sludge of batch 1 presented the lowest compressive strength despite of its high specific
surface area. The methodology used to obtain the mechanical properties of the mortar can
be validated comparing the specified values of the cement (CEM I 52.5N) as published
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by the ENCI (Betonpocket, 2010), which are for 1 day 22 ± 3 N/mm2 and 28 days 65 ± 4
N/mm2. In this case, the experimental values obtained are in the range reported for this
type of cement produced in the ENCI manufacturing facilities of Maastricht, The
Netherlands.
The values of the 7 and 28 days compressive strength were used to estimate the relative
pozzolanic activity index of the different nano-silica and the micro-silica samples. The
pozzolanic index was calculated based on the compressive strength of the reference
mortar (100%) and is shown in Figure 8.20.
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Figure 8.20: 7 and 28 days pozzolanic index of the different nSS slurries tested.

The computed activity index demonstrated that the nano-silica sludge has pozzolanic
activity and confirms the results obtained by the isothermal calorimetric measurements.
The activity index varied between 82 and 107% for all silica samples. Only the mortar
with nSS-1 showed an index lower than 100%. On the contrary, the mortars with nSS-2
and nSS-3 presented a pozzolanic activity index of 100-103%. In general, the minimum
pozzolanic activity index specified for micro-silica is 95% (NEN EN 13263-1 A1, 2005),
this means that it is possible to classify the nano-silica sludge as a pozzolanic material
like the micro-silica tested. Even though positive results were obtained, further research
is needed to guarantee a constant quality of the nano-silica sludge due to variations that
were observed for the analyzed batches. Furthermore, extra tests should be performed to
determine the maximum amount of cement replacement that can be realized by the
application of this type of waste nano-silica.
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8.3.5 Characterization of the hydrated mortar
Microstructural characterization and analysis
Figure 8.21 shows an overview of the matrix and sand distribution of the hardened
mortars.
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Figure 8.21: ESEM–BSE pictures of different mortars tested at 28 days, a) reference, b) nSS-2, c)
nSS-1, d) PmS-4, e) detailed ITZ in nSS-1 mortar and f) detailed ITZ in PmS-4 mortar.

268

Photovoltaic waste as silica-rich supplementary cementitious material (SCM

The microstructural characteristics of the mortars were found to be similar. The main
differences observed are in the air content and the narrow pore size distribution. It was
expected due to the varying air content of the mortars. The highest value was measured
for nSS-1 (11%) and the lowest for the micro-silica (4%), as shown in Table 8.2.
Nevertheless, from a microstructural point of view, the mortars prepared with nSS-1 and
micro-silica (PmS-4) presented a denser and lower porous interphase than the cement
sample (Figure 8.21e and f). On the contrary, more small pores were observed in the sand
grain interphases of the nSS-2 mortar. In addition, only the mortar formulated with nSS-1
showed large non-reacted agglomerates that are rich in iron (verified by EDS). Despite
the presence of large agglomerates, the hardened matrix appears denser, probably due to
a higher degree of hydration caused by the presence of amorphous silica particles with
high specific surface area. In the following sections more evidence will be provided on
the different effects of the silica sludges.
Phase composition of the hydrated mortars by TGA/DTG and XRD
The extent of cement hydration was estimated from changes observed by TGA/DTG and
relative changes in the peak intensities of the crystalline phases in the XRD patterns. The
results of thermogravimetric analysis are summarized in Figure 8.22 and Table 8.7. For
the interpretation of TGA/DTG results shown in Figure 8.22, it has been reported
(Hewlett, 2004; Taylor, 1990; Ramachandran, 2002) that the weight loss at 100-130 °C
corresponds to the evaporation of adsorbed water, at 115-125 °C to C-S-H gel, ettringite
at temperatures of 120-130 °C, AFm phases at 180-200 °C, calcium hydroxide
(portlandite) in the range 410-550 °C and calcium carbonate at 680-750 °C. In addition, a
presence of a broad initial peak, related to a CO2 release at 550-680 °C have been
attributed as an indication of the formation of significant fraction of calcium
manocarboaluminate (Lothenbach and Wieland, 2006). When comparing the mass loss
in the different mixes, four differences can be observed. First, the initial shoulder
presented at the temperature range 85-115 °C disappeared in the case of nSS-1 and
becomes more noticeable in the case of the micro-silica mortar. Second, the main peaks
attributed to portlandite in the mortars are low compared to the peak of the reference
mortar. This is caused by the pozzolanic reaction produced by the presence of amorphous
SiO2 in the silica sludge (batches 1-2) and the micro-silica slurry. Third, the two peaks
related to the decomposition of monocarboaluminates and calcites are different. The
height of these two peaks depends on the initial CaCO3 content of the cement and nSS-2
samples. One further interesting observation is the fact that both peaks are shifted to the
right for the case of nSS-1. This is an evidence of the refinement of the microstructure
due to a higher degree of hydration. Finally, the last difference is observed for the peak at
750-930 °C, which is bigger in the presence of the silica sludge and micro-silica.
Unfortunately, no direct explanation of this extra weight loss was found in the literature.
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Figure 8.22: TGA/DTG of the studied mortars.

This peak is related to the decomposition of other unknown remnant phases (sulfates or
other hydrates) that are formed due to the refinement of the C-S-H gel caused by the
promoted pozzolanic reaction between silica nano-particles with high specific surface
area. Evidence for this is that the peak is higher for the samples with more surface area
and amorphous silica content. The quantitative results calculated by the weight loss and
stoichiometric considerations are shown in Table 8.7.
Table 8.7: Results of the thermogravimetric analysis of the studied standard mortars.
Portlandite
Chemically bound water
Calcite
Mortar
(wt. %)
(wt. %)
(wt. %)
CEM I 52.5 N (No SP)
9.42
3.40
2.25
nSS-1 (SP 0.68%)
6.09
3.82
1.94
nSS-2 (SP 0.44%)
6.76
3.23
2.57
PmS-4, Micro-silica (SP 0.24%)

6.23

3.74

1.76

For the data presented in Table 8.7, it is evident that the portlandite content is
considerably reduced (34-35% average) for nSS-1 and micro-silica mortars. The decrease
is lower (28%) for nSS-2. The results demonstrated that the silica sludge (batches 1-2)
possesses supplementary cementitious properties. In addition, the calculated chemically
bound water gives an indication about the hydration degree of the mortar’s cement matrix
and is high in the presence of nSS-1 and micro-silica. On the contrary, nSS-2 presented
lower amount of chemically bound water. It can be attributed to dilution effects (less
cement content) and lower reactivity due to its diminished content of SiO2 (40.7%).
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Similar, the final calcite content varies depending on the sludge composition. The lowest
values were found for the samples with higher amount of SiO2 (nSS-1 and micro-silica).
It is possible that the promotion of the hydration due to the filler and pozzolanic effect
(formation of mono and hemicarboaluminates phases) increases also the partial reactivity
of CaCO3 (Lothenbach et al., 2011).
The results obtained by TGA/DTG were confirmed by XRD. A closer inspection of the
XRD patterns (Figure 8.23) shows qualitatively the decreased intensities of the alite,
belite, aluminate and ferrite phases in mortars with silica sludge (batch 1-2) and microsilica compared to the reference sample, which is evident for higher hydration degrees.
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The main phases identified were quartz, calcite and portlandite. The hydrated phases
identified were ettringite and in minor extent calcium monosulfoaluminate and
monocarboaluminate. Other phases could not be identified in the XRD analysis as many
peaks overlapped or are poorly crystalline. The TG/DTG and XRD results are consistent
to the thermodynamically modeled expected phases for the complete hydration of
Portland cement blended with SiO2 (Lothenbach and Wieland, 2006; Lothenbach et al.,
2011). For a concentration of 3 to 5% of SiO2 (equivalent added with a 7% cement
replaced by the different sludges) the expected phases are ettringite, portlandite,
monocarboaluminate, hydrotalcite, calcite, aluminium hydroxide and jennite-like C-(A-)
S-H gel.
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Permeable (water accessible) porosity
The results of the measurements of the permeable or total porosity of the mortars are
presented in Table 8.8. The results demonstrate surprisingly that the reference mortar has
comparable porosity (19.2%) to the mortars containing silica sludge of batch 1-2 (19.4
and 19.5%, respectively). On the contrary, the mortar with micro-silica has the lowest
total porosity (17.5%). The porosity and the tortuosity of the pores in the hardened
cement paste are normally reduced when pozzolanic materials are added, and this
influences many properties such as the compressive and splitting tensile strength
(Garboczi, 1990).
Table 8.8: 28-day water permeable porosity of the different standard mortars.
Mortar
Reference
nSS-1
nSS-2
PmS-4
Total porosity (Vol. %)
19.2 ± 0.8
19.4 ± 0.4
19.5 ± 0.5
17.5 ± 1.2

