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Kurzfassung 

Im Rahmen dieser Arbeit wird erstmalig das rheologische Verhalten von Zementen sowohl 
unter dem Zusatz calcinierter Schichtsilikate, als auch calcinierter Tongemische untersucht. 
Die Fließfähigkeit wird durch ihre Zugabe teils stark reduziert, was sich in einer erhöhten 
Fließgrenze und Viskosität an Messungen von Bindemittelleimen mit dem Rotationsviskometer 
äußert. Die Untersuchung an reinphasigen Materialien ermöglicht es, den Einfluss der 
mineralogischen Zusammensetzung der zugrundeliegenden Rohtone, insbesondere deren 
Gehalt an Kaolinit, Vertretern der Dreischichtsilikate und Quarz herauszuarbeiten. Der 
Zusammenhang zwischen rheologischem Verhalten und physikalischen Parametern der 
calcinierten Materialien, wie Partikelgrößenverteilung, Zetapotential, Wasseranspruch und 
spezifischer Oberfläche wird kritisch beurteilt. 
Die Dispergierwirkung zahlreicher Fließmittel-Vertreter, wie Ligninsulfonate, eines 
Polykondensats und verschiedener polycarboxylatbasierter Polymere, wird mittels „mini slump 
test“ und Rotationsviskometer-Versuchen an Bindemittelleimen untersucht. Der 
Fließmittelbedarf steigt in Abhängigkeit des Wasseranspruchs, der Mahlfeinheit und des 
negativen Zetapotentials des jeweiligen calcinierten Tones. Letzterer Parameter wird vom 
Kaolinitgehalt des Tones dominiert. Ungeachtet des erhöhten Fließmittelbedarfs, ist die 
Dispergierwirkung von PCE-Fließmitteln in Zementleimen mit calcinierten Tonen ähnlich wie 
in herkömmlichen Zementleimen am effektivsten. Eine höhere, anionische Ladungsdichte führt 
hier zu einer besseren, initialen Dispergierwirkung und alle handelsüblichen Makromonomere 
zu einer guten, teils exzellenten Verflüssigung. Metamuskovit zeichnet sich als einzige 
Metaphase ab, die sowohl die Wirkungsweise von Fließmitteln reduziert als auch sensibel 
gegenüber deren Polymerstruktur ist. Die Zugabe calcinierter Tone kann zu einem schnellen 
Verlust der Fließfähigkeit führen. Wie zeitabhängige Messungen zeigen, ist dieser in 
Anwesenheit von PCE-Fließmitteln stärker ausgeprägt als mit einem NSF Polykondensat. Mit 
Ligninsulfonaten kann die Fließfähigkeit über die Zeit aufrecht erhalten werden, was jedoch 
aufgrund einer hohen Dosierung häufig mit einer starken Verzögerung einhergeht. Die Arbeit 
stellt mit der Einführung von Hydroxyethylmethacrylat in die PCE-Struktur eine mögliche 
Lösung vor, um einer schnellen Abnahme der Fließfähigkeit vorzubeugen. Dessen Zersetzung 
im alkalischen Milieu in Ethylenglykol und Carboxylgruppen ermöglicht eine nachträgliche 
Adsorption letzterer und damit eine länger andauernde Verflüssigung. Dieser 
Wirkmechanismus wird durch den vorhandenen Gehalt aller Schichtsilikate im Ton, sowie die 
spezifische Oberfläche des calcinierten Tons entscheidend beeinflusst.  
Ergänzend wird die frühe Hydratation von Kompositzementen mit calcinierten Tonen in 
Anwesenheit von Fließmitteln mittels Wärmeflusskalorimetrie sowie selektiv anhand von in 
situ Röntgenbeugungs- und Ultraschallmessungen untersucht. Sie hängt maßgeblich von den 
Eigenschaften des calcinierten Tones, sowie der Fließmitteldosis ab. Die Verzögerung in 
Anwesenheit calcinierter Tone wird als gering eingestuft, was auf die erhöhte Oberfläche und 
die Bildung früher Hydratationsprodukte trotz der Fließmitteladsorption auf Zement- und vor 
allem Ettringitoberflächen zurückgeführt wird. Eine verstärkte Ettringitbildung ermöglicht in den 
meisten Fällen trotz teils hoher Fließmitteldosen eine ungehindert ablaufende Hydratation.  
Die Arbeit präsentiert Herausforderungen in Hinblick auf die Wahl geeigneter Fließmittel für 
ternäre Bindemittelsysteme mit calcinierten Tonen. Dabei zeigt sie Lösungsansätze und 
kritische Parameter auf, um das rheologische Verhalten mit einer Vielzahl calcinierter 
Tongemische durch die Zugabe geeigneter Fließmittel gezielt zu steuern und optimieren. So 
kann die Verwendung calcinierter Tone einen erheblichen Beitrag leisten, dem Bedarf an 
nachhaltigen Zementersatzstoffen gerecht zu werden und den ökologischen Fußabdruck 
moderner Betone zu verbessern. 
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Abstract 

