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‘WHEN WE ARE NO LONGER ABLE TO CHANGE A SITUATION, WE ARE 

CHALLENGED TO CHANGE OURSELVES’ 

– VIKTOR E. FRANKL, MAN’S SEARCH FOR MEANING 

 

 

 

 

‘Αν θέλεις να εξελιχθείς, πρέπει να είσαι πρόθυμος να σε θεωρούν 

ανόητο και τρελό’ {‘IF YOU WANT TO GROW, YOU HAVE TO BE 

WILLING TO BE SEEN AS STUPID AND CRAZY’} 

– EPIKTET,   Encheiridion} 
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KURZZUSAMMENFASSUNG 

Die vorliegende Dissertation widmet sich der Entwicklung einer auf Gefriertrocknung basie-

renden Hydratationsabbruchtechnik, welche die Reaktion einer zementösen Suspension mit 

Wasser möglichst instantan, vollständig sowie non-invasiv unterbindet, um eine vollständige 

Charakterisierung des frühen Hydratationszustandes zu ermöglichen. Hierbei ist ein besonderes 

Augenmerk auf die Veränderungen der chemischen Zusammensetzung und Morphologie der 

Probe und insbesondere des frühen Hydratationsprodukts Ettringit gelegt worden, welches 

durch die Beeinflussung der rheologischen Eigenschaften von technischer Bedeutung ist. Des 

Weiteren wird basierend auf der entwickelten Abbruchtechnik der Einfluss von Ettringit auf 

die Rheologie einer auf Quarzmehl beruhenden Modellsuspension quantifiziert. Zuletzt werden 

die durch die Zugabe von hartmagnetischen Eisenoxidnanopartikeln induzierten Änderungen 

an erhärteten Zementsuspensionen untersucht. 
 

Es ist essentiell, den Hydratationsprozess zu jedem Zeitpunkt instantan vollständig beenden zu 

können, denn die Eigenschaften von erhärtetem Beton können bereits von den rheologischen 

Eigenschaften der Zementleimsuspension abgeleitet werden. Dies war jedoch mit einem 

Isopropanol-Wasser-Austausch (dem Stand der Technik) nicht realisierbar. Daher musste eine 

gefriertrocknungsbasierte Hydratationsabbruchtechnik entwickelt werden. Hierzu wurden in 

einer ersten Untersuchung drei verschiedene Abbruchtechniken, die Lyophilisierung, der Stand 

der Technik sowie die Kombination beider voran genannten Techniken an Zementsuspensionen 

verglichen, deren Hydratation zu jeweils vier Zeitpunkten gestoppt wurde. Die nicht 

eindeutigen Ergebnisse des Probenvergleichs führten dazu, dass im nächsten Schritt der 

Einfluss der Stärke sowie der Dauer der Unterdruckbehandlung auf reines synthetisches 

Ettringit untersucht worden ist. Hieraus ergab sich, dass ein Druck von 400 Pa die Morphologie 

sowie die chemische Zusammensetzung von Ettringit für mindestens 72 h nicht verändert. 

Diese Erkenntnisse wurden in einem zweiten Artikel veröffentlicht. Darauf basierend wurde 

die Gefriertrocknungstechnik so weit optimiert, dass nach diesem Hydratationsabbruch 

verglichen mit dem Stand der Technik und der kombinierten Methode, sowohl der Gehalt an 

Ettringit am höchsten ist als auch die Proben die höchste Reproduzierbarkeit aufweisen. 
 

Im weiteren Verlauf konnte durch die Charakterisierung von auf Quarzmehl beruhenden 

Modellsuspensionen mit verschiedenen zuvor festgelegten Mengen an in situ gebildetem 

Ettringit dessen Einfluss auf die Rheologie quantifiziert werden. Die erhaltenen Ergebnisse 

könnten dabei helfen, zwischen den verschiedenen Einflussfaktoren (zum Beispiel 

konkurrierende Hydratationsprozesse) in zementösen Suspensionen zu differenzieren. 
 

Zur Verallgemeinerung der Anwendbarkeit der entwickelten Methode wurden der 

Zementsuspension hartmagnetische Eisenoxidnanopartikel zugegeben, um wiederum deren 

Einfluss auf physikalische Eigenschaften im erhärteten Zustand zu untersuchen. Hierbei wurde 

gezeigt, dass die Zugabe magnetischer Nanopartikel einen deutlichen Einfluss auf die 

mechanischen sowie magnetischen Eigenschaften (wie Magnetiserung) von erhärtetem 

Zementleim hat, wobei die Ausprägung dieser Effekte von der zugegebenen Menge abhängt. 
 

Dieser Doktorarbeit liegen fünf Veröffentlichungen zugrunde, bei denen ich federführend war. 

Diese wurden in international renommierten Fachzeitschriften veröffentlicht und in logisch-

chronologischer Reihenfolge dargestellt. 
 

Schlagworte: Hydratationsabbruch; Zeitaufgelöste Analyse; Zementöse Suspensionen;  .........  

Schlagworte:  Ettringit; Quarzmehl als Modellsystem; Rheologie; Nanopartikuläre Additive. 
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ABSTRACT 

The present dissertation is dedicated to the development of a lyophilisation-based hydration 

stop technique, which works as instantaneously, completely, and non-invasively as possible in 

order to enable a complete characterisation of the early hydration stage with a particular focus 

on changes to chemical composition and morphology of the sample and in particular of the 

early hydration product ettringite that is of technical importance due to its influence on 

rheological properties. Furthermore, based on the developed lyophilisation technique, the 

impact of ettringite on the rheological properties of a model system containing quartz sand is 

quantified. Lastly, changes to hardened cement paste induced by the addition of hard magnetic 

iron oxide nanoparticles are investigated. 

 

It is essential to stop the hydration process instantaneously and entirely at any given time since 

the properties of hardened concrete can already be derived from the rheological properties of 

the cement paste suspension. However, it was not feasible with the state-of-the-art isopropanol-

water exchange. Thus, a freeze-drying-based hydration stop technique had to be developed. In 

a first study, cementitious suspensions that were stopped at four different hydration times by 

lyophilisation, the state-of-the-art, as well as the combination of both techniques mentioned 

above, were compared. The ambiguous results of the samples’ comparison led, in the next step, 

to the examination of the influence of the levels and duration of treatment with low-pressure on 

pure synthetic ettringite. It was shown that a low-pressure of 400 Pa does not change the 

chemical composition nor the morphology of ettringite for at least 72 h. These results were 

published in a second article. Based on these, the freeze-drying technique was optimised to the 

extent that the ettringite content is highest after this hydration stop. The samples show the 

highest reproducibility compared to the state-of-the-art and the combined technique, leading to 

the third published article. 

 

Further, the influence of ettringite on the rheological properties was quantified by characterising 

a model system based on quartz sand with different pre-set amounts of in situ formed ettringite. 

Derived data sets could allow for a differentiation between various influencing factors (exempli 

gratia simultaneous competitive hydration processes) being present in a cementitious 

suspension. 

 

In order to generalise the applicability of the developed method, hard magnetic iron oxide 

nanoparticles were added to cementitious suspensions, in turn, to investigate their influence on 

physical properties in the hardened state. It was shown that adding magnetic nanoparticles 

significantly influences the mechanical and magnetic properties (as magnetisation) of hardened 

cement paste, with the extent of these effects depending on the amount added. 

 

Five publications, which I was responsible for as the first author, form the basis of this 

dissertation. These have been published in internationally renowned journals and are presented 

in logically chronological order. 

 

Keywords: Hydration stop; Time-variant analysis; Cementitious suspension; Ettringite;  

                     Quartz sand as a model system; Rheology; Nanoparticulate additives. 
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1 SETTING THE SCENE 

1.1 THE HISTORY OF CONCRETE 

Since the Neolithic period, people have been using materials nowadays known as concrete{1} 

(derived from the Latin concretus = grown together; being the past participle passive of 

concrescere). But how did the ancient material change into modern concrete? 

This development can be partitioned into five periods, (1) Neolithic (10000 BC – 4500 BC){2}, 

(2) ancient times (3000 BC – 476){3}, (3) Middle Ages (476 – 1492){3}, (4) Industrial Era, and 

(5) modern age (since 1789){3}.The first to use concrete-like materials were the Nabataea 

traders or Bedouins living in southern Syria and northern Jordan around 6500 BC. Their 

knowledge about the importance of water and when to add it, enabled them to construct rubble 

masonry houses, concrete floors, and underground waterproof cisterns by incorporating 

hydraulic lime.{4} Around 3000 BC Egyptians started to use straw mixed with mud to bind dried 

bricks and gypsum or lime mortars for pyramids. Meanwhile, the Chinese added glutinous, 

sticky rice to the mortar applied on exempli gratia the Great Wall.{5} Although Romans were 

not the inventor of concrete, as often stated, they were the first to study building materials on a 

large scale{6-11} resulting in the development of opus caementicium and its implementation for 

the construction of various types of buildings{12,13}, exempli gratia the Colosseum, Curia Iulia, 

and the Pantheon, which are still standing today after roughly 2000 years. The reason for this  

long-term durability was recently found by the investigation of hardened mortar mixed 

following the ancient recipe of Vitruvius{10,11}, whereby Romans used a mixture of volcanic 

ash, lime and seawater, which in turn led to the formation of stratlingite  

                                                 
10 S. L., Marusin, ‘Ancient Concrete Structures’, Concrete International, 18(1), 1996. 
20 J. Lubbock, Pre-historic times, Williams and Norgate, 1865. 
30 C. Cellarius, Historia universalis, Bielck, 1702. 
40 Gromicko, N. and Shepard, K. ‘The History of Concrete’,   

International Association of Certified Home Inspectors, Inc., 2016. 
50 P. Jahren, T. Sui, History of Concrete, 2018. https://doi.org/10.1142/10172. 
60 Marcus Porcius Cato ‘De agri cultura’, circa 150 BC in: Cato M.P., Keil H., Goetz G. ‘De agri cultura liber’, 

aedibus B.G. Teubneri, 1922. 
70 Marcus Porcius Cato ‘De agri cultura’, circa 150 BC in: Cato M.P., Thielscher, P. ‘De agricultura’, Thomas de 

Blacis, de Alexandria, Berlin, 1963. 
80 Marcus Terrentius Varro ‘De re rustica’, 37 BC in: Varro M.T. ‘De re rustica’, Fritsch, 1730. 
90 Marcus Vitrivius Pollio ‘De architectura’, 22 BC in: Vitruvius ‘M. Vitrvvivs De architectura’, sumptu Ioannis 

de Tridino, alias Tacuion, Venetiis, 1730. https://doi.org/https://doi.org/10.11588/diglit.1712. 
10 Marcus Vitrivius Pollio ‘De architectura’, 22 BC in: Vitruvius M.P., Rose V., Müller-Strübing H. ‘Vitruvii de 

architectura libri decem’, aedibus B.G. Teubneri, 1867. 
11 Gaius Plinius Secundus Maior ‘Naturalis historia’, circa 75 in: Pliny the Elder ‘Caius Plinius Marco suo salute 

…’, Thomas de Blavis, de Alexandria, Venice, 1491. https://doi.org/10.5962/bhl.title.141852. 
12 Lancaster, L.C. ‘Concrete Vaulted Construction in Imperial Rome’, Cambridge University Press, 2015.  