Nevertheless, Yogendran and Langan (1987) stated that for the addition of micro-silica
the total pore volume is not necessarily changed, but larger pores appear to be subdivided
into smaller pores. Apparently, the same behavior was found for the mortars containing
silica sludge. In addition, it has been stated (Lothenbach et al., 2011) that the partial
replacement of cement with SCM leads to a decrease in the total volume of formed
hydration phases. This means that blended pastes have higher total porosity than 100%
OPC pastes. This can be the reason of the high porosity values. Another factor of
influence is related to the different air content of the mortars. Some researchers
(Safiuddin and Hearn, 2005) state that the vacuum-saturation technique is also able to
take accessible air voids into account. This means that the porosity values shown in Table
8.8 consider also the differences in the air content of the mixes (the lower the air content
the lower the permeable porosity). This is in line with the lowest value of total porosity
found for the micro-silica mortar and which has also the lowest air content (4%). Even
though the highest total porosity was measured for the silica sludge mortar a refined pore
structure is expected.
Rapid Chloride Migration test (RCM) and electrical conductivity
Figure 8.24a shows the average values of the electrical conductivity measured on
hardened reference mortars and the mortar with silica sludge of batches 1-2 and microsilica. It is clearly demonstrated that the electrical conductivity of the mortar is reduced
by the nSS-1 (- 45%) and by the micro-silica (- 79%) compared to the reference samples.
Meanwhile, the mortar with the nSS-2 presented a slightly lower electrical conductivity
than the reference sample (- 3.5%).
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Figure 8.24: 28 day results of the tested mortars, a) electrical conductivity, b) chloride migration
coefficient (DRCM).

This behavior is an indication of the ability of the water saturated pore structure of the
hydrated mortar to transport electrical charge. Different authors (Andrade et al., 2007;
Desmet et al., 2011; Andrade et al., 2011) established that the electrical conductivity is
directly related to the porosity, the pore structure (tortuosity, connectivity and
conductivity) and to the pH of the pore solution. The pH in presence of amorphous silica
is decreased, as established by Spiesz et al., 2012. In general, higher porosity means
higher electrical conductivity due the presence of more volumetric fractions of
interconnected pores. The lower electrical conductivity of the mortars with high amount
of nano-silica (nSS-1 and micro-silica) is the result of the pore structure refinement (less
connected pores) due to the progressive pozzolanic reaction and higher hydration degree
(confirmed by TG/DTG and the microstructural analysis). Apparently, the lower
concentration of SiO2 (40.7%) and the higher concentration of CaCO3 in nSS-2 produced
similar electrical conductivity values compared to the reference sample. This behavior is
consistent to the low hydration degree presented in this mortar (less chemically bound
water). These results demonstrate that the replacement of cement by the silica sludge
does not have adverse effects on the pore structures. On the contrary, similar or lower
electrical conductivity is obtained due to a refined pore structure. Thus, the improvement
of the pore structure of concrete depends on the equivalent SiO2 content of the silica
sludge.
The Rapid Chloride Migration test, performed according to NT Build 492 (1999) is a
commonly used accelerated technique for determining the chloride transport rate in
concrete. The output of the test (the so-called chloride migration coefficient DRCM) is
employed in service-life design models for concrete elements and structures exposed to
chlorides. This technique was employed in the standard mortar to assess the possible
effect of the chloride content of the silica sludges on the durability of the hardened
mortars. In this context, Figure 8.24b presents the average values of the calculated
chloride migration coefficient (DRCM) of each mortar studied. Like the conductivity test
results, the migration coefficients are much lower for the mixes containing high amounts
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of silica. The mortar with micro-silica shows again the best performance. The explanation
for this behavior is the same as previously discussed for the electrical conductivity test
results. A finer porosity, greater tortuosity and more precipitated C-S-H gel reduce the
ingress speed of chlorides into the mortars. Despite the high chloride concentration of the
silica sludge of batch 2 (1.86%), the DRCM coefficient of the mortar was not affected. This
means that at replacement level as used in the present study (7% bwoc) no adverse effects
on the durability of the hardened cement paste are expected. Extra durability assessment
should be performed for further replacement levels. On the contrary, if nSS-1 is used to
replace cement an enhanced durability is expected.

8.4 Conclusions
In this chapter, the physical and chemical characteristics of several photovoltaic’s silicarich sludges samples were determined and studied. The effect on the compressive
strength of mortars due to the addition of stable slurries formulated of silica sludge was
discussed. In addition, several assessment tests were conducted to investigate the
potential use of photovoltaic waste as silica-rich supplementary cementitious material for
concrete. A series of tests were carried out on mortars with 7% bwoc replacement level to
compare the performance of the silica-rich sludge with those of micro-silica. Based on
test results, several conclusions can be drawn:
1. The silica sludge samples studied are composed of highly agglomerated nano-particles
and micro-sized waste particles. Their chemical analyses reveal a high content of
amorphous SiO2 and CaCO3 with some impurities related to the additives used to
prepare the original polishing slurries.
2. The dispersibility study using a high-energy shear mixer demonstrated that it is
possible to disperse the agglomerated particles of the original filter cake to nano-size.
The resulting slurries are stable and easy to prepare for the application in concrete.
3. The mechanical properties (flexural and compressive strength) of mortars with 7%
bwoc of silica sludge are similar, and in some cases slightly higher, to the reference
mortar. Therefore, the silica sludge of batch 2 and 3 can be classified as a pozzolanic
material having an activity index higher than 100.
4. The detailed characterization of the hydrated system demonstrated that the
replacement of cement with photovoltaic’s silica-rich waste influenced the amount and
kind of formed hydration phases and thus the volume, the porosity and finally the
durability of the tested mortars. At the substitution level used in the present study,
major changes are in the amount of chemically bonded water (C-S-H gel formed), the
consumption of portlandite, electrical conductivity and chloride migration. At early
age, filler and nucleating effects produced an increased reaction of the clinker phases;
except for the silica sludge of batch 1 that had a retarding effect due to is content of

274

Photovoltaic waste as silica-rich supplementary cementitious material (SCM

water-soluble P2O5. In addition, it was found that the hydration of the aluminates
phases is affected depending on the CaCO3 and SiO2 content of the studied sludge
samples
Even though positives results were obtained, further research is needed to study if this
type of waste material can be supplied with stable physical and chemical properties. In
addition, it is important to study the long-term effects on the concrete durability due to
the high substitution level and the chloride content that was found in the sludge. The
results demonstrate that the photovoltaic waste can be used as a potential silica-rich SCM
to partly replace cement in concrete, thereby decreasing the CO2 footprint of concrete and
the environmental impact associated with landfill.
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Chapter 9
1 Conclusions and recommendations
9.1 Conclusions
Because of the global extensive use of concrete, it is important to evaluate the
environmental impact of this material. Additionally, to ensure the future competitiveness
of concrete as a building material, it is essential to improve the sustainability of concrete
infrastructures. The approaches to reduce the environmental impact of concrete include:
optimized calcination and grinding process of raw materials, new concrete design and
production methods as optimized grading curves, and use of new superplasticizers and
inert or reactive binders which modify the hydration behavior. In this context, the
environmental impact and sustainability of concrete was improved in this thesis by the
use of nano-silica combined with a concrete mix design tool developed by Hüsken and
Brouwers (2008). This allows the development of “green concretes” which are produced
and used taking into account some of the approaches presented in Chapter 1. However,
the implementation of these “green” concepts implies that certain parameters in the mix
design process need to be changed to obtain a sufficiently workable, strong and durable
concrete. Recent developments in nanotechnology are promising in addressing many of
the challenges to produce an environmentally friendly concrete. The literature review
showed that the most often investigated and used nano-material in concrete is nano-silica
(nS). Despite the available literature related to nano-silica and its very positive influence
on the properties of concrete, to the author’s knowledge, there is no systematic study on
the influence of different nano-silica additives on the fresh and hardened concrete
properties. Additionally, there is no study available which considers the difference in
reactivity and possible effects on concrete mixes caused by different production routes.
Also in the case of the application of nano-silica in concrete, most of the available
literature only superficially investigates its durability. The durability and sustainability of
concrete are continuously becoming of increasing importance for the construction
industry; nevertheless, only a limited amount of information can be found regarding the
real changes in concrete properties when amorphous nano-silica is added.
Currently, micro-silica is only applied in special cases, due to its high price and low
availability in some countries, and nano-silica is not used in practice yet. Again, the
economic factor strongly limits the nano-silica usage in concrete mass products.
Nevertheless, with the research on the greener and more economical production route of
precipitated olivine nano-silica and its application in cement based composites (Chapter 5)
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as well as with the new sources of nano-silica from other processes (Chapter 8), in the
future nano-silica should be available at a much lower price so that its application in
concrete becomes more attractive and common.
Considering nano-silica as a potentially very effective additive for the improvement of
the concrete properties and sustainability, its application and effects were investigated
and analyzed in this PhD thesis. In Chapters 1 and 2 a literature review of nS
specification, selection of commercially available products as well its applicability in
concrete was addressed. The main properties and characteristics of nS and micro-silica
were obtained using different techniques such as laser granulometry, SEM, TEM and
BET measurements (Chapter 3). It was found that the essential characteristics are not
only the density and PSD of nano-silica, but also its agglomeration state, dispersability,
concentration and the amount of silanol groups on their surface (Chapters 3 and 4). A
new developed nano-silica produced from olivine was applied and tested (Chapter 5). In
addition to this, a design tool used for the mix design of concrete was extended to
account for particles in the nano range, whereby special effects may occur (Chapter 4).
The aim of this thesis was to create a practical application method and a model to use
both the newly developed and commercial nano-silica in concrete. In order to accomplish
the aim and expectations of this project, several research activities were performed. The
characteristics of the collected nS (texture, morphology and water demand) resulted in
recommendations for the production and application of the precipitated silica from
olivine mineral dissolution (Chapter 5). Furthermore, the water demand of the nano-silica
needs to be investigated, but it has been shown that with the application of the continuous
water layer thickness model, water demand and hence the effects on the workability can
be estimated (Chapter 4). Water demand and admixture needs (superplasticizer types and
concentration) were determined applying the spread flow test to assess workability of
pastes and mortars containing nano-silica. This research has shown that mixes with nanosilica have higher water demand than those with micro-powders and required a higher
amount of superplasticizer to adjust the viscosity and yield stress to the set values. This
makes the exact and reliable prediction of their workability difficult. Commercial type nS
and the new nano-silica from olivine (OnS) were tested experimentally and theoretically
in order to investigate if the existing theoretical models for packing and workability also
hold for submicron particles. Based on these recommendations, design guidelines were
suggested in order to use the concrete mix design tool developed by Hüsken and
Brouwers (2008) when nano-silica particles are included in the concrete mix design
(Chapter 4). Mixes designed in this way have been shown to produce SCC with better
hardened and adjustable workability properties (Chapters 5 and 6) than reference mixes.
Due to the improved packing and nano-silica reactivity, the permeability was reduced,
durability and strength are improved compared to other mix design methods using similar
cement amount. This allows for some cement reduction and the enhanced use of
alternative binders (fly ash and slag) which provided normal vibrated and self-
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compacting concrete mixes environmentally friendly and durable (Chapters 5 and 6). The
possibility of using alternative waste nano-silica (Chapter 8), which can be easily
incorporated into the design with the presented approach, further contributes to the
increased sustainability of these mixes. Finally, the experimental and theoretical results
were used to relate the knowledge on raw material properties, the mix design tool and the
experiments at full scale (pilot) test (Chapter 5). A practical example is also given in
Chapter 7 which demonstrated the potential use of olivine nano-silica as an accelerator
and enhancer of mechanical properties of oilwell cementitious composites. The present
research is further summarized in the following.
9.1.1. Nano-silica characteristics
Several procedures and material characterization techniques have been discussed in
Chapter 1 and later applied (Chapters 2-4) to obtain the main physical-chemical
properties of the materials used in this research. In Chapter 3, the morphology and texture
of amorphous micro- and nano-silica manufactured by different routes, such as
precipitation from waterglass, olivine dissolution in acids, flame hydrolysis and
condensation of silica fume, were studied. These chapters elucidate the implications of
the silica characteristic towards the fresh and hardened properties of concrete. It is
concluded that the morphology (particle shape) and texture (specific surface area, pore
diameter and pore-size distribution) of nano-silica depends on the production route. The
production route also determines the nature (chemical composition, density and amount
of surface and internal silanol groups) and the ratio of agglomeration of silica nanoparticles. The materials used cover different particles sizes, from nano-silica to coarse
aggregates (7 decades) to develop mortars and concrete composites (Chapters 5-8). The
effects on the slump-flow test and the mechanical properties of mortars formulated with
the silica samples are also discussed. Based on this experimental assessment, a potential
relationship between the total surface area of the mix (cement, sand and silica) and the
slump-flow of mortars with different types of amorphous silica nanoparticles was
established. It was observed that the higher the total surface area of the mortar, the
smaller the mortar slump-flow. It was also found that the final slump-flow can be
affected by the state of aggregation of the primary silica particles that leads to the
presence of microporosity (with a high water retention capacity) in nano-silica samples.
Furthermore, the slump-flow has an exponential relationship with the micropore volume
of the particles. Even though the amorphous silica studied has different textural
properties, the main parameters that influence the slump-flow diameter (workability) and
final mechanical properties are the specific surface area, the micropore volume (which
defines the water adsorption capacity) and the state of agglomeration. These parameters
control the filling capacity, pozzolanic activity and rate of hydration of cement. It is thus
suggested that the silica should be dispersed as good as possible to obtain the intended
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improvement of concrete properties. The effect of nano-silica characteristics on the water
demand of cement paste and mortars are addressed in Chapter 4, where the mini spreadflow test was used for the determination of water demand, water film thickness and the
impact on the workability of cement paste and mortars. It is concluded that decreasing the
primary particle size of nano-silica and, consequently increasing SSA, increases the value
of the deformation coefficient and the agglomerates produce higher water demand than
plain cement pastes. This leads to a linear relationship between the agglomeration ratio
(dagg/dBET) and the water demand and indicates that water has a stronger influence on the
workability of the hydrating system containing nano-silica with high surface area. In
addition, a linear relationship between the deformation coefficient and the specific
surface area of silica nano-particles was found. A similar thickness of the water layer of
nano-silica particles (24.8 nm), as reported by (Hunger, 2010) for micro-sized powders,
was confirmed. Taking into account the BET total, the external specific surface area and
the addition of SP, a smaller water film thickness (11 to 19 nm) was established. These
values allow an initial estimation of the water demand of a given amorphous silica
sample with a known specific surface area. Under the experimental conditions of the
presented research, the addition of 0.5 to 4.0% (bwoc) nano-silica to the cement paste can
reduce the water demand of cement pastes without the use of superplasticizers.
PCA/PCE type superplasticizers are the most referred and used additives to improve the
workability and to reduce the water demand of cement paste and mortars in the presence
of nano-silica. For this reason, different commercial samples of PCE superplasticizers
were selected and tested. The water demand reduction induced by a superplasticizer is
related to the particle size and agglomeration ratio of nano-silica. In general, smaller
particle sizes of the primary particles result in lower water demand reduction in the
presence of SP. This potential is reduced from 60% for a pure cement paste to 0.6% for
the paste with nano-silica of the lowest particle size (0.9-2.3 nm).
9.1.2. Effect of nano-silica in the mix design tool
Having a sound knowledge on the characteristics of the concrete ingredients including
nano-silica, in the further course of this research an analysis of the feasibility of the
combined use of nano-particles and the mix design tool developed by Hüsken and
Brouwers (2008) was performed (Chapter 4). This mix design tool, which allows
obtaining optimized (maximum) packing density of concrete, was subjected to a sensivity
analysis. In the first stage, it was found that the concentration of nano-silica in cement
paste to obtain minimum water demand and void fraction is related to distribution
modulus (q) of 0.5. The void fraction (Ȍ) calculated based on the water retained ratio (ȕp)
for cement paste with nano-silica and SP (Ȍ = 0.37-0.56) mixes are generally lower than
for the pure cement paste (Ȍ = 0.58) when the nano-silica concentration is between 3.0 to
4.0% bwoc. However, in any case, it is not possible to obtain the minimum void fraction
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as superplasticized cement paste without silica (Ȍ = 0.35). This means that a lower
concentration of nano-silica or more effective superplasticizers (tailor made for nanosilica dispersion) need to be used.
Further analysis demonstrated that taking into account a water layer thickness as part of
the particles (derived in Chapter 4), does not have a big influence on the optimization