https://doi.org/10.1017/CBO9780511610516. 
13 D.S. Robertson, Greek and Roman Architecture, 2nd edition, Cambridge University Press, 1969. 
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(2 CaO · Al2O3 · SiO2 · 8 H2O){14}. Further, due to volcanic ash being dissolved by seawater, a 

scarce hydrothermal mineral called aluminium tobermorite and a porous mineral called 

phillipsite formed over time{15}, strengthening concrete over centuries and thus making it more 

fracture-resistant, enabling the safe use in seismically active regions{16}. Besides the 

compressive strength of Roman concrete being similar to modern-day concrete based on 

standard cement{17}, its tensile strength is lower, as resistance to tension solely depends on the 

concrete's bonding strength, and their consistency deviates. Modern concrete is a plastic, 

flowing material that normally fills moulds, but Roman concrete had a high viscosity and was 

mainly used to hand-fill spaces between stones.{18} Due to the enormous migration period after 

the fall of the Western Roman Empire in the year 476{19,20}, a large part of knowledge regarding 

Roman concrete or the use of building materials and how to prepare them was lost. Thus, the 

use of pozzolanic-based (siliceous or siliceous and aluminous material){21} mortar declined until 

in the early 16th century, the ten-volume work De architectura by VITRUVIUS
{10,11}, 

summarising the Roman knowledge, was found in a Swiss monastery library{5}, wherein it is 

hypothesised by G. M. IDORN
{22} that the use of concrete was a secret shared by monasteries 

and the church until the end of 18th century. Since then, a widespread interest in reproducing 

Roman cement led to several improvements{23-28} in Western Europe{5,22}, resulting in the 

invention and patenting of Portland Cement by J. ASPDIN
{29} in 1824, which combined 

                                                 
14 S. Kwan S., J. LaRosa J., M.W. Grutzeck M.W., J. Am. Ceram. Soc. 78, 1995. 

https://doi.org/10.1111/j.1151-2916.1995.tb08910.x. 
15 M.D. Jackson, S.R. Mulcahy, H. Chen, Y. Li, Q. Li, P. Cappelletti, H.R. Wenk, Am. Mineral. 102, 2017, 

1435-1450. https://doi.org/10.2138/am-2017-5993CCBY. 
16 M.D. Jackson, E.N. Landis, P.F. Brune, M. Vitti, H. Chen, Q. Li, M. Kunz, H.R. Wenk, P.J.M. Monteiro, A.R. 

Ingraffea, Proc. Natl. Acad. Sci. U. S. A. 111, 2014, 18484–18489. https://doi.org/10.1073/pnas.1417456111. 
17 H.J. Cowan, The Master-builders: A History of Structural and Environmental Design from Ancient Egypt to the 

Nineteenth Century, John Wiley & Sons, Inc., 1978. 
18 R. Mark, P. Hutchinson, Art Bull. 68, 1986, 24–34. https://doi.org/10.1080/00043079.1986.10788309. 
19 E. Nack, W. Wägner, Rom: Land und Volk der alten Römer, ungekürzte Lizenzausgabe, RM-Buch-und-Medien-

Vertrieb, Rheda-Wiedenbrück, Gütersloh, 2004. 
20 F. Bedürftig, Das Römische Imperium: [100 Bilder, 100 Fakten], NGV, Köln, 2008. 
21 ASTM C618-19, Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in 

Concrete, Annu. B. ASTM Stand. 04.02, 2019, 5. https://doi.org/10.1520/C0618-19. 
22 G.M. Idorn, Concrete progress from antiquity to third millenium, Thomas Telford Publishing, 1997.  

https://doi.org/10.1680/cpftatttm.26315. 
23 B. Higgins [B. Harrison, H.C.H. Matthew, Oxford Dictionary of National Biography - Volume 27: Hickeringill-

Hooper, Oxford University Press, New York, 2004. 
24 J. Parker, A certain Cement or terras to be used in Aquatic and other Buildings and Stucco Work, BP 2120, 1796. 
25 E. Dobbs [patent 1810; E. Dobbs, Composition for making watertproof cement, mortar, and stucco; applicable 

as a colouring wash, BP 3367, 1810. and B. Harrison, H.C.H. Matthew, Oxford Dictionary of National 

Biography - Volume 16: Dewes-Dryland, Oxford University Press, New York, 2004.]. 
26 L.J. Vicat [https://www.vicat.com/about-us/vision/history-of-louis-vicat], March 11, 2022. 
27 F. Cointeraux [H. Guillaud, Les carnets de l’architecture de terre, 1997.]. 
28 M. Lebrun and F. Coignet [F. Werner, Der lange Weg zum neuen Bauen / Ferdinand Werner; Band 1: Beton: 

43 Männer erfinden die Zukunft, Wernersche Verlagsgesellschaft, Worms, 2016.]. 
29 J. Aspdin, An Improvement in the Modes of Produrcing an Artificial Stone, BP 5022, 1824. 
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with the clinker found by JOHNSON
{30} in 1845, marked the beginning of the modern concrete 

age. Over the subsequent decades, the annual amount of produced Portland cement reached 10 

million tons, made possible by implementing rotating kilns and early ball mills since the 20th 

century. Due to the increased use and further development of kilns{5,22}, annual production 

keeps growing, exempli gratia it reached 2.77 billion tons in 2007. Further developments 

concerning the low tensile strength of Roman concrete, especially problematic in the fields of 

application as exempli gratia harbour construction, coastal protection, or infrastructure, were 

and are still linked, as in the ancient times, with social needs (multi-storage buildings due to 

overpopulated cities) and prevalent economy (trade routes). To address these requirements, 

additives such as steel, sand, or superplasticisers were introduced to the cement mix and the 

quality, manufacturing, and handling were summarised and standardised by the inter-European 

materials research association (RILEM, France, found 1947){31,32}, National Bureau of 

Standards (US, found 1901){33}, the international federation for structural concrete (fib, 

Switzerland, formed by the merger of the Euro-International Committee for Concrete (CEB; 

found 1953) and the International Federation for Pressing (FIP, found 1952)){34}, as well as the 

research institute of German cement industry (VDZ, Germany, found again 1948){35}. 

 

 

                                                 
30 A.J. Francis, The Cement Industry 1796-1914: A History, David & Charles, 1977. 
31 RILEM, 50 years of experience in the service of building materials and structures, RILEM, 1997. 
32 RILEM, History, https://www.rilem.net/history, March 14, 2022. 
33 NIST, History, https://www.nist.gov/history, March 14, 2022. 
34 fib, History, https://www.fib-international.org/federation/history.html, August 04, 2022. 
35 Verein Deutscher Zementwerke e.V., Historisches. https://www.vdz-online.de/historisches, March 14, 2022. 



1 SETTING THE SCENE   

 
- 4 - 

1.2 MOTIVATION 

Why has cement or concrete been of such importance since ancient times, has become even 

more critical since the last century, and is seen as one of the most essential building blocks in 

our current millennium{36,37}? After constant development, did mankind not yet reach the most 

profound understanding of cement or concrete? 

On the one hand, it took humankind only around four centuries to invent and develop fully 

functional electric cars, starting with exempli gratia the work of W. GILBERT
{38} in 1600 about 

the difference between electrical and magnetic attractive forces as well as the successful 

visualisation of electric charge by O. VON GUERICKE in 1672{39}. On the other hand, eight 

millennia seem insufficient time to reach a profound understanding of cement and concrete, 

which would enable a quick custom-made development response to all requirements due to 

world affairs or scarcity!? 

For a very trivial reason: One knows how building with concrete works, but still, not yet how 

it comes, for what reason, and why it works. This knowledge is today necessary, since right 

now, we need accommodations for more than eight billion people, but unfortunately, the 

concrete required for this cannot be manufactured taking advantage of the raw materials 

provided by the world’s silting up/ desertification which due to its smooth fine grain still cannot 

be used as an additive in concrete building. 

In an ideal-typical world, it would be possible to adjust the properties of the hardened state of 

cement or concrete as desired, which can directly be derived from the microscale and rheology 

of the suspension. What is needed to achieve this? The knowledge about the time-variant profile 

is essential. As this material class is rigid, non-fluent, and opaque, it is impossible to instantly 

see through all the little details without taking on a herculean task. Luckily, concrete is not as 

unknown as alchemists’ dream, id est the expertise foundation exists. 

For gaining profound knowledge, it is necessary to understand what happens when water is 

added to cement or concrete. Cement suspensions are subjected to hydration processes, causing 

precipitation of hydration products and dissolution of cement clinker. Thus, an understanding 

of the influencing factors during this hydration process, such as the underlying kinetics and  

                                                 
36 E.D. Hondros, E. Bullock, Angew. Chemie Int. Ed. English. 28, 1989, 1088–1097.  

https://doi.org/10.1002/anie.198910881. 
37 J. Rieger, M. Kellermeier, L. Nicoleau, Angew. Chemie Int. Ed. 53, 2014, 12380–12396.  

https://doi.org/10.1002/anie.201402890. 
38 W. Gilbert, De magnete, magnetisque corporibus, et de magno magnete tellure: physiologia nova, plurimis et 

argumentis, et experimentis demonstrata, Excudebat Petrus Short, Londinium, 1600. 
39 O. von Guericke, Experimenta nova (ut vocantur) magdeburgica de vacuo spatio, J. Jansson à Waesberge, 

Amsterdam, 1672. https://doi.org/10.5962/bhl.title.20217. 
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mechanisms at the initial colloidal scale, has to be obtained. These mechanisms occur in parallel 

and impact cement suspensions' workability (mainly rheology). 

The composition has to be analysed to correlate the colloidal state of the cementitious 

suspensions with their rheology. Since a colloidal suspension’s depiction, considering the 

hydration process itself, requires a time-dependent analysis, the hydration must be stopped at 

definite times. For this, it is paramount to identify a method to stop the hydration process at any 

given time, as fast, complete, non-invasive, and reproducible as possible. 

Achieving this method is not the end of the road since it has to be checked to what extent the 

results regarding the nano scale can be transferred to paste, mortar, and concrete, which 

involves several orders of magnitudes on the size scale ranging from nanometres to metres. 

1.3 OBJECTIVE 

Overall, the present dissertation focuses on identifying and applying a suitable and reliable 

method for stopping the hydration process in cementitious suspensions with as little disturbance 

as possible to the cement matrix, including the formed hydration products, at any given time. 

Due to the fact that it would exceed the scope of this thesis, the abovementioned cross-scale 

transfer is left out. 