algorithm. As the modified A&A model (Andreasen and Andersen, 1930) only considers
the geometrical packing of the solid particles, an experimental optimization was carried
out based on workability assessments and hardened properties. A distribution modulus (q)
of 0.25-0.30 was found as the optimum to design mortars and SCC (Chapter 5 and 6)
with controlled amount of nano-silica (3.0 to 4.0% bwoc). Nevertheless, in the case of
mortars, the best way to predict the workability based on the constant water layer theory
is taking into account only the results of the flow-table test. Further research is needed to
validate this hypothesis. Several discrepancies were found when the theory of the
constant water layer thickness was extended for mortars. After applying a correction
factor suggested by Hunger (2010), the mortar data fit to the proposed model indicating
that a uniform water layer of about 10-25 nm around all solid particles is formed. Finally,
it is concluded that the mix design tool developed by (Hüsken and Brouwers, 2008) does
not require any modification from the workability point of view to take into account the
effects produced by nano-particles if the granular system is well dispersed by the action
of a superplasticizer that helps to obtain the maximum possible packing.
9.1.3. Production and testing of olivine nano-silica in cement and concrete
composites
In Chapter 5 the effect of additions of olivine nano-silica on the fresh and hardened
cement paste, standard mortars, normal vibrated concrete (NVC) and self-compacting
concrete is elucidated. Different effects have been derived in terms of granulometric
properties of the mixes and olivine nano-silica characteristics. Some of them are
confirmed by literature, while others are new. In terms of the synthesis of nano-silica by
the dissolution of olivine, it is demonstrated that it is a feasible method to prepare
amorphous mesoporous nano-silica with impurity content below 5% and high specific
surface area (130-480 m2/g). Furthermore, it is illustrated that the production process of
olivine nano-silica can be scaled-up from laboratory to industrial scale using natural or
beneficiated dunite rock.
In terms of olivine nano-silica addition to cement paste, it increases the viscosity, yield
point and hydration degree of the system as a result of the increased specific surface area
(nucleation and filler effect) of the mix. This holds also for the case in which a fixed
amount of superplasticizer is applied. Based on the isothermal calorimetry tests and the
performed analysis (Chapters 5 and 7), it is concluded that the olivine nano-silica acts as
an accelerating agent in cement-based systems. Olivine nano-silica affects the rate of
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hydration and can increase the compressive strength of the concrete and oilwell cement
compositions at early age. It is suggested that the early strength improvement and higher
degree of hydration are caused by changes in the rate of hydration of the calcium silicates
(mainly C3S) and aluminates phase hydration of the clinker components. This also holds
when slag/fly-ash particles are present in the system and generate a higher heat of
hydration. In addition, it is demonstrated that the replacement of cement with this nanosilica influenced the amount and type of hydration phases formed and thus, the volume,
porosity and finally the durability of the tested mortars. The major changes consider the
amount of chemically bound water (C-S-H gel formed) and the consumption of
portlandite.
The changes of the fresh and hardened properties of mortars induced by nano-silica
addition obtained in Chapter 3 for other types of nano-silica are confirmed. In this
context, the properties of mortars containing olivine nano-silica depend on the
concentration and form of addition (powder vs. wet dispersion), which determines the
agglomeration state of the nano-silica particles in the cement matrix. It has been also
confirmed that the increasing specific surface area due to the addition of incremental
amounts of olivine nano-silica decreases potentially the final spread-flow of the mortars
with the same SP content. Similarly, the compressive and flexural strength is influenced
by the method of addition (dried or dispersed). A mortar with higher compressive
strength is obtained with 1.5 vol.% of cement replacement by olivine nano-silica in
powder form. To increase or avoid the reduction of the flexural strength and to increase
the replacement level of this type of nano-silica, it should be added as dispersion. This
type of nano-silica can be classified as a pozzolanic material with activity index in the
range of 100 to 108.
From the experimental work at concrete level, it was demonstrated that the optimum
replacement level of olivine nano-silica in standard vibrated concrete is about 5% by vol.
Similarly, laboratory and pilot tests on self-compacting concrete (Chapter 5) demonstrate
that the optimum replacement level of olivine nano-silica is around 3.8% bwoc for SCC
(also confirmed in Chapter 6). Nevertheless, a main drawback of the use of olivine nanosilica was identified. Olivine nano-silica causes always an increase in the required SP
dosage to obtain the same slump or flow class. This point needs to be considered for a
massive application of this type of material in the future. Finally, as olivine nano-silica
acts as accelerator, it can be used to replace 60% by mass of CEM I 52.5R on SCC while
at reduced total binder content (13 kg/m3 less), concrete can reach similar 28-day
compressive strength than the reference SCC.
In terms of olivine nano-silica addition in oilwell cement compositions, different
modifications of the properties have been observed being dependent on the used amount.
The rheological properties of oilwell cement slurries are affected by the amount of
olivine nano-silica. It strongly affects the yield point and gelling tendency when a fixed
concentration of NLS-type dispersant is used. Furthermore, it was found that olivine
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nano-silica (OnS) does not affect the free-water amount or sedimentation in cementing
slurries. On the contrary, it is expected that OnS particles decreases the fluid loss and
increases the stability of cement slurries due to their reactivity and water retention
capacity. In addition, the consistency over time of cement slurries is affected by
incremental additions of OnS which is translated to shorter thickening-time, confirming
the potential use of OnS as an accelerator and thickener for oilwell applications. Finally,
the compressive strength of oilwell cement slurries is improved by the addition of 0.1 to
1.0% bwoc of olivine nano-silica. Both the strength gain and early compressive strength
development are remarkably affected by OnS (16 to 219% more than the reference mix).
The ultimate compressive strength obtained at 48-h of curing was affected less (4 to 17%
higher). The overall acceleration of the compressive strength development allows drilling
operation to resume quickly, lowering waiting on cement (WOC) times and, in
consequence, reducing the operational cost.
9.1.4. Effect of nano-silica on the durability of self-compacting concrete
The mechanical properties and durability of concrete depends mainly on the refinement
of the microstructure of the hardened cement paste and the improvement of the pasteaggregate interface zone (ITZ) and results in a decrease of the permeability (capillary
porosity) of concrete. The current practices to decrease the permeability of concrete are
the use of a low water-to-cement ratio and the addition of pozzolanic materials such as
slag, fly ash and micro-silica (further explained in Chapters 2 and 6). As it was concluded
from the literature review (Chapter 1) and later confirmed by the findings presented in
Chapters 5, 6 and 8, nano-silica addition increases the compressive strength and reduces
the overall permeability of hardened concrete due to its pozzolanic properties, which
results in finer hydrated phases (C-S-H gel) and densified structure (nano-filler and antiCa(OH)2-leaching effect). These effects enhance the durability of the designed eco-SCC
discussed in Chapter 6. For example, here it is shown that the addition of 3.8% (bwoc) of
colloidal and powder type nano-silica with similar specific surface area (50 m2/g) resulted
in a chloride migration coefficient reduced up to 3 times compared to that of concrete
without nano-silica. The permeability to water under pressure of concrete with these two
types of nano-silica is also much lower compared to the reference eco-SCC. Nevertheless,
there are also clearly some drawbacks of using nano-silica, such as its high water demand,
higher viscosity of concrete and agglomeration of nano-particles as found for the nanosilica prepared by the dissolution of olivine. For this type of nano-silica with very high
specific surface area (400 m2/g), the compressive and tensile splitting strength was not
improved due to the higher water demand (increased w/c ratio). On the contrary, the
water permeable porosity was similar to the reference mix. Despite of the higher w/c ratio
when olivine nano-silica is added, the SCC mixes showed reduced permeability to the
penetration of water under pressure and improved freeze-thaw resistance. Another
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drawback to overcome in the future application of nano-silica is the economic factor as
this material currently available on the market is very expensive. However, with newly
available cost-efficient production routes which allow having a tailor-made nano-silica
from olivine (Chapter 5) and possible sources of nano-silica from other industries
(Chapter 8), the application of this material in concrete has a good future potential to
increase the durability and sustainability of concrete.
9.1.5. Effects of nano-silica on the sustainability of concrete
Recent developments in the field of nano-silica showed significant promise in addressing
many of the challenges to produce an environmentally friendly concrete. Some of the
approaches previously discussed in Chapter 1 to obtain a “green concrete”, were
implemented later in this PhD thesis. Additionally, it was confirmed that the main CO2emission of concrete originates from the clinker production. Furthermore, it was
demonstrated in Chapters 5 and 6 that the combined use of nano-silica and optimized
particle packing using the ideas of the mix design tool developed by Hüsken and
Brouwers (2008) can be used to increase the quality and overall properties of normal
vibrated (NVC) and self-compacting concretes (SCC). This allows the use of lower
binder content and finally a lower amount of concrete to be used for the same
functionality. For example, the replacement of 5% cement (by volume) with olivine
nano-silica in NVC results in higher mechanical properties (strength) with a decrease in
the estimated CO2 footprint of 3% (Chapter 5). The high compressive strength of NVC
carries loads more efficiently than normal-strength concrete, which also should reduce
the total amount of material placed and lower the overall cost of the structure. Besides, all
durability indicators of the SCC studied in Chapter 6 (conductivity, chloride migration
and diffusion coefficients, freeze-thaw resistance and permeability) were significantly
improved by the addition of 3.8% of different types of the nano-silica. Due to longer
service life, the use of nano-silica in concrete will reduce repair and maintenance costs to
a great extent.
Similarly, using the same amount of nano-silica mentioned before (3.8% bwoc) at
laboratory and pilot scale tests allowed a decrease the binder content of SCC to a greater
extent (13 kg/m3 less), maintaining similar 28-day compressive strength as conventional
SCC. As a consequence, a more green and ecological SCC is produced with a decreased
CO2 foot-print (18% less) owing to the reduced amount of cement. The reduction in
cement will help in protecting the environment to a large extent. In addition, the use of
nano-silica will reduce the cement consumption for a specific grade of concrete. These
results confirmed that addition of nano-silica enhances the use of other supplementary
cementitious materials such as fly ash and granulated blast furnace slag. This also opens
the incorporation of other waste materials and recycling products in concrete, which
normally reduces the mechanical properties.
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Another contribution to the sustainable development in concrete technology mentioned in
Chapter 1 is the application of nano-silica sludge that is considered to be a waste material
and which is an alternative source of nano-silica. The results shown and discussed in
Chapter 8 demonstrate that if the chloride content in the waste silica can be decreased, the
photovoltaic’s silica-rich sludge can be used as a potential supplementary cementitious
material to partly replace cement in concrete, thereby decreasing the CO2 footprint of
concrete and the environmental impact associated with the landfill of waste.
The newly developed olivine nano-silica can be produced in large quantities and for low
price, so the mass application in concrete is within reach. It may replace cement in the
mix, which is the most environmentally unfriendly component in concrete. The use of
nano-silica makes the produced concrete financially more attractive and reduces the CO2
footprint of concretes produced thereof. The applied nano-silica will also improve the
concrete properties enabling the development of high performance concretes for various
constructions and oilwell applications. This results in concrete with better performance,
lower costs and improved ecological footprint. The final outcome is a methodology to
design concrete and a practical framework which allows the optimum application of
nano-silica in concrete, given the available raw materials and the desired properties of the
end-product.