The main objective is the development and evaluation of a reliable, fast, complete, non-

invasive, and reproducible freeze-drying-based hydration stop technique for the analysis of the 

suspensions of the less complex binder cement (compared to concrete, which also includes 

aggregates) (see section 3). The secondary objective’s content is applying the developed 

hydration stop method to assess the influence of the first hydration product, ettringite, on 

rheological properties (see section 4.2). Further, to generalise the applicability of the developed 

method, hard magnetic iron oxide nanoparticles were added to cementitious suspensions, in 

turn, to investigate their influence on physical properties in the hardened state, creating the basis 

that enables the increase in knowledge up to the profound level (see section 4.3). 
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2 INTRODUCTION AND THEORETICAL BACKGROUND 

Modern concrete is mainly based on Portland cement, which is defined by the European 

Standard EN 197-1{40} as Portland cement clinker being a hydraulic material that must consist 

of at least two-thirds calcium silicates (3 CaO · SiO2 and 2 CaO · SiO2) by mass. The remainder 

consists of clinker phases containing aluminium, iron, and other compounds. Its mass ratio of 

CaO:SiO2 (C/S) has to be at least 2.0, in addition, the mass fraction of magnesium oxide (MgO) 

must not exceed 5.0 wt%. These clinker phases, in turn, are made by sintering (up to 1450 °C) 

primary as well as secondary supplier rocks containing mainly calcium oxide (CaO), silica or 

silicon oxide (SiO2), a lesser amount of aluminium oxide (Al2O3), and iron oxide (Fe2O3) as 

exempli gratia natural limestone or chalk (CaCO3), clay or shale, as well as secondary{41}, lime 

sludge, foundry sand, and fly ash.{42} This sintering can, as described in the literature{42}, be 

divided into several steps: (1) Dehydration at temperatures T ≤ 750 °C, wherein adsorbed water 

(T ≤ 200 °C), physically bound water (100 °C ≤ T ≤ 400 °C), and chemically bound water are 

evaporated; (2) Decomposition of CaCO3 into CaO and CO2 below T = 550 °C; (3) Formation 

of dicalcium silicate (Ca2SiO4, belite{43}) as well as intermediary compounds containing Al2O3 

and Fe2O3; (4) Formation of tricalcium silicate (Ca3SiO6, alite{44}) out of CaO and Ca2SiO4 at 

T = 1450 °C in the presence of a melt containing mainly Al2O3 and Fe2O3 adding up to 20 wt% 

to  30 wt%; and (5) Crystallization of tricalcium aluminate (Ca3Al2O6) and tetra calcium 

aluminoferrite (Ca4Al2Fe2O10, brownmillerite{45}) during the rapid cooling of the melt. For the 

sake of simplicity, when it comes to the complex mineralogical compounds in non-hydrated 

and hydrated cement, the so-called Cement Chemistry Notation (CCN) was developed{46} and 

extended{47-50}, wherein C ≡ CaO, A ≡ Al2O3, S ≡ SiO2, H ≡ H2O, F ≡ Fe2O3, N ≡ Na2O, 

K ≡ K2O, M ≡ MgO, L ≡ Li2O, T ≡ TiO2, S̅ ≡ SO3, and C̅ ≡ CO2. Depending on the area of use  

                                                 
40 DIN German Institute for Standardization, DIN EN 197-1:2011-11, Cement – Part 1: Composition,  

specifications and conformity criteria for common cements; German version EN 197-1:2011, Beuth Verlag 

GmbH, Berlin, Germany, 2011. 
41 S. Sprung, Umweltentlastung durch Verwertung von Sekundärrohstoffen, Zement, Kalk, Gips 45, 1992, 213–221. 
42 Zement-Taschenbuch, Verein Deutscher Zementwerke e.V., Düsseldorf, 2002. 
43 A.E. Törnebohm, Die Petrographie des Portlanzements, Tonindustrie-Zeitung Und Keramische Rundschau. 21,  

1897, 1157–1159. 
44 A.E. Törnebohm, Die Petrographie des Portlanzements, Tonindustrie-Zeitung Und Keramische Rundschau. 21,  

1897, 1148–1151. 
45 A.A. Colville, S. Geller, Acta Crystallogr. Sect. B Struct. Crystallogr. Cryst. Chem. 27, 1971, 2311–2315.  

https://doi.org/10.1107/s056774087100579x. 
46 G.A. Rankin, Am. J. Sci. XXXIX, 1915, 1–79. https://doi.org/10.2475/ajs.s4-39.229.1. 
47 R.H. Bogue, Ind. Eng. Chem. Anal. Ed., 1929, 192–197. https://doi.org/10.1021/ac50068a006. 
48 L.T. Brownmiller, R.H. Bogue, Bur. Stand. J. Res. 8, 1932, 289. https://doi.org/10.6028/jres.008.021. 
49 L.T. Brownmiller, Am. J. Sci. s5-29, 1935, 260–277. https://doi.org/10.2475/ajs.s5-29.171.260. 
50 R.H. Bogue, The chemistry of Portland cement, Reinhold Publishing Corp., New York, 1947. 
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or application, five main types of Portland cement (CEM I: Portland cement{40} or ordinary{51}; 

CEM II: Portland composite cement{40} or modified{51}; CEM III: blast furnace cement{40} or 

high-early-strength{51}; CEM IV: pozzolan cement{40} or low-heat{51}; CEM V: composite 

cement{40} or sulphate-resistant{51}) and several modified types are used, whose composition is 

shown in “Zement-Taschenbuch” by VEREIN DEUTSCHER ZEMENTWERKE E.V.{42} or Table 1. 

Table 1: Composition of the five main types of cement and their modifications according to DIN EN 197-1{40}. 

type 
phase content / wt% 

K S D P Q V W T L LL minor 

CEM I 95 - 100 - - - - - - - - - ≤ 5 

CEM II/A-S 80 - 94 6 - 20 - - - - - - - - ≤ 5 

CEM II/B-S 65 - 79 21 - 35 - - - - - - - - ≤ 5 

CEM II/A-D 90 - 94 - 6 - 10 - - - - - - - ≤ 5 

CEM II/A-P 80 - 94 - - 6 - 20 - - - - - - ≤ 5 

CEM II/B-P 65 - 79 - - 21 - 35 - - - - - - ≤ 5 

CEM II/A-Q 80 - 94 - - - 6 - 20 - - - - - ≤ 5 

CEM II/B-Q 65 - 79 - - - 21 - 35 - - - - - ≤ 5 

CEM II/A-V 80 - 94 - - - - 6 - 20 - - - - ≤ 5 

CEM II/B-V 65 - 79 - - - - 21 - 35 - - - - ≤ 5 

CEM II/A-W 80 - 94 - - - - - 6 - 20 - - - ≤ 5 

CEM II/B-W 65 - 79 - - - - - 21 - 35 - - - ≤ 5 

CEM II/A-T 80 - 94 - - - - - - 6 - 20 - - ≤ 5 

CEM II/B-T 65 - 79 - - - - - - 21 - 35 - - ≤ 5 

CEM II/A-L 80 - 94 - - - - - - - 6 - 20 - ≤ 5 

CEM II/B-L 65 - 79 - - - - - - - 21 - 35 - ≤ 5 

CEM II/A-LL 80 - 94 - - - - - - - - 6 - 20 ≤ 5 

CEM II/B-LL 65 - 79 - - - - - - - - 21 - 35 ≤ 5 

CEM II/A-M 80 - 94 6 - 20 ≤ 5 

CEM II/B-M 65 - 79 21 - 35 ≤ 5 

CEM III/A 35 - 64 36 - 65 - - - - - - - - ≤ 5 

CEM III/B 20 - 34 66 - 80 - - - - - - - - ≤ 5 

CEM III/C 5 - 19 81 - 95 - - - - - - - - ≤ 5 

CEM IV/A 65 - 89 - 11 - 35 - - - ≤ 5 

CEM IV/B 45 - 64 - 36 - 55 - - - ≤ 5 

CEM V/A 40 - 64 18 - 30 - 18 - 30 - - - - ≤ 5 

CEM V/B 20 - 38 31 - 50 - 31 - 50 - - - - ≤ 5 

K ≡ Portland cement clinker; S ≡ blast furnace slag; D ≡ silica fume, maximum 10 wt%; P ≡ natural pozzolan; 

Q ≡ tempered pozzolan; V ≡ siliceous fly ash; W ≡ calcareous fly ash; T ≡ burnt slate; L ≡ limestone with an organics’ 

content TOC ≤ 0.50 wt%; LL ≡ limestone with TOC ≤ 0.20 wt%, and minor ≡ unbound MgO and CaO. 

2.1 MICROSTRUCTURE 

As already known in ancient times, the amount of water or, more precisely, the mass ratio of 

water to cement (w/c) and how it is mixed with pristine cement is essential knowledge.{9,10}  

                                                 
51 ASTM Standard C150, 2021, Standard Specification for Portland Cement, ASTM International, West  

Conshohocken, PA, 1956, https://doi.org/10.1520/C0150_C0150M-21, www.astm.org. 
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As soon as the pristine material is wetted, a hydration process starts, which can be subdivided 

into five periods{52-55}, (1) Pre-induction (thyd ≤ 0.5 h), (2) Induction or dormant 

(0.5 h ≤ thyd ≤ 2 h), (3 + 4) Acceleration and retardation (2 h ≤ thyd ≤ 24 h), as well as (5) Final 

(thyd ≥ 24 h). Of the contained components, alite (C3S) and tricalcium aluminate (C3A) exhibit 

the highest reaction speed and brownmillerite (C4AF), as well as belite (C2S), are less fast. The 

strength (1 d ≤ thyd ≤ 360 d) of a cementitious suspension comes mainly from the formation of 

calcium silicate hydrate (C-S-H; m CaO · SiO2 · n H2O; 1.2 ≤ m ≤ 2.3{56}) phases out of C3S. 

At later hydration stages (thyd ≥ 360 d), the reaction of C2S replaces alite as the main contributor 

to the strength of hardened cement paste (Figure 1).{57} 

 
Figure 1: Evolution of compressive strength fck of cement’s main components (C3S, C2S, C3A, and C4AF) in a 

cementitious suspension with w/c = 0.5; derived from BOGUE ET AL.{57}. 

Depending on the available amount of sulphate ions (SO4
2-) in the cementitious suspension, two 

reactions of C3A and C4AF are induced. In the latter case, no or meagre amounts lead to the 

formation of metastable tetra calcium aluminate ferrite hydrate (Ca4Al2-xFexO7 · 19 H2O, 

C4(A,F)H19) and di calcium aluminate ferrite hydrate (Ca2Al2xFexO5 · 8 H2O, C2(A,F)H8), 

reacting to tri calcium aluminate ferrite hydrate (Ca3Al2-xFexO6 · 6 H2O, C3(A,F)H6). Due to 

the addition of sulphate carriers like calcium sulphates (mainly CaSO4 · 2 H2O, gypsum, CS̅H2) 

the formation of calcium trisulfoaluminate ferrite hydrate (Ca6Al2-xFex(SO4)3(OH)12 · 26 H2O, 

iron ettringite, C6(A,F)S̅3H32) is here further enabled on the surface of C4AF grains.{58}

                                                 
52 H.F.W. Taylor, Cement chemistry, Thomas Telford Publishing, 1997. https://doi.org/10.1680/cc.25929. 
53 F.W. Locher, W. Richartz, S. Sprung, Erstarren von Zement - Teil 1. Reaktion und Gefügeentwicklung, ZKG  

Int. 29, 1976, 435–442. 
54 F.W. Locher, Zement - Grundlagen der Herstellung und Verwendung, Bau + Technik, Düsseldorf, 2000. 
55 O. Henning, D. Knöfel, Baustoffchemie - Eine Einführung für Bauingenieure und Architekten, 5. Auflage,            s  

Verlag für Bauwesen; Bauverlag GmbH, Berlin, Wiesbaden, 1997. https://doi.org/10.1007/978-3-322-80183-8. 
56 I. Odler, Hydration, Setting and Hardening of Portland Cement, in: P.C. Hewlett (Ed.), Lea’s Chem. Cem.  

Concr., Elsevier, 1998: pp. 241–297. https://doi.org/10.1016/B978-075066256-7/50018-7. 
57 R. H. Bogue, W. Lerch, Ind. Eng. Chem. 26, 1934, 837–847. https://doi.org/10.1021/ie50296a007. 
58 P.W. Brown, J. Am. Ceram. Soc. 70, 1987, 493–496. https://doi.org/10.1111/j.1151-2916.1987.tb05682.x. 
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In the case of C3A, a similar reaction course is known with the notable variation that no iron 

oxide is present, id est that no or meagre amounts of sulphate lead to the formation of metastable 

tetra (Ca4Al2O7 · 19 H2O, C4AH19) and di calcium aluminate hydrate (Ca2Al2O5 · 8 H2O, 

C2AH8), reacting to tri calcium aluminate hydrate (Ca3Al2O6 · 6 H2O, cubic hydrogarnet, 

C3AH6).
{52} Analogously, sulphate carriers enable the formation of calcium trisulfoaluminate 

hydrate (Ca6Al2(SO4)3(OH)12· 26 H2O, ettringite, C6A S̅3H32) on the surface of C3A grains 

slowing down the diffusion of dissolving ions, whereby preventing the flash-set or rapid 

hardening of cement, which, in turn, is of major interest, as with the setting of the cement 

workability becomes very difficult due to high viscosity. To subdue this flash-set, mainly 

superplasticisers{59,60} are implemented, wherein different ways of retardation by deflocculation 

are possible due to the diverse chemical nature of these polymer-based additives adsorbing on 

hydrating cement particles (Figure 2).{59-62} 

 
Figure 2: Scheme of particle interaction (a) without, resulting in coagulation/agglomeration, and (b) with 

superplasticiser, resulting in dispersion due to COULOMB{63,64} forces. 

Accumulation of ionic superplasticisers, as exempli gratia lignosulphonate-based, sulfonated 

melamine formaldehyde condensate, and naphthalene formaldehyde condensate, induce a 

negative surface charge resulting in a repulsion rooted in the COULOMB
{63,64} force between  

                                                 
59 H. Uchikawa, D. Sawaki, S. Hanehara, Cem. Concr. Res. 25, 1995, 353–364.  

https://doi.org/10.1016/0008-8846(95)00021-6. 
60 J. Björnström, S. Chandra, Mater. Struct. 36, 2003, 685–692. https://doi.org/10.1617/13912. 
61 G. Spanka, H. Grube, G. Thielen, Wirkungsmechanismen verflüssigender Betonzusatzmittel,  

Bet. Die Fachzeitschrift Für Bau + Tech. 45, 1995, 802–810. 
62 G. Spanka, H. Grube, G. Thielen, Wirkungsmechanismen verflüssigender Betonzusatzmittel, 

Bet. Die Fachzeitschrift Für Bau + Tech. 45, 1995, 876–881. 
63 C.-A. Coulomb, Premier mémoire sur l’électricité et le magnétisme, in: Hist. l’Académie R. Des Sci., 1785: 

pp. 569–577. 
64 C.-A. Coulomb, Second mémoire sur l’électricité et le magnétisme, in: Hist. l’Académie R. Des Sci., 1785: 

pp. 578–611. 
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identical charges. Mixing in steric superplasticisers, mainly polycarboxylether-based (PCE), 

leads to local separation via the non-ionic pendant chains and thus, the dispersion of cement 

particles is induced.{65} By these means, rheological properties are adjustable. 

2.2 RHEOLOGY 

Via the evaluation of the shear rate �̇� dependent rheological parameters, yield stress τ0, plastic 

viscosity µ, and dynamic viscosity η, of fresh cement paste (thyd ≤ 90 min), it is possible to infer 

the properties of the hardened state.{66,67} Cementitious suspensions show a viscoelastic flow 

behaviour{68-70}, which can be distinguished into structural viscous, if the dynamic viscosity η 

sinks with higher shear rate �̇� , and dilatant, if η  �̇�  (Figure 3), thus making non-linearly 

coupled differential equations necessary.{71-75} 

 
Figure 3: Dynamic viscosity η dependent on applied shear rate �̇� , of a cementitious suspension exhibiting a 

viscoelastic (magenta), plastic (navy), or dilatant (dark yellow) flow behaviour. 

 

                                                 
65 K. Yamada, T. Takahashi, S. Hanehara, M. Matsuhisa, Cem. Concr. Res. 30, 2000, 197–207.  

https://doi.org/10.1016/S0008-8846(99)00230-6. 
66 H.-W. Reinhardt, Beton, in: Beton-Kalender 2005, Ernst & Sohn Verlag, 2005: pp. 3–141. 
67 S.E. Chidiac, O. Maadani, A.G. Razaqpur, N.P. Mailvaganam, J. Mater. Civ. Eng. 15, 2003, 391–399.  

https://doi.org/10.1061/(ASCE)0899-1561(2003)15:4(391). 
68 M. Reiner, Rheology, in: S. Flügge (Ed.), Elast. Plast. / Elastizität Und Plast. Handb. Der Phys. / Encycl. Physics,  

Vol 3 / 6., Springer Berlin Heidelberg, Berlin, Heidelberg, 1958: pp. 434–550.  

https://doi.org/10.1007/978-3-642-45887-3_4. 
69 M. Reiner, Rheologie in elementarer Darstellung, Hanser, München, 1968. 
70 H.A. Barnes, J.F. Hutton, K. Walters, An introduction to rheology, Elsevier Science, Amsterdam, 1989. 
71 M. Reiner, The Rheology of Concrete, in: F. Eirich (Ed.), Rheology, Academic Press, 1960: pp. 341–364.  

https://doi.org/10.1016/B978-0-12-395696-5.50014-9. 
72 W. Vom Berg, Zum Fließverhalten von Zementsuspensionen, RWTH Aachen, 1982.  

https://publications.rwth-aachen.de/record/68322. 
73 G.H. Tattersall, P.F.G. Banfill, The Rheology of fresh concrete, Pitman, Boston, 1983. 
74 K. Hattori, K. Izumi, A new viscosity equation for non-Newtonian suspensions and its application,  

in: P.F.G. Banfill (Ed.), Rheol. Fresh Cem. Concr., CRC Press, Liverpool, 1990: pp. 83–92. 
75 O. Blask, Zur Rheologie von polymermodifizierten Bindemittelleimen und Mörtelsystemen,  

Universität-Gesamthochschule Siegen, 2002. 
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Generally, two models are used to describe cementitious suspensions’ viscoelasticity: the 

continuum or the particle approach. In the latter case{74,78-80}, each grain and inter- as well as 

intraparticulate force, no matter if attractive (coagulation) or repulsive (dispersion), have to be 

taken into account over the whole shear history, which is very complex and can only be attained 

computer-aided. Instead, the continuum model{72,81-85} neglects the aforementioned physical 

processes during shearing, the idle state, as well as the elastic part of the total deformation. It 

describes the suspension as being homogenous and is based on the presence of a yield stress τ0, 

but enables a less complex evaluation at shear rates �̇� > 10 s-1. Both models address changes to 

flow behaviour dependent on torsion, shear, but not time. This missing contribution was 

examined by KECK
{77}

 and, in turn, can be expressed by three independent exponential functions 

representing coagulation, hydration, and dispersion, whereby only the latter lowers the 

suspension’s shear resistance. Derived from the different approaches to describe the rheological 

properties of cementitious suspensions in use, it can be concluded that these are a function of 

the suspended particles’ characteristics{86}. First, topologic or morphologic changes due to the 

formation of hydration products might result in steric forces, intra- and interparticulate 

interaction, as VAN DER WAALS
{87} as well as COULOMB

{63,64}
 forces lead to coagulation or 

dispersion{80,88-90}. Second, the medium’s type and amount may engender a higher 

hydrodynamic flow force as described by BERNOULLI
{91,92}, because particles become more 

dispersed in the suspension with a higher water-to-cement mass ratio (w/c).
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2.3 HYDRATION PRODUCTS 

Adding water to cement initiates the hydration process leading to several hydration products, 

with calcium silicate hydrate, portlandite, and ettringite being the main and most important 

ones. In the following, the silicate (section 2.3.1) and aluminate reaction (section 2.3.2) will be 

examined more closely regarding their crystal structure and formation. 

2.3.1 SILICATE REACTION (C3S AND C2S) 

The hydration process of the main component of Portland cement, calcium silicate (C3S and 

C2S), is not fully understood in detail yet. Still, several studies{93-101} showed that the reaction 

with water, displayed in equations (Eqs.) (1+2){102,103}, can be divided into three stages, 

(1) Early (thyd < 4h), (2) Middle (4 h ≤ thyd ≤ 24 h), and (3) Late (thyd > 24 h), resulting in 

different modifications and stoichiometries of calcium silicate hydrate (C-S-H), wherein the 

belite’s reaction can be neglected in the first two days due to a significantly lower reaction 

rate{104-108}. 

C3S + n H2O → CxSyHz + (3-x) Ca(OH)2 + (n-z-(3-x)) H2O
 (1) 

C2S + n H2O → CxSyHz + (2-x) Ca(OH)2 + (n-z-(2-x)) H2O (2) 
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Although calcium silicate structures are well-known and discussed manifoldly{109}, the standard 

technique X-ray diffraction (XRD) cannot be used in this case, since C-S-H formed during 

cement’s hydration is X-ray amorphous due to a lack of long-range order or being 

nanocrystalline.{102,110} Nevertheless, naturally crystalline, highly-ordered calcium silicate 

hydrate phases can be used to model C-S-H formed in cementitious suspensions, with the 

tobermorite and jennite groups being the most important.{110,111} Both mineral groups are based 

on a layered silicate structure consisting of so-called “three chain” as building blocks 

(Figure 4a), which were introduced by BERNAL ET AL.{112}
 in this context first. The C/S ratio 

allows for distinction between different C-S-H phases, wherein studies indicate 1.2 ≤ C/S ≤ 2.3 

with C/S̅̅ ̅̅ ̅ ≅ 1.7 for hydration times around one year.{102,110,111,113-116} Additionally, considering 

nuclear magnetic resonance data{117-119}, jennite{120} and tobermorite 14Å{121} (Figure 4b), 

which exhibits the same structure as the 11Å polymorph depicted in Figure 4a but with an 

elongated c-axis, are best suited{102} for modelling C-S-H in cementitious suspensions. This 

elongation and, in turn, bigger pore sizes enable a higher loading of H2O molecules, which 

coordinate Ca2+ ions in the interlayer (Figure 4b). With the chemical formula 

Ca5Si6O16(OH)2  7 H2O (C5S6H8), tobermorite 14Å has a C/S ≅ 0.83, which lies below the C-

S-H phases found in longer hydrated samples, indicating that this phase may correspond to the 

early state of silicate reaction (thyd < 4h), wherein C-S-H is said to be a gel with low density ρ, 

often described as outer C-S-H. These outer hydration products exhibit fibre-like, below an 

expansion of 2 µm, or honeycomb-like structures forming a reticular framework{101}, which  
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contains a high amount of interlayer water. Due to further hydration of inner C3S or C2S 

(4 h ≤ t ≤ 24h), desorption of interlayer water occurs, resulting in drying and, in turn, leads to 

the formation of hollow cigar-shaped, slightly tapered needles, and fibres, which in the late 

stage (t > 24 h) become compacted to dense gelatinous inner products{101}. 

 

Figure 4: (a) Theoretical crystal structure of the so-called “three chain” building blocks in calcium silicate hydrate 

(C-S-H) on the example of tobermorite 11Å (ICSD-92941){122} in the [101̅0] projection with edge-sharing 

octahedrally coordinated Ca2+, and either bridging or pairing corner-sharing tetrahedrally Si4+; crystal structure of 

(b) jennite (ICSD-151413){120} in the [5̅141] projection with edge-sharing octahedrally coordinated Ca2+, and 

(c) tobermorite 14Å (ICSD-152489){121} in the [101̅0] projection with alternating edge-sharing Ca-O trigonal 

prisms and capped trigonal prisms; projection given in BRAVAIS-MILLER indices{123}.  