9.2 Recommendations and future research
By using nano-silica, the fundamental structure of the hydration products can be modified
to enhance the concrete properties. Nano-silica in concrete does not only act as a
nucleation site of C-S-H gel (accelerator) but also, depending of its production route, as
filler plugging the pores to decrease the void content of concrete, which leads in turn to
higher strength with lower capillary porosity. However, in order to reach all the benefits
produced in cement based composites by the use of nano-silica, future research should
address the following issues:
1. Agglomeration state and dispersion of nano-silica is a major issue. Although various
superplasticizers are available, their feasibility and effectiveness in presence of nanosilica is still questionable. Thorough studies on the dispersion mechanism as well as
the development of tailor-made superplasticizers are required. This also applies to the
development of stable colloidal dispersions of olivine nano-silica with high solid
content and tailored morphology and texture.
2. Due to the high water demand of olivine nano-silica and the resulting use of
superplasticizers, it is recommended to apply this type of nano-particles in ultra or
high-performance concretes, where the use of silica and high amounts of SP are
indispensable.
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3. Despite this research elucidates some effects of nano-silica on the durability of
concrete, other durability indicators have still not been investigated. Due to
incorporation of the nano-silica in concrete, the shrinkage behavior (autogenous
shrinkage) is influenced, which needs to be studied. If the autogenous shrinkage is
higher than acceptable, cracking during curing will occur. Further investigations on
carbonation, corrosion resistance, acid resistance and sulfate resistance have to be
assessed as well.
4. As demonstrated in this research, the splitting tensile strength of concrete was not
always enhanced by the use of nano-silica compared to the compressive strength. This
opens several questions about the modification of the interfacial transition zone (ITZ)
in concrete. ITZ studies are a promising field to explore new ideas. Because the ITZ
possesses different behavior than the other phases of concrete and is the weakest link
of the chain and therefore its nano-mechanical properties should be established.
Modification of the ITZ should also lead to a decrease of the permeable porosity of
concrete. In this area also further research is needed due to the questionable results
obtained with the MIP test in cement paste with nano-silica addition. Small
modification of the wetting angle of mercury gives different output of the cement
paste porosity. For this reason it is recommended to measure the wettability angle of
mercury in modified cement paste with nano-particles.
5. To validate the potential use of olivine nano-silica in oilwell cement, several research
activities need to be performed. First, the effect on the TT is an advantage to explore
in the future for slurries in low temperature applications that normally present a delay
in the consistency development, that is normally fixed by the addition of chloride
based accelerators such as CaCl2, NaCl and KCl. Here, the use of OnS can be
exploited as a chloride-free accelerator. As the strength obtained using either API/ISO
crush or UCA tests presented here are indicative of the integrity of the cement under
only uniaxial loading without lateral restraint, it is recommended to perform triaxial
test on oilwell cementing compositions with olivine nano-silica addition to determine
the overall impact on the mechanical properties (compressive strength and elasticity)
and the long-term integrity of the cement sheath. Finally, the literature review shows
other potential applications of olivine nano-silica. Apart from well cementing
application, other fields to explore are applications in drilling fluids for tight gas
reservoirs, enhanced oil recovery operation (EOR) and water control or cut-off.
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List of abbreviations and symbols
Abbreviations
A&A
API
ASR
ASTM
Bc
BCA
BET
BJH
BP
BS
BSE
C.S.
CEM
CEN
CMP
CnS
CS
C-S-H gel
C-A-S-H gel
C-Total
DIN
DLS
DM-water
DNOnS
DOnS
DSC
DTG
ECTOC
EDF
EDS
EFNARC
EOR
ESEM
F.S.
FA
FEG
FW
GBD
GFA
GGBS
GOnS
gSTP