This hydration product could be described by the jennite (Ca9Si6O18(OH)6  8 H2O, C9S6H11) 

structure (Figure 4b){120}, with C/S = 1.5 being in the range of C-S-H found in hydrated 

cement. The structure of the mineral jennite, which was finally elucidated by BONACCORSI ET 
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AL.{120}, consists of edge-sharing Ca-O octaeders (coordination number C.N. = 6), alternating 

paired and bridged corner-sharing Si-O tetraeders (C.N. = 4), building the so-called 

“three-chain” building block, and Ca-O octaeders in the interlayer with a width of 9 Å 

(Figure 4b). Jennite forms triclinic crystals in the space group 2 (P -1) with the following cell 

parameters: a = 10.576(2) Å, b = 7.265(2) Å, c = 10.931(3) Å, α = 101.30(1) °, β = 96.98(1) °, 

and γ = 109.65(1) °.{120} 

The second type of natural calcium silicate hydrate, namely tobermorite, also elucidated by 

BONACCORSI ET AL.{121}, consists of alternating edge-sharing Ca-O trigonal prisms (C.N. = 6) 

and Ca-O capped trigonal prisms (C.N. = 7), alternating paired and bridged corner-sharing Si-O 

tetraeders (C.N. = 4), building the so-called “three-chain” building block, and edge-sharing 

Ca-O octaeders in the interlayer with a width of 14 Å (Figure 4b). Tobermorite 14Å forms 

monoclinic crystals in the space group 9 (B 1 1 b) with the following cell parameters: 

a = 6.735(2) Å, b = 7.425(2) Å, c = 27.987(5) Å, α = β = 90. °, and γ = 123.25(1) °.{121} 

2.3.2 ALUMINATE REACTION (C3A) 

Besides the hydration process of the silicate phases (C3S and C2S), which make up around 70 % 

of Portland cement, the aluminate reaction of mainly C3A is of utmost importance especially at 

the early state of hydration. Ettringite, which is very important for the early stiffening of 

cementitious suspensions, is formed by the reaction of tricalcium aluminate (C3A), gypsum 

(CS̅H2), and water (Eq. (3)). A prerequisite is a ratio of sulphate to C3A of at least 3:1. 

C3A + 3 CS̅H2 + 26 H → C6AS̅3H32 

Ca3Al2O6 + 3 CaSO4 ∙ 2 H2O + 26 H2O → Ca6Al2(SO4)3(OH)12 ∙ 26 H2O 
(3) 

Previous works proved that the crystal structure of ettringite consists of dodecahedrally 

(C.N. = 12) coordinated calcium ions, octahedrally (C.N. = 6) coordinated aluminium ions 

forming face-linked hexagonal prisms, columns along the c-axis [0001], as well as two channels 

with sulphate as guest molecules orthogonal to the a-b-plane{124-127}. The corresponding 

structure is depicted in Figure 5 in two different projections, wherein BRAVAIS-MILLER 

indices{123} according to a trigonal symmetry in a hexagonal cell are used.

                                                 
124 A. Moore, H.F.W. Taylor, Nature 218, 1968, 1048–1049. https://doi.org/10.1038/2181048a0. 
125 A.E. Moore, H.F.W. Taylor, Acta Crystallogr. Sect. B Struct. Crystallogr. Cryst. Chem. 26, 1970, 386–393.  

https://doi.org/10.1107/S0567740870002443. 
126 H.F.W. Taylor, Mineral. Mag. 39, 1973, 377–389. https://doi.org/10.1180/minmag.1973.039.304.01. 
127 A. Bezjak, I. Jelenić, Crystal Structure Investigation of Calcium Aluminium Sulphate Hydrate- Ettringite,  

Croat. Chem. Acta. 38, 1966, 239–242. https://hrcak.srce.hr/208166. 



2.3 HYDRATION PRODUCTS 

 
- 17 - 

Ettringite forms needle-like hexagonal crystals in the space group 159 (P 3 1 c) with the 

following cell parameters: a = b = 11.229(1) Å, c = 21.478(3) Å, α = β = 90. °, and γ = 120. °. 

 
Figure 5: Crystal structure of ettringite following HARTMAN ET AL.{128}; (left) part of a single column in the [101̅0] 

projection and (right) build-up in the [0001] projection showing columns and channels parallel to c-axis; 

BRAVAIS-MILLER indices{123} according to a trigonal symmetry in a hexagonal cell. 

Due to ettringite’s distinct crystal morphology, its influence on the properties of cementitious 

suspensions is especially pronounced for rheology. (see section 4.2) 

After 24 h ≤ t ≤ 48 h, ettringite reacts further with C3A and water to form calcium aluminate 

hydrates (AFm, [Ca2(Al,Fe)(OH)6]2 X n H2O, where mainly X  OH-, SO4
2-, or CO3

2-), exempli 

gratia shown in Eq. (4).{52} 

2 C3A + 3 C6AS̅3H32 + 4 H → 3 C4AS̅H12 

2 Ca3Al2O6 + Ca6Al2(SO4)3(OH)12 ∙ 26 H2O + 4 H2O → 3 Ca4Al2SO4(OH)8 ∙ 8 H2O 
(4) 
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2.4 HYDRATION STOP TECHNIQUES 

For evaluating rheological properties and developing new building materials, a profound 

understanding of the structural build-up or break-down, id est the hydration processes in 

cementitious suspension is fundamental. However, previous works{59,61,62,129-140} did not draw 

a complete picture yet. An overview of different methods or models and their suitability for the 

determination of rheological factors is given by HAIST
{141}, wherein various approaches are 

shown. In order to further develop numerical (particle-based) models, knowledge about 

particles’ morphology, aggregation, amount, and type, as well as the morphology of hydration 

products, whether in solution or on the cement grains’ surface, has to be acquired. This, in turn, 

led to the development of different types of hydration stop techniques, either based on solvent 

exchange (section 2.4.1) or changing the external parameters temperature T and pressure p 

(section 2.4.2), which shall briefly be introduced in the following. 

2.4.1 SOLVENT-BASED 

In principle, the solvent exchange-based hydration stop technique uses diffusion to replace the 

aqueous pore solution with an organic solvent, which has a lower vapour pressure and does not 

form hydration products, and the solvent’s subsequent removal by convective heating{142} or 

drying{143} by vacuum or evacuation combined with heating{144}. Used so far in literature are  
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acetone{145,146}, benzene{147}, dimethyl sulfoxide{146}, ethanol{148,149}, methanol{146-149}, 

tetrahydrofuran{150} and, last but not least, propan-2-ol (iPrOH){146-149,151-15419} being state-of- 

the-art (for more details about the used solvents see the review by ZHANG ET AL.{115}). The time 

of exposure to reach the diffusion equilibrium time tE is dependent on the sample’s volume or 

cross-section, referred to as characteristic length x and the material’s specific diffusivity D, as 

shown in Eq. (5){155-157}, id est the bigger the sample, the slower the hydration stop. Further, a 

sufficient amount of solvent is needed for a complete exchange. Different volumetric ratios of 

solvent:sample (100:1{158}, 500:1{159}, and 105:3{146}) have been reported, ensuring a complete 

replacement under continuous stirring without renewing the exchange media for 14 d. 

tE ≅ x2 ∙ (2D)-1 (5) 

This type of hydration stop technique is the best to preserve the pore structure{160-163}, since 

during the drying of the exchanged sample, less capillary pressure occurs compared to a process 

involving water’s drying. Disadvantageous is that the organic solvent reacts with the cement 

matrix{145,146,148,164}, resulting in the morphing of the hydrated cement’s surface either by the 

formation of carbonate-like phases, already after several minutes{142,165,166}, or by dehydration 
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of the hydration products{161-163,165,167-169}. In addition, the continuous mechanical mixing and 

the resulting perturbation of the cement matrix could damage hydration products or weaker 

interconnections. An alternative method to dry the sample after solvent exchange while 

preserving the microstructure ideally, might be based on supercritical drying{170}. Thereby, the 

organic solvent is exchanged with liquid carbon dioxide (CO2) before the sample is heated at a 

pressure p ≅ 5 MPa, resulting in its supercritical state (no phase boundary), enabling drying 

without capillary pressure. The biggest issue in this case is CO2 itself, as carbonation of cement 

paste densifies the material{171,172}. Therefore, an inert solvent miscible with water and a low 

critical point has to be found before supercritical drying can be regarded as an alternative 

hydration stop technique. 

2.4.2 TEMPERATURE- AND PRESSURE-BASED 

Alternatively, techniques based on either pressure p or temperature T can be used to stop the 

hydration process or are used subsequently after an exchange of the aqueous media within the 

cementitious suspension with an organic solvent to dry the sample before analysis. 

Temperature-based 

In the case of the temperature-based method, the sample is either heated in a ventilated oven 

(up to 105 °C) at atmospheric pressure (p = atm ≅ 100 kPa) for up to 24 h or in a microwave 

(900 W, 15 min, 1 kg sample, 100 kPa){173,174}. Both techniques excel in the speed of removing 

evaporable water completely, though, at T = 105 °C, damage to cement’s pore structure{153,175} 

and microstructure{158,176,177} occur, and due to the presence of CO2
{178} during drying, higher 

amounts of CaCO3 are found. At a lower drying temperature of T = 35 °C, no decomposition 
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of the hydration products, ettringite and C-S-H, or micro-cracking is found{179}. Still, at this 

temperature, the hydration process is accelerated, thus changing the microstructure and altering 

the hydration stage{176}. During microwave drying, microwave radiation is electromagnetically 

absorbed by loosely bound water, resulting in vibrations and, in turn, heat{180} with an inverse 

temperature gradient{181}, leading to a fast thermal expansion in the sample. This procedure 

could damage the sample{182} or possibly accelerate the hydration process{183,184}. However, 

microwave drying is a very practical method to determine the water content{173,174,185,186} of a 

cementitious suspension or mixture on site as quality control{173,174}. 

Pressure-based 

The second type of external hydration stop or subsequent drying techniques is based on 

lowering the pressure p to 70 mPa ≤ p ≤ 4 Pa, wherein four types have to be distinguished 

(Figure 6): (1) Vacuum drying via a pump, (2) Dry ice drying or D-drying, (3) Perchlorate 

drying or P-drying, and (4) Freeze-drying or lyophilisation. Apart from the latter case, the other 

three techniques lower the pressure to facilitate the evaporation of water and are slow drying 

techniques, wherein drying time is dependent on low-pressure levels, samples’ size and mass, 

making these methods unsuitable for a time-variant analysis{176}. Further, vacuum drying 

dehydrates the hydration products{187} (ettringite, mono sulphate, as well as C-S-H), induces 

micro cracks{177}, and alters the pore structure leading to a higher specific volume{187}. 

D-drying and P-drying have a similar setup{188,189} including a desiccator, a trap containing 

either dry ice in alcohol or magnesium perchlorate di or tetra hydrate (Mg(ClO4) · 2 or 4 H2O), 

and induce similar changes to the sample during drying. P-drying does not drain all residual 
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water in the pores. Though D-drying removes not only residual but also some bound water{190}, 

it is commonly identified as the best standard drying technique{176,187} as it is assumed that all 

unbound water becomes depleted and the microstructure is preserved best. The last pressure- 

based technique, freeze-drying{177,178,191}, uses liquid nitrogen (LN2) to freeze the free water in 

the pores to stop the hydration process and subsequent drying at p ≤ 6 Pa to sublimate unbound 

water without capillary pressure. A further development of the known freeze-drying method 

regarding sample’s freezing, drying pressure, and drying time is shown in section 3. 

 
Figure 6: Scheme for pressure-based hydration stop techniques; (a) vacuum-drying, (b) D-drying, (c) P-drying, 

and (d) freeze-drying or lyophilisation. 

Although hydration is stopped fast, the freezing process with liquid nitrogen (LN2) does not 

exhibit the formation of amorphous ice, as due to the LEIDENFROST effect{192,193} the needed 

cooling of at least 106 Ks-1{194} could not be achieved. This, in turn, could potentially induce 

damaging stresses{195-197} due to volume expansion during freezing or formation of ice crystals.
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Table 2: Overview of the previously described hydration stop and drying techniques, including a short 

introduction, their respective advantages, as well as disadvantages. 

name short abstract advantage(s) disadvantage(s) 

solvent 

exchange 

 

diffusion-controlled exchange of pore 

water to organic solvent in  

excess (renewal needed regularly) 
 

subsequent drying with oven  

or desiccator needed 

+ 
preserves pore 

structure 

- morphing of surface 

- hydration products dehydrate 

- introduces carbonation quickly 

- diffusion controlled (slow) 

- not removable without  

affecting the microstructure 

supercriti-

cal drying 

exchange of pore water to organic 

solvent to supercritical CO2 and its 

subsequent evaporation 

+ no capillary  

pressure 

- CO2 carbonates and  

densifies cement 

+ best microstructu-

ral preservation 

- complex process 

- water-miscible solvent needed 

oven  

drying 

heating wet sample at atmospheric 

pressure p and enhanced temperature T 

(35 °C – 105 °C); mainly 60 °C or 

105 °C 

+ simple 

- micro cracking 

- hydration products decompose 

- hydration process not stopped 

- 35 °C might accelerate the 

hydration process  

microwave 

drying 

microwave radiation 

electromagnetically absorbed by 

loosely bound water results in 

vibration and inverse heat gradient 

+ very fast (1 kg, 

900 W, 15 min) 
- damage to microstructure 

+ practical for on-site 

assessment of 

water content 

- might accelerate the  

hydration process 

vacuum  

drying 

wet or exchanged wet sample 

continuously treated with low-pressure 

p < 4 Pa 

+ no carbonation 

- slow, unsuitable for  

time-variant analysis 

- hydration products dehydrate 

- damage to pore structure 

D-drying 

wet or exchanged wet sample stored in 

a desiccator under vacuum (p ≤ 4 Pa) 

connected to trap with dry ice-alcohol 

mixture 

+ 
assessment of non-

evaporable water 

- slow, unsuitable for time-variant 

analysis 

- removal of some bound water 

P-drying 

wet or exchanged sample stored in a 

desiccator over Mg(ClO4)2 ∙ n H2O 

[n = 2 or 4] inducing partial pressure 

p = 1.1 Pa; connected to trap 

+ no external  

vacuum needed 

- slow, unsuitable for time-variant 

analysis 

+ gentle drying - residual pore water 

freeze- 

drying or 

lyophi-

lisation 

wet sample frozen in liquid 

nitrogen (LN2) for at least 15 min, 

drying under vacuum (p ≤ 4 Pa) 

+ nearly instant  

hydration stop 

- damage to microstructure due to 

ice crystals  

+ no capillary  

pressure 

- dehydration of hydration 

products 
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2.5 ADDITIVES IN CEMENT 

Different types of additives are in use to further modify, improve, and influence the properties 

of cementitious suspensions or hardened cement paste as well as concrete. These can be divided 

into well-tried large-scale materials (section 2.5.1) and new types on a lab-scale (section 2.5.2), 

which are envisioned to beneficially alter the properties of cement-based materials{198}. 

2.5.1 LARGE-SCALE / GENERAL 

On a large-scale{199}, mainly at building sites, additives can have two impacts: (1) Reduction of 

the water demand, id est less water is bound to cement grains, as their surface is already 

occupied by additives, which, in turn, enables controlled hydration at low or high outside 

temperatures T for cementitious suspensions. (2) Protection of the hardened cement paste 

against external parameters. Lignosulphonate-based liquefiers as well as superplasticisers 

reduce the water demand, resulting in enhanced processability, exempli gratia pumpability, 

durability, strength, and increased early strength. Superplasticisers based on polycarboxylether 

as well as retarder based on phosphate and sucrose, enable a controlled hydration at elevated 

ambient temperature or the production of larger components or monoliths. In contrast, 

hardening or setting accelerators based on either mineralogical salts or a mixture of organic and 

inorganic complex agents, respectively, are needed at low ambient temperatures. In order to 

protect the hardened components against frost damage, road salt, and or capillary water, 

root-resin-based air entraining agents, modified melamine resin sulfonate-based stabilisers, and 

or sealants based on organosilicon compounds are added, whereby the bleeding (segregation of 

water and cement particles) of the suspensions is reduced additionally (summarised in Table 3). 
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Table 3: Large-scale additives in cementitious suspensions and their respective impact.{199} 

type based on impact 

liquefier lignosulphonate enhanced processability at the same w/c ratio 

superplasticiser 
lignosulphonate enhanced durability, strength, and early strength 

polycarboxylether retarded hydration, enabling bigger components and 

working at elevated ambient temperature retarder phosphate and sucrose 

hardening 

accelerator 
mineralogical salts 

enhanced hardening, enabling working at low ambient 

temperature 

setting accelerator 
mixture of organic and 

inorganic complex agents 

enhanced setting, enabling working at low ambient 

temperature 

air entraining agent root resin 
enhanced resistance against damage due to frost and 

thawing or road salt, as well as reduced bleeding  

stabiliser 
modified melamine resin 

sulphonate 
reduced bleeding and segregation 

sealant organosilicon prevented capillary water absorption 

 

2.5.2 LAB-SCALE / NANOPARTICLES 

In the last decades, a growing number of works dealt with the influence of nanoscopic materials, 

nanoparticles, or ultrafine particles with a size below 100 nm{200-202} as additives to 

cementitious suspensions and concrete on the respective hardened material. In around 8 out of 

10 studies, the implemented particles are mainly quasi-spherical (aspect ratio AR ≅ 1) metal 

oxides with diameters of d ≤ 100 nm.{203} These examined materials are amorphous silicon  

SiO2
{204-207}, α- or γ-Al2O3

{203-205,207}, anatas- or rutil-TiO2
{203-205}, α- or γ-Fe2O3

{203,204,207}, 

CaCO3
{206,208}, MgO{209}, CaO{209}, ZnO2

{204}, ZrO2
{208}, Cu2O3

{208}, and CuO{208}. Independent 

of the used type of oxide material, all nanoparticles reduce the amount of free water due to their 

high specific surface area (SSA){210},  and, in turn, workability and fluidity of cementitious  
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suspensions{211,212}. In addition, this material class can introduce a higher amount of entrained 

air{213}, which has an ambiguous effect, as workability and resistance against frost damage and 

thawing are enhanced while strength is reduced.{214} Further, the addition of nanoscopic 

material shortens the initial setting{203}, which is obstructive for transport but increases 

early-strength. This, in turn, is beneficial for faster construction schedules, possibly enabling 

more environmentally-friendly admixtures to be used on building sites. However, these are 

partially restricted due to low reactivity{215}. Besides enhanced mechanical properties, such as 

early strength, compressive strength fck, and tensile or flexural strength, durability against 

extrinsic parameters (mainly weathering and elevated temperature) gets enhanced using 

nanoscopic additives.{203} For more details about the distinct influences of different amounts 

and species of nanoparticles, please read the reviews provided by RECHES
{203}, AGGARWAL ET 

AL.{211},  MENDES ET AL.{216}, SANCHEZ ET AL.{198}, and OLAFUSI ET AL.{217}. 

Despite this extensive amount of studies, until now, no study has tried to enhance or  control 

the electromagnetic wave absorption rate of hardened cement paste. This possibility was 

approached in a recent study (section 4.3) using unmodified gallium-substituted hard-magnetic 

ε-Fe2O3 nanocrystals, which were synthesised via a sol-gel method and demonstrated their 

capability to absorb millimetre waves{218}. The partial substitution of iron with gallium is 

needed to stabilise the normally metastable ε-phase of Fe2O3.
{218} Implementing these 

properties should enable constructions to protect sensitive machinery negatively influenced by 

radio waves, like magnetic resonance tomography in the medical field, to ensure greater lifetime 

and efficiency. At the same time, sensitive data can be protected by blocking external access 

from third parties, id est enhanced tap-proofness. 
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3 DEVELOPMENT OF A FREEZE-DRYING-BASED   

3 HYDRATION STOP TECHNIQUE 

3.1 SUMMARY 

One of the main issues encountered in modern cement-based works is the lack of knowledge 

about the rheological properties of cement-based suspensions during processing. That is why 

rheology is a crucial tool for the characterisation of fresh cement-based suspensions. Many 

factors influence these physically defined parameters-based properties and predominantly 

affect paste levels. In order to obtain an understanding of influencing factors, such as the 

underlying kinetics and mechanisms at the initial colloidal scale, a time variant analysis of 

cementitious suspensions is needed. Amongst the manifold examined suspensions with 

different w/c ratios, stopped at various times by miscellaneous techniques, it was ascertained 

that each technique has advantages and disadvantages and that, hitherto, the best method to stop 

the hydration of cementitious suspensions is a solvent-water-exchange with iPrOH. The 

identification and development of a suitable technique to stop the hydration process nearly 

instantly without disturbing the cement matrix, damaging or morphing the surface of hydrated 

cement, as well as without changes to the chemical composition exempli gratia the formation 

of carbonate-like phases, which the state-of-the-art technique is not capable of, is demonstrated 

by the following three publications. 

 

The first research article{219} (section 3.1) shows the comparison of samples whose hydration 

was stopped by three techniques, namely the state-of-the-art iPrOH-H2O exchange (I), 

lyophilisation in combination with iPrOH-H2O exchange (IL), and lyophilisation (L) also 

known as freeze-drying. The overall results do not crayon a distinct picture of which technique 

is the most suitable, as both standalone methods, lyophilisation and solvent exchange, exhibited 

ambiguity, wherein the first ever tried combination of both turned out to be a jack of all traits 

but master of none. By employing I, water remains in the system even after the drying 

procedure, which leads to an incompletely quenched hydration, making this method unsuitable 

for the intended time-variant analysis of cementitious suspensions. Although this issue is less 

or not pronounced by using IL or L, it is unclear, whether lyophilisation results in a de-

agglomeration of already agglomerated particles or whether the addition of iPrOH causes the 

observation of microscale particle agglomerates. If the latter case applies, IL would be the  

                                                 
219 P.A. Kißling, D. Cotardo, T. von Bronk, L. Lohaus, N.C. Bigall, Springer, Cham, 2020, pp. 610–618. 

https://doi.org/10.1007/978-3-030-22566-7_71. 
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preferable route, as it would not change the morphology and particle size distribution while 

possibly ensuring a nearly instant hydration stop. 