Modified Andreasen & Andersen equation
American Petroleum Institute
Alkali-silica reaction
American Society for Testing and Materials
Bearden unit of consistency
British Cement Association
Brunauer-Emmett-Teller
Barret-Joyner-Halenda
Bingham plastic
British standard
Back scattering emission
Compressive strength
[N/mm2] or [MPa]
Cement
Comité Européen de Normalisation
Chemical mechanical planarization
Colloidal nano-silica
Cement slurry
xCaO.ySiO2.zH2O gel
Calcium aluminate silicate hydrate
Total carbon content
[wt. %]
Deutsches Institut für Normung
Dynamic light scattering
Demineralized water
Dispersed Norwegian olivine nano-silica
Dispersed olivine nano-silica
Differential scanning calorimetric analysis
Derivative thermal gravimetric analysis
European Centre for Ecotoxicology and Toxicology of Chemicals
Electron diffraction pattern
X-ray energy dispersive spectroscopy
Producers and Contractors of Specialist Products for Structures
Enhanced oil recovery operation
Environmental scanning electron microscopy
Flexural strength
[N/mm2] or [MPa]
Fly ash
Field emission gun
Percentage of free-water
[wt. %]
Greek beneficiated dunite
Ground fly ash
Ground granulated blast furnace slag
Greek olivine nano-silica
Grams of gas at standard temperature and pressure
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GWD
HAADF
HB
HF
HPC
HPSCC
HRWR
HS
HSR
ICP-MS
ICSD
ISO
ITZ
IUPAC
L.O.D.
LCA
LH
LLD
LOI
LOP
LP1
LP2
M2i
MAS-NMR
MIP
mS
N/D
N/S
ND-1
ND-2
NEN
NOnS
nS
nSS
NVC
OnS
OLOP
OPC
PAC
PCE
PCS
PD
PGOnS
PI
PMS
PmS

List of abbreviations and symbols
Greek waste dunite
High angle annular dark field
Herschel-Buckley
Normalized heat flow
[mW/g]
High performance concrete
High performance self-compacting concrete
High range water reducer
High sulfate
High sulfate resistance
Induced coupled plasma-mass spectroscopy
Inorganic crystal structure database
International Organization for Standardization
Interfacial transition zone
International Union of Pure and Applied Chemistry
Loss of drying
[wt. %]
Life cycle analysis
Low hydration heat
Laser light diffraction
Loss on ignition
[wt. %]
Limit of pumpability
Limestone powder type 1
Limestone powder type 2
Material innovation institute
Molecular mass spectrometer-nuclear magnetic resonance
Mercury intrusion porosimetry
Micro-silica
Not determined
Not specified
Norwegian dunite 1
Norwegian dunite 2
Netherlands Standardization Institute
Norwegian olivine nano-silica
Nano-silica
Waste nano-silica or nano-silica sludge
Normal vibrated concrete
Olivine nano-silica
Operational limit of pumpability
Ordinary portland cement
Polyanionic cellulosic polymer
Polycarboxylate ether polymer
Photon correlation spectroscopy
Point of departure
Powder Greek olivine nano-silica
Pozzolanic index
[%]
Polymelamine sulfonates polymer
Powder micro-silica

List of abbreviations and symbols
PNS
PnS
POnS
PSD
PV
PV’s
PVF
QELS
RCM
RH
RHA
RP
RST
SAP
SBRSA
SCC
SCm
SCM
SE
SEM
Sf
SF
SGSA
Si-OH
SP
SPE
SS
SSA
STEM
Syn
TEM
TEOS
TG/TGA
TMHP
TMOS
t-plot
TT
UCA
UHPC
VC
VF
VOBN
WFL
WLT
WOC
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Polynaphthalene sulfonates polymer
Powder nano-silica
Powder olivine nano-silica
Particle size distribution
Plastic viscosity
[Pa·s]
Photovoltaic’s
Packing volume fraction
Quasi-elastic light scattering
Rapid chloride migration
Relative humidity
[%]
Rice husk ash
Recommended practice
Relative setting time
Slope of the acceleration period
[mW/g·h]
Semi-burned rice straw ash
Self-compacting concrete
Self-compacting mortar
Supplementary cementitious materials
Secondary electron
Scanning electron microscopy
Silica fume
Slump-flow
[mm]
Static gel strength analyzer
Silanol-groups
Superplasticizer
Society of Petroleum Engineers
Silica sand
Specific surface area
[m2/g] or [cm2/cm3]
Scanning transmission electron microscopy
Synthetic
Transmission electron microscopy
Tetraethyl orthosilicate
Thermal gravimetric analysis
Maximum time to reach the main hydration peak [h:m]
Tetramethyl orthosilicate
Statistical thickness method
Thickening-time
[Bc]
Ultrasonic cement analyzer
Ultra-high performance concrete
Vibrated concrete
Viscosity class
De Vereniging van Ondernemers van Betonmortelfabrikanten in
Nederland
Water film layer
[nm]
Water layer thickness
[nm]
Waiting on cement
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WUO
XRD
XRF
YP

List of abbreviations and symbols
Water under pressure
X-ray diffraction
X-ray fluorescence
Yield point

Symbols
Roman
bwob
bwoc
d
D
D(0.1)
D(0.5)
D(0.9)
d(H)
D[3,2]
D0
dagg
Dapp
dBET
Df
Di
Di,arithi+1
dOl

dp
DRCM
Ea
Ep
fi
k
k
k1
M
madd
mc
mw
n
nOl
nv
P

Based on the weight of binder
Based on the weight of cement
Inter-planar spacing
Particle size or sphere diameter
Size of 10% by volume of particles
Volume based average particle size
Size of 90% by volume of particles
Hydrodynamic diameter
Surface weighted mean
Hägermann cone base diameter
Agglomerates particle size
Apparent chloride diffusion coefficient
Average particle size by BET method
Diffusion coefficient
Slump flow diameter i
Arithmetic mean of the particle size i
Average particle size of ground olivine
Pore diameter
Chloride migration coefficient
Activation energy
Deformation coefficient
Volume fraction i
Boltzmann constant
Equivalent value (k-value)
Adsorption conversion constant
Mass of particle or sphere
Amount of addition
Mass of cement
Mass of water
Total number of particle
Moles of olivine
Volume of liquid taken up
Adsorption pressure