For further optimizing the hydration stop technique by incorporating lyophilisation or 

freeze-drying, the author took a step back and looked into the influence of low-pressure 

treatment on the first hydration product, ettringite, resulting in the second research article{220} 

(section 3.2). Here, three different levels of low-pressure (p = 400 Pa, 6 Pa, and 90 µPa or 

3.53 mPa) and various durations of treatment under this low-pressure (tl-p ≤ 72 h) were applied

on pure synthetic ettringite. It was shown that low-pressure of p = 400 Pa does not change the 

chemical composition nor the morphology of ettringite for at least tl-p ≤ 72 h. 

 

Based on the aforementioned results, the previously used hydration stop techniques based on 

lyophilisation (L), iPrOH-H2O exchange (I), and the combination of solvent exchange and 

lyophilisation (IL) were optimised (Table 4). The development of the lyophilisation-based 

method (L) resulted in the pioneered freeze-drying-based hydration stop method (FD). It was 

optimised to such an extent that after its, use the ettringite content is highest, and samples show 

the highest reproducibility compared to the state-of-the-art (Iso) as well as the combined 

technique (IFD). The third research article{221} (section 3.3) summarises all used methods and 

can be seen partly as an evolution of the first part of this section. 

Table 4: Changes to the previously used hydration stop techniques{219}. 

technique previous optimised reason (if applicable) 

(I
) 

 →
  
 (

Is
o

) iPrOH RT iPrOH pre-cooled to 5 °C lowering of hydration’s kinetic 

mixing mechanically 

for 10 min at 50 rpm 
shaking for 5 min at 1487 rpm 

mixing without mechanical stress to 

prevent mechanical-based 

destruction of hydration products 

iPrOH RT iPrOH pre-cooled to 5 °C lowering of hydration’s kinetic 

(I
L

) 
→

  
 (

IF
D

) 
  

a
n

d
  

(L
) 

  
→

  
  

(F
D

) 

transfer into a pre-

cooled flask in LN2 

transfer into a flask, then slow 

rotation to get a homogenous thin 

layer, and freezing at once in LN2 

increased surface facilitates faster 

and more homogenous freezing 

freeze-dried for 36 h 

at 15 µbar 
freeze-dried for 3 h at 4 mbar 

results of section 3.2 showed that 

4 mbar is the best pressure to 

preserve ettringite 

 

 

                                                 
220 P.A. Kißling, F. Lübkemann, T. von Bronk, D. Cotardo, L. Lei, A. Feldhoff, L. Lohaus, M. Haist, N.C. 

Bigall, Materials (Basel). 14, 2021, 2720. https://doi.org/https://doi.org/10.3390/ma14112720. 
221 P.A. Kißling, F. Lübkemann, A. Mundstock, L. Lohaus, M. Haist, J. Caro, N.C. Bigall, Cem. Concr. Res. 159, 

2022, 106841. https://doi.org/10.1016/j.cemconres.2022.106841. 
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4 APPLICATION OF THE FREEZE-DRYING-BASED  

4 HYDRATION STOP TECHNIQUE 
 

4.1 SUMMARY 

One of the main issues encountered in modern cement-based works is insufficient knowledge 

about the rheological properties of cement-based suspensions during processing, as the 

rheological properties of cementitious suspensions are crucial tools for characterising fresh 

cement-based suspensions. Therefore, a hydration stop technique that enables a time-variant 

analysis of cementitious suspensions is needed. A hot candidate is utilising the freeze-drying 

method that was described in the previous section 3. 

 

In the following section 4.2, fourth research article{222}, this freeze-drying-based technique 

(FD) is in part used to evaluate the influence of in situ formed ettringite on the rheology of 

model suspensions consisting of quartz powder (SiO2), since in cementitious suspensions 

diverse hydration processes co-occur (section 2.2) and might influence each other. Here, an up-

scalable synthesis route of ettringite was introduced. Further, it was shown that higher amounts 

of ettringite in the quartz suspension lead to stiffening accompanied by an increase of plastic 

viscosity µ, yield stress τ0, and equilibrium dynamic viscosity ηeq during various shear rates. 

Furthermore, based on the obtained data sets, it might, in future works, be possible to 

distinguish between the influence of forming ettringite and other hydration processes in 

cementitious suspensions like the formation of calcium-silicate-hydrate (C-S-H). Due to the 

comparable particle size distribution of the used quartz powder and Portland cement 

(CEM I 42.5 R), these findings are likely transferable to cementitious suspensions and practical 

applications. 

 

Besides the rheological aspects exists the challenge to adapt building materials to extrinsic 

factors like climate, resource scarcity, politics, and, recently, security requirements (tap-

proofness).{36} As previously mentioned, cement itself mainly consists of Ca3SiO5, Ca2SiO4, 

and Ca3Al2O6 and acts as the binder or glue of the composite material concrete, which 

additionally contains coarse and fine aggregates (exempli gratia sand, gravel, or crushed 

stones).{40} For this, most approaches work on the macroscopic or microscopic levels, exempli  
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gratia by the addition of filler materials such as sand or slag to enhance the strength of hardened 

cement paste by compacting or adding superplasticiser to improve fluidity and pumpability of 

cementitious suspensions{42,223-231}. Additionally, several approaches aim at the nanoscopic 

levels, wherein enhanced external compression and tensile strength{215,232} as well as a reduction 

of the dormant period is observed. Besides an acceleration of the hydration of cement, a 

lowering of the initial as well as final setting time by 90 min to 100 min{215} is induced by 

different types of nanoparticles exempli gratia tobermorite nanofibers{233}, SiO2
{215,234-239}, 

TiO2
{232,240}, α-Fe2O3

{238,239}, ZnO{232,241}, and carbon nanotubes{242,243}. Hereby, the 

beforementioned specific modifications are observed on the paste level already, without 

additional aggregates. 
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In the following section 4.3, fifth research article{244}, the impact of not yet investigated type 

of nanoparticles, hard magnetic ε-Fe2O3, will be evaluated. Herefor, cementitious suspensions 

were blended with different amounts (≤ 10 wt%) of synthetic gallium substituted Fe2O3 (85% ε 

and 15% α) nanomagnets, and its influence on the hardened state (thyd ≥ 28 d) was examined. 

The partial substitution of iron with gallium is needed to stabilise the normally metastable 

ε-phase of Fe2O3.
{218} It was shown how or to which extent the amount of nanoscopic gallium 

substituted iron oxide particles (Ga0.043Fe1.957O3) influences properties relevant to the real-

world application of hardened cement paste simultaneously using a cheap and easily 

mass-produced additive. 

4.2 INFLUENCE OF IN SITU ETTRINGITE FORMATION ON THE RHEOLOGICAL     

4.1 PROPERTIES OF QUARTZ SUSPENSIONS 

P.A. Kißling, J. Link, M. Heinemann, F. Lübkemann-Warwas, F. Rieck genannt Best, 

T. Sowoidnich, A. Mundstock, H.-M. Ludwig, M. Haist, N.C. Bigall, Constr. Build. Mat. 2023, 

408, 133678.  

DOI: https://doi.org/10.1016/j.conbuildmat.2023.133678 . 
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5 SUMMARY OF THE WHOLE WORK 

Focus of this thesis and its five associated publications was to elicit how the early hydration 

product ettringite influences the rheological properties at an early state of hydration. This 

included the query of how the morphology and chemical composition of ettringite itself are 

affected by different methods to stop the hydration process of cementitious suspensions as well 

as by the addition of hard magnetic nanocrystals. Moreover, the question arose whether no 

alternative way for hydration stoppage exists that is at least on par with the state-of-the-art 

technique isopropanol water exchange but less invasive, less mechanically disruptive, as well 

as more reproducible. 

 

Both latter issues directly correlate to section 3 of this thesis, wherein, at first, two well-known 

techniques, solvent exchange with isopropanol (I) and lyophilisation also known as 

freeze-drying (L), as well as, for the first time, their combination (IL) was used to assess the 

effect of hydration stoppage on samples at an early hydration stage (thyd ≤ 90 min). 

Characterisation included scanning electron microscopy as an imaging technique and nitrogen 

physisorption to assess changes to porosity Ψ via the specific surface area SSA, specific 

volume SV, and pore size distribution PSD. Although the results were too ambiguous to crown 

a superior technique, the combined method could be identified as a jack-of-all-trades, master 

of none, since all characterisation results ended up in the middle/between the results of the pure 

techniques.  

 

In order to optimise the freeze-drying-based method, the influence of the levels of low-pressure 

and the duration of treatment at these levels on ettringite were examined in detail, wherein 

ettringite was synthesised and thoroughly characterised before further studies. Three degrees of 

low-pressure p (400 Pa, 6 Pa, and 90 µPa or 3.53 mPa) and a treatment duration of up to  

tl-p = 72 h were implemented to account for low-pressure levels, which are representative of 

scanning electron microscopy transmission electron microscopy and for freeze-drying, as well 

as to test out, if a low-pressure near the triple-point of water is sufficient for lyophilisation. 

Examination of morphological and compositional changes showed that no significant changes 

occur at p = 400 Pa over 72 h of drying. At p = 6 Pa significant changes occur already after  

tl-p = 5 h, and at the lowest pressure p tl-p = 20 min are sufficient for a drastic change of 

ettringite’s crystal structure, morphology, and chemical composition. 
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Based on these results, the freeze-drying-based hydration stop was optimised to such an extent 

that it enables a nearly instantly hydration stop without significant changes to morphology, 

crystal structure, and chemical composition of ettringite. This, in turn, improves not only the 

reproducibility of the stopped samples but also eliminates the problematic chemisorption of 

isopropanol, making an energy- and time-consuming desorption or drying step unnecessary.  

The developed technique’s utilisation enabled the study of the influence of ettringite on the 

rheological properties of cementitious suspensions. Since those are very complex and include 

several hydration processes happening simultaneously/in parallel, investigations were carried 

out on a model system consisting of quartz powder and different pre-set amounts of in situ 

formed ettringite. It was analytically shown that the pre-set amount of precipitated ettringite 

was achieved in each analysed suspension. Rheological measurements facilitated the 

correlation between the amount of precipitated ettringite and changes to rheological properties, 

wherein these change exponentially with the linear rising content of ettringite. 

 

Besides the studies at an early state of hydration (thyd ≤ 90 min), modifications induced by 

mixing with a nanoscopic additive were evaluated. Addition of nanoscopic gallium substituted 

epsilon iron oxide (Ga:Fe2O3) (≤ 10 wt%), wherein the gallium is needed to stabilise the 

metastable ε-phase of iron oxide, introduces magnetic moment to the hardened cement paste 

and a higher porosity Ψ with higher amount of additive, leading to a decreased characteristic 

compressive strength with no changes to the hardness of the material. These shown properties 

of blended hardened cement paste, using a cheap and easily mass-producible nanoscale 

additive, might make it a promising material for coatings of facades or interior walls when it 

comes to the protection of sensitive machinery that is negatively influenced by radio waves, 

exempli gratia magnetic resonance tomography in the medical field, to ensure greater lifetime 

and efficiency. 
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6 CRITICAL DISCUSSION AND OUTLOOK 

Although the newly developed freeze-drying-based technique proved its reproducibility during 

a round-robin test performed at three universities, access to a freeze-dryer or vacuum device 

with a distinct level of low-pressure is essential to make this technique work. In this regard, it 

was already assessed that fluctuations in a range of 90 Pa ≤ p ≤ 450 Pa did not change the 

results in the desired drying time range of 3 h. Nevertheless, the method is optimised for the 

utilisation of liquid nitrogen (LN2) and requires a contact area as big as possible with the 

freezing medium, exempli gratia in this case, a volume V = 10 mL of the suspension (w/c = 0.5) 

distributed as a thin layer over the inner surface of a 250 mL flask. For higher amounts of 

suspensions or more liquid suspensions, either a bigger contact area is needed, or the pressure 

needs to be optimised, wherein it has to be noted that the time of sublimation of up to 100 mL 

pure bulk water in a 250 mL flask varies by only up to 10 min at p = 400 Pa compared to 

p = 6 Pa. At this point, this procedure is not suited for large-scale amounts of cementitious 

suspension since the cooling rate of liquid nitrogen (LN2) is not fast enough to instantly freeze 

thick samples due to the LEIDENFROST effect{192}. Changing the freezing media to 

2-methoxy-2-methylpropane (MTBE) in liquid nitrogen (LN2) is possible. Still, the temperature 

right before freezing of MTBE is not easily achievable, not constant, and seems to dehydrate 

ettringite at least partly. Therefore, the developed method has to be examined and optimised to 

freeze thicker samples, ideally via another series of round-robin-tests. Alternatively, if the 

amount of cementitious suspension that has to be frozen is small enough, id est thinner layers 

or tiny droplets (V ≤ 4 mL, w/c = 0.5), this developed technique is indeed usable on large-scale, 

exempli gratia when a batch of a cementitious suspension is dispersed via spray into liquid 

nitrogen (LN2) and dried afterwards.  

Even after achieving the goal of being able to derive the properties of hardened cement paste 

directly from the microstructure or rheology of the early hydration state, many requirements for 

buildings cannot be solved by cement alone, exempli gratia the strength of a wall made 

exclusively of hardened cement paste is inferior to a wall that also contains aggregates. Other 

issues are financial, environmental, or political, so highly functionalised additives are needed. 

Furthermore, in our increasingly technological world, a solid and reliable wireless signal 

becomes increasingly essential for daily life (exempli gratia “smart home”) and modern 

production facilities, which opens the electronic back door for cyber-attacks. As many of us 

know, regular concrete is quite a hindrance for wireless applications. By adding iron oxide 

intentionally, as exempli gratia in reinforced concrete, in order to enhance stability,  
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the signal is even more diminished. This effect might be even more substantial in the case of 

nanoscopic iron oxide. Exclusive of these issues, in the case of hardened cement paste, iron 

oxide nanoparticles could lower thermal conductivity κ and enhance thermal capacity cp, id est 

thermal energy is not so easily stored, and if stored, does not dissipate as fast as without this 

additive. Such thermal properties could exempli gratia allow inertia against temperature 

fluctuations during the day or reduce heating demands on cold nights. It is not yet ascertained 

which types or modifications of iron oxide and particle size could be used or are most suitable 

to introduce these effects mainly due to an enhanced porosity Ψ. These problems should or 

could be addressed in a subsequent study because if the currently used insulating materials, 

primarily based on polystyrene, could be replaced by a less polluting material, why hesitate? 

 

During the last centuries, many composite materials were developed and even more guidelines 

on handling the materials have been implemented. Still, from a historical perspective, the 

progress seems to be less or more stagnant in the past decades. Indeed, climate protection might 

also be a reason to broaden the perspective of what can be used as an additive to concrete. But 

is cement or concrete still the construction material of the future? From an environmental 

perspective, bamboo could be an alternative, as each type of wood consumes more CO2 than it 

produces. By purposeful arboriculture, it might also be possible to use seawater, whose level 

will constantly be rising in the following decades, for bamboo’s hydration. 

 

Will humanity’s future be built on sand, water, or bamboo? 
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GREEK LETTERS 

Table A1: List of Greek letters. 

Greek letter explanation / unit 

α crystal phase 

�̇� shear rate / s-1 

γ crystal phase 

 crystal phase 

η dynamic viscosity / Pa·s 

ηeq equilibrium dynamic viscosity / Pa·s 

κ thermal conductivity / W·m-1·K-1 

µ plastic viscosity / Pa·s 

ρ density or specific weight / kg·m-3 

τ0 yield stress / Pa 

Ψ porosity / % 

 

SYMBOLS 

Table A2: List of symbols. 

symbol explanation / unit 

a cell parameter / Å 

atm atmosphere; 1 atm ≡ 101.325 kPa 

Å 1 Å = 10-10 m 

b cell parameter / Å 

c cell parameter / Å 

cp specific heat capacity / J·g-1·K-1 

d diameter / nm or µm or mm or cm 

D diffusivity / m2·s-1 

fck compressive strength / N·mm² 

p pressure / Pa 

t time / min 

tE diffusion equilibrium time / s 

thyd hydration time / min or h or d 

tl-p time of low-pressure treatment / h 

T Temperature / °C 

V volume / mL or cm3 

x characteristic length / m 
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ABBREVIATIONS 

Table A3: List of abbreviations. 

abbreviation explanation / unit 

A Al2O3 

AFm Ca2(Al,Fe)(OH)6]2 X n H2O, mainly X  OH-, SO4
2-, or CO3

2- or calcium aluminate hydrate 

AFm-14H Ca4Al2(SO4)3(OH)12 ∙ 8 H2O or calcium aluminate monosulphate 

AR aspect ratio 

C CaO 

C̅ CO2 

C2(A,F)H8 Ca2Al2-xFexO5 · 8 H2O or di calcium aluminate ferrite hydrate 

C2AH8 Ca2Al2O5 · 8 H2O or di calcium aluminate hydrate 

C2S Ca2SiO4 or belite 

C3A Ca3Al2O6 or tricalcium aluminate 

C3AH6 Ca3Al2O6 · 6 H2O or cubic hydrogarnet or tri calcium aluminate hydrate 

C3(A,F)H6 Ca3Al2-xFexO6 · 6 H2O or tri calcium aluminate ferrite hydrate 

C3S Ca3SiO5 or alite 

C4AF Ca4Al2Fe2O10 or brownmillerite 

C4(A,F)H19 Ca4Al2-xFexO7 · 19 H2O or tetra calcium aluminate ferrite hydrate 

C4AH19 Ca4Al2O7 · 19 H2O or tetra calcium aluminate hydrate 

C6(A,F)S̅3H32 
Ca6Al2-xFex(SO4)3(OH)12 · 26 H2O or iron ettringite or calcium trisulfoaluminate ferrite 

hydrate 

C6AS̅3H32 Ca6Al2(SO4)3(OH)12 · 26 H2O or ettringite or calcium trisulfoaluminate hydrate 

CAH calcium aluminate hydrate 

CCN Cement Chemistry Notation 

CH Ca(OH)2 or portlandite 

C.N. coordination number 

C-S-H m CaO · SiO2 · n H2O; 1.2 ≤ m ≤ 2.3 or calcium silicate hydrate 

CS̅H2 CaSO4 · 2 H2O or gypsum 

D silica fume 

Eq. equation 

F Fe2O3 

FD hydration stop technique based on freeze-drying 

Ga:Fe2O3 gallium substituted iron oxide; Ga0.043Fe1.957O3 

H H2O 

IFD hydration stop technique based on gradual isopropanol-water exchange and freeze-drying 

IL hydration stop technique based on gradual isopropanol-water exchange and lyophilisation 

iPrOH isopropanol 

Iso hydration stop technique based on isopropanol-water exchange 

K K2O 
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abbreviation explanation / unit 

K Portland cement clinker 

L Li2O 

L limestone with an organics’ content TOC ≤ 0.50 wt% 

LL limestone with an organics’ content TOC ≤ 0.20 wt% 

LN2 liquid nitrogen 

Lyo hydration stop technique based on lyophilisation 

M MgO 

MTBE 2-methoxy-2-methylpropane 

N Na2O 

Nr. number 

P natural pozzolan 

PCE polycarboxylate ether superplasticiser  

Q tempered pozzolan 

SSA specific surface area / m²·g-1 

SV specific volume / mm³·g-1 

S̅ SO3 

S SiO2 

S blast furnace slag 

SEM scanning electron microscopy 

SQUID superconducting quantum interference device 

T TiO2 

T burnt slate 

TEM transmission electron microscopy 

V siliceous fly ash 

w/c gravimetric water to cement ratio 

wt% weight percentage 

W calcareous fly ash 

XRD X-ray diffraction 
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FIGURES 

Table A4: List of figures. 

Nr. title page 

1 Evolution of compressive strength fck of cement’s main components (C3S, C2S, C3A, and C4AF) 

in a cementitious suspension with w/c = 0.5; derived from BOGUE ET AL.{57}. 

- 9 - 

2 Scheme of particle interaction (a) without, resulting in coagulation/agglomeration, and (b) with 

superplasticiser, resulting in dispersion due to COULOMB{63,64} forces. 

- 10 - 

3 Dynamic viscosity η dependent on applied shear rate �̇�, of a cementitious suspension exhibiting 

a viscoelastic (magenta), plastic (navy), and dilatant (dark yellow) flow behaviour. 

- 11 - 

4 (a) Theoretical crystal structure of the so-called “three chain” building blocks in calcium 

silicate hydrate (C-S-H) on the example of tobermorite 11Å (ICSD-92941){122} in the [101̅0] 

projection with edge-sharing octahedrally coordinated Ca2+, and either bridging or pairing 

corner-sharing tetrahedrally Si4+; crystal structure of (b) jennite (ICSD-151413){120} in the 

[5̅141] projection with edge-sharing octahedrally coordinated Ca2+, and (c) tobermorite 14Å 

(ICSD-152489){121} in the [101̅0] projection with alternating edge-sharing Ca-O trigonal 

prisms and capped trigonal prisms; projection given in BRAVAIS-MILLER indices{123}. 

- 15 - 

5 Crystal structure of ettringite following HARTMAN ET AL.{128}; (left) part of a single column in 

the [101̅0] projection and (right) build-up in the [0001] projection showing columns and 

channels parallel to c-axis; BRAVAIS-MILLER indices{123} according to a trigonal symmetry in 

a hexagonal cell. 

- 17 - 

6 Scheme for pressure-based hydration stop techniques; (a) vacuum-drying, (b) D-drying, 

(c) P-drying, and (d) freeze-drying. 

- 22 - 
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1 Composition of the five main types of cement and their modifications according to 

DIN EN 197-1{40}. 

- 8 - 

2 Overview of the previously described hydration stop and drying techniques, including a 

short introduction, their respective advantages, as well as disadvantages. 

- 23 - 

3 Large-scale additives in cementitious suspensions and their respective impact.{199} - 25 - 

4 Changes to the previously used hydration stop techniques{219}. - 28 - 
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Table A6: List of equations. 

nr. equation page 

(1) C3S + n H2O → CxSyHz + (3-x) Ca(OH)2 + (n-z-(3-x)) H2O  - 13 - 

(2) C2S + n H2O → CxSyHz + (2-x) Ca(OH)2 + (n-z-(2-x)) H2O  - 13 - 

(3) C3A + 3 CS̅H2 + 26 H→ C6AS̅3H32 

Ca3Al2O6 + 3 CaSO4 ∙ 2 H2O + 26 H2O→ Ca6Al2(SO4)3(OH)12 ∙ 26 H2O  

- 16 - 

(4) 2 C3A + 3 C6AS̅3H32 + 4 H → 3 C4AS̅H12 
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- 17 - 
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