[% m/m]
[% m/m]
[Å]
[nm], [ȝm] or [m]
[ȝm] or [nm]
[ȝm] or [nm]
[ȝm] or [nm]
[nm]
[ȝm] or [nm]
[cm]
[nm]
[m2/s]
[nm]
[m2/s]
[cm]
[cm]
[ȝm]
[nm]
[m2/s]
[KJ/mol]
[-]
[-]
[m2ākg/sāK]
[-]
[cm3/m2ānm]
[kg]
[g]
[g]
[g]
[-]
[mol]
[ml]
[mmHg]

List of abbreviations and symbols
P’(D)
P0
q
Q
Qmix(Di)
Qsol,k
R
R2
rp
sk
Sn
SSABET
SSAext
SSASph
SSAt-plot
stj
tlayer
tv,5 min
tv,stab
u
V
Va
Va-t
VN
vsol,k
Vtotal
Vw
Vw/Vp
w/b
w/c
w/p
wi
ǻHF
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Particle grading function
Saturation vapor pressure
Distribution modulus
Hydration heat
Composed mix function
Sieve residue solid k
Gas constant
Coefficient of determination
Pore radius
Sacks of cement
Surface scaling factor
Specific surface by BET method
External specific surface area
Sphere based computed specific surface area
Specific surface by t-plot method
Blocking step
The statistical thickness
V-funnel time after 5 min
V-funnel stability time
Size ratio
Volume
Nitrogen volume adsorbed
Volume adsorbed-layer thickness
Molar volume of liquid nitrogen
Volume of solid k
Total mix volume
Water volume
Volume based water-powder ratio
water/binder ratio
water/cement ratio
water/powder ratio
Mass fraction i
Heat flow

[% v/v]
[mmHg]
[-]
[J/g]
[% v/v]
[% v/v]
[J/kāmol]
[-]
[nm]
[-]
[kg/m2]
[m2/g]
[m2/g]
[m2/g] [cm2/cm3]
[m2/g]
[mm]
[nm]
[s]
[s]
[-]
[cm3]
[cm3]
[cm3]
[mol/ml]
[cm3]
[cm3]
[cm3]
[-]
[-]
[-]
[-]
[-]
[mW/g]

Surface tension
Degree of hydration
Water retention ratio or water demand
Shear rate
Relative slump

[dyn]
[-]
[-]
[s-1]
[-]

Greek

V
Į
ȕp
Ȗ
īp
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ǻ
Ș
ș
Ȝ
ȝ
ȟ
ȡbulk
ȡs
ı
Ĳ
Ĳ0
ĳ
Ȍ

G

List of abbreviations and symbols
Gradient or changes
Viscosity
Incident angle
X-ray wavelength
Apparent or plastic viscosity
Particle shape factor
Bulk density
Specific density
Area covered by one molecule of adsorbate (N2)
Shear stress
Yield point
Solid fraction
Void fraction
Water film thickness

[varies]
[Paās]
[°]
[nm]
[Paās]
[-]
[g/cm3]
[g/cm3]
[nm2]
[Pa]
[Pa]
[-]
[-]
[nm]

Subscripts
ad
arith
BET
col
des
ext
i
k
max
micro, max
min
n
Ol
p
S
s
spe
Sph
w

Adsorption
Arithmetic
Brunauer-Emmett-Teller method total surface area
Collected
Desorption
Brunauer-Emmett-Teller method external surface area
Fraction index of the lower sieve, general counter
Counter variable for materials
Maximum
Micropore maximum adsorption
Minimum
End value of the counter
Olivine
Powder
Silica
Solid
Specific
Sphere base
Water
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Appendix 1
Cement chemistry notation
A simplified notation is used when describing cement compounds (Taylor, 1990; Hewlett,
2004):
C = CaO
S = SiO2
H = H2O
A = Al2O3

F = Fe2O3
ത = SO3
Cࡄ = CO3
M = MgO

N = Na2O
K = K2O

This leads to the following most common abbreviations for anhydrous and hydrates
phases:
C3S
C2S
C4AF
C3A
CതH2
CCࡄ
CH
C-S-H
C-A-S-H

3CaO.SiO2
2CaO.SiO2
4CaO.Al2O3.Fe2O3
3CaO.Al2O3
CaSO4.2H2O
CaCO3
Ca(OH)2
xCaO.ySiO2.zH2O
aCaO.bAl2O3.cSiO2.dH2O

Tricalcium silicate (Alite)
Dicalcium silicate (Belite)
Ferrite
Tricalcium aluminate
Gypsum
Calcium carbonate
Calcium hydroxide (Portlandite)
Calcium silicate hydrate
Calcium silicate aluminate hydrate

AFt phase
C3A(Cത)3H32

3CaO.Al2O3.3CaSO4.32H2O

Ettringite

AFm phases
C3ACതH12
C3ACࡄ H11
C4ACࡄ 0.5H11.5

3CaO.Al2O3.CaSO4.12H2O
3CaO.Al2O3.CaCO3.11H2O
3CaO.Al2O3.0.5CaCO3.11.5H2O

Tricalcium monosulfoaluminate
Calcium monocarboaluminate
Calcium hemicarboaluminate
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Appendix 2
Testing and characterizing the rheometer HAAKE Rotovisco
RV-20
After installing the rheometer for performing experiments, it was necessary to
characterize the rheometer: how to operate it, which assumptions are made and, of course,
to check the known specifications, like the calibrated torque constant and angular
velocity. In the manual of the rheometer, equations are presented to calculate the shear
stress and shear rate from the parameter that can be tuned, the angular velocity (%D), and
the measured parameter, the torque coefficient (%Ĳ ).
For the determination of the shear rate (Ȗ), the value %D of the rheometer is used in
combination with the proportionality factor M, Eq.(A.1). The M factor (s-1=%D)
characterizes the geometry of the sensor system, and nmax is the angular velocity of the
rotor [min-1]. For cylinder sensor systems it is defined in Eq.(A.2). Here, Ri and R0 denote
the inner radius of the cylinder (rotor) and the outer radius of the cylinder (cup),
respectively:
J

(A.1)

M %D

S
R0
n

 max
15 R0 2  Ri 2 100
2

M

(A.2)

Before starting to derive the equations, the following assumptions are made:
1. Steady, laminar, incompressible, isothermal, Newtonian flow
2. vr = 0 ; vz = 0; vș = vș (r)
3. Negligible gravity and end effects
4. Asymmetry: /ș=0
Then all terms in the equation of continuity are zero, and the equation of motion
simplifies to:
vT2
wp

r
wr
d ª1 d
º
r  vT »
P

dr «¬ r dr
¼
wp U
0


wz g

U

0

r-component

(A.3)

ș-component

(A.4)

z-component

(A.5)

From Eq.(A.4) the velocity distribution is obtained:
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1
C
C1  r  2
2
r

(A.6)

Using the boundary conditions:

r

Ri : vT

:  Ri

(A.7)

r

R0 : vT

0

(A.8)

where ȍ is the angular velocity of the inner cylinder, the constants C1 and C2 are obtained:
2

§R ·
C1 : 1  ¨ 0 ¸  0
© Ri ¹

(A.9)

2

§R ·
C2 : 1  ¨ 0 ¸ ! 0
© Ri ¹
Thus

C1

C2

2:
§R ·
1 ¨ 0 ¸
© Ri ¹
:R02

(A.10)

2

(A.11)

2

(A.12)

§R ·
1 ¨ 0 ¸
© Ri ¹

The velocity distribution is thus given by:

vT

ª
º
2
« r  R0 »
r »
:«
« § ·2 »
R
«1  ¨ 0 ¸ »
«¬ © Ri ¹ »¼

(A.13)

The shear stress distribution Ĳrș (r) for Newtonian fluids in cylindrical coordinates (r, ș, z)
is given:
ª d § v · 1 dv º
(A.14)
W rT P « r  ¨ T ¸   r »
¬ dr © r ¹ r d T ¼
By combining Eq.(A.13) with Eq.(A.14) the following is obtained:
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ª
º
«
»
1
§R ·
»
2 P: ¨ 0 ¸  «
2»
«
r
© ¹
« 1  §¨ R0 ·¸ »
«¬ © Ri ¹ »¼
2

W rT

(A.15)

From the measured torque (T), the shear stress (Ĳrș) at the inner cylinder (Ri) can be
determined from:

2SW rT Ri2 L

T

(A.16)

r Ri

The shear rate is determined at the inner cylinder for the ratio of shear stress (Ĳrș) to
viscosity (ȝ) for Newtonian definition:

J

Ri

W rT
P

ª
º
«
»
§R ·
1
»
2 : ¨ 0 ¸ «
« § ·2 »
R
© i¹ «
R
1 ¨ 0 ¸ »
«¬ © Ri ¹ »¼
2

Ri

2:
R2
1  02
Ri

2:R02
R02  Ri2

(A.17)

The shear rate with the rheometer is calculated with Eq.(A.18):

J

M:
10

(A.18)

The relation for ȍ to %D is given in Eq.(A.19):
:

10  % D

(A.18)

The shape factor M:
M

S

R02 nmax
15 R  Ri2 100
2
0

(A.19)

Where nmax equals a value of 1000, and is the maximum angular velocity obtainable with
the M10 measuring system of this rheometer. (The angular velocity is converted from
rad/s in min-1).
The shear stress Ĳrș is linearly linked to the torque T:
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f T

(A.20)

However, it can be calculated easily using the %Ĳ value measured and the shear stress
factor A:

W rT
A

A  %W
f a

(A.21)
(A.22)

The 'a' factor is a constant correlation to the torque applied at the shaft of the measuring
system to the value %Ĳ. The value 'a' is specified for each measuring system and depends
on the constant of the torsion bar and the electrical specifications of both the basic unit
and the measuring system. This value is listed in the manual for the M10 measuring
system: it equals 0:098 Ncm=%Ĳ. The proportionality factor 'f' characterizes the geometry
of the rotating part. Hence it is also termed a shape factor. For a cylindrical measuring
system it is:
f

1
2S LRi2

(A.23)

Due to the influence of end effects, unavoidable torque from the cylinder end faces, it is
common to add a correction to the cylinder height L. A corrected height L* is used:
L*

L  'L

The value of ǻL is given in the manual of the rheometer.

(A.24)
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Summary
Application of nano-silica in concrete
To ensure the future competitiveness of concrete as a building material, it is essential to
improve the sustainability of concrete infrastructures. Recent developments in
nanotechnology show a significant promise in addressing many of the challenges to
produce environmentally friendly concrete. In this context and in the scope of this thesis,
the environmental impact and sustainability of concrete was improved by the combined
use of nano-silica with an optimization tool for concrete mix designs developed by
Hüsken and Brouwers (2008). This allows for the development of “green concretes”.
However, the implementation of this “green” concept implies that certain parameters in
the mix design process need to be changed to obtain sufficiently workable, and strong
and durable concrete. Considering nano-silica as a potentially very effective additive for
the improvement of concrete properties and sustainability, its application and effects were
investigated and analyzed in this PhD thesis. The main properties and characteristics of
nS and micro-silica were obtained using different techniques. The characteristics of the
collected nS (texture, morphology and water demand) resulted in recommendations for
the production and application of the newly precipitated silica from olivine dissolution.
Based on these recommendations, design guidelines were suggested where nano-silica
particles are included in the concrete mix design. Mixes designed in this way have been
shown to produce SCC with better hardened and adjustable workability properties than
reference mixes. Owing to the improved packing and nano-silica reactivity, the
permeability is reduced, and durability and strength are improved in comparison to other
mix design methods using similar cement contents. This allows, to a certain extent,
cement reduction and the enhanced use of alternative binders (fly ash and slag) which
provides normal vibrated and self-compacting concrete mixes that are environmentally
friendly and durable. The possibility of using alternative waste nano-silica, which can be
easily incorporated in the mix design with the presented approach, contributes further to
the increased sustainability of these mixes. Finally, the experimental and theoretical
results were used to relate the knowledge on raw material properties, the mix design tool
and the experiments at full scale (pilot) test. A practical example is also given which
demonstrated the potential use of olivine nano-silica as an accelerator and enhancer of the
mechanical properties of oil well cementitious composites. The final outcome is a
methodology to design concrete and a practical framework which allows the optimum
application of nano-silica in concrete, given the available raw materials and the desired
properties of the end-product.
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Samenvatting

Samenvatting
Toepassing van nano-silica in beton
Om het toekomstige concurrentievermogen van beton als bouwmateriaal te verzekeren, is
het essentieel om de duurzaamheid van betoninfrastructuur te verbeteren. Recente
ontwikkelingen in de nanotechnologie tonen een grote belofte in vele van de uitdagingen
om meer milieuvriendelijk beton te produceren. In deze context is in dit proefschrift de
milieu-impact en duurzaamheid van beton verbeterd door het gecombineerde gebruik van
nano-silica en een betonmengseloptimalisatie ontwerptool ontwikkeld door Hüsken en
Brouwers (2008). Dit maakt de ontwikkeling van "groene beton" mogelijk. De uitvoering
van dit "groene" concept houdt in dat bepaalde parameters in het mengselontwerpproces
moeten worden veranderd ten einde een voldoende verwerkbaar, sterk en duurzaam beton
te verkrijgen. Met het oog op nano-silica als een potentieel zeer effectieve toevoeging
voor de verbetering van de betoneigenschappen en -duurzaamheid, werden de toepassing
ervan en de effecten onderzocht en in dit proefschrift geanalyseerd.
De belangrijkste eigenschappen en kenmerken van nS en micro-silica werden verkregen
met verschillende technieken. De kenmerken van de verzamelde nS (structuur,
morfologie en waterbehoefte) resulteerde in aanbevelingen voor de productie en
toepassing van een nieuw type nS: geprecipiteerde silica vanuit een olivijnoplossing. Op
basis van deze aanbevelingen werden ontwerpregels ontwikkeld voor de opname van
nano-silica deeltjes in een betonmengsel. Van mengsels op deze wijze ontworpen is
aangetoond dat ZVB is te produceren met betere werkbaarheid en eigenschappen na
uitharding dan referentiemixen. Vanwege de verbeterde korrelpakking en nano-silica
reactiviteit wordt de permeabiliteit verminderd, en duurzaamheid en sterkte zijn verbeterd
ten opzichte van andere mengselontwerpen met een vergelijkbaar cementgehalte.
Hierdoor kan, in zekere mate, cement worden verminderd en meer alternatieve
bindmiddelen (vliegas en slakken) worden toegepast die normaal getrilde en
zelfverdichtend betonmengsels oplevert die milieuvriendelijk en duurzaam zijn. De
mogelijkheid van alternatieve afval nano-silica, die met de gepresenteerde aanpak
gemakkelijk kan worden opgenomen in het mengselontwerp, draagt verder bij aan de
duurzaamheid van deze mengsels.
Ten slotte werden de experimentele en theoretische resultaten gebruikt om de kennis over
grondstofeigenschappen, de mengselontwerpmethode, en experimenten op volle schaal
(pilot-test) te koppelen. Een ander praktisch voorbeeld is het mogelijke gebruik van
olivijn nano-silica als versneller en verbeteraar van de mechanische eigenschappen van
“oil well” cementen. Het uiteindelijke resultaat is een methodiek om beton te ontwerpen,
en een praktisch kader dat de optimale toepassing van nano-silica in beton mogelijk
maakt, met inachtneming van de beschikbare grondstoffen en de gewenste eigenschappen
van het eindproduct.
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