This thesis debutes a systematic study of the rheological behavior of cements blended 
with both metaphyllosilicates and calcined common clays. With their addition, the flow 
resistance, yield stress and viscosity of blended cement pastes increase in parts significantly 
as shown via rotational viscometer tests. The analysis of single-phase materials reveals the 
influence of mineralogical composition of raw clays, especially their concentration of kaolinite, 
different types of 2:1 phyllosilicates, and quartz. The correlation of rheological behavior with 
physical characteristics of metaphyllosilicates and calcined common clays, such as particle 
size, zeta potential, water demand, and surface area is evaluated critically. 
The dispersion performance of a broad variety of superplasticizer (lignosulfonates, NSF 
polycondensate, polycarboxylate-based co-polymers (PCEs)) is determined via mini slump 
tests and rotational viscometer tests. The demand for superplasticizer is directly linked to the 
flow resistance of the respective reference mixture. It increases to different extents depending 
on the calcined clay added, its water demand, particle fineness, and negative zeta potential; 
the latter mainly resulting from kaolinite content. Regardless of their increased demand, the 
performance of superplasticizers in calcined clay blended cements is as efficient as it is in plain 
cements. In case of PCEs, a higher anionic charge density enables a better initial dispersion. 
All conventional macromonomers exhibit an overall good to excellent dispersion performance. 
Metamuscovite is the only phase that perturbs the performance of superplasticizers and is 
sensitive towards the type of superplasticizer. 
The use of calcined clays can lead to rapid slump loss, which is stronger with the addition of 
conventional PCEs than with NSF polycondensate as time related mini slump tests and 
rheological tests show. The addition of lignosulfonates may limit this phenomenon, but often 
goes along with significant retardation effects. This thesis investigates one possible solution 
to prevent rapid slump loss, namely the introduction of hydroxyethyl methacrylate into the 
PCE polymer. Its decomposition into ethylene glycol and carboxyl groups in alkaline media 
leads to a later adsorption of the latter and can enable a subsequent dispersion. The study 
reveals the total phyllosilicate content in clay as well as the specific surface area of the calcined 
clay as decisive parameters for the functionality of this special type of polymer. 
Complementing tests study the early hydration of calcined clay blended cements in the 
presence of superplasticizers via isothermal calorimetry, as well as in situ XRD and 
ultrasound method on selected samples. The early hydration kinetics depend mainly on the 
characteristics of the calcined clay as well as on the superplasticizer dosage. Overall, the 
retardation is minor in calcined clay blended cements. This is related to the increased surface 
area which favors the formation of early hydration products - despite the adsorption of 
superplasticizers onto binder particle surfaces. An enhanced ettringite formation of calcined 
clay blended cements enables an unhindered silicate hydration and transformation of ettringite 
to hemicarboaluminate, even in the presence of most superplasticizers. 
This thesis reveals the suitability of a wide array of calcined common clays and their 
limitations as future SCM regarding their impact on rheological behavior in combination with 
the correct choice of superplasticizer. A fair assessment and a careful selection provided, their 
use can meet the high demand for sustainable cementitious materials and help improving the 
ecological footprint of modern concrete. 
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Abbreviations and nomenclature 

Cement chemistry 

A Al2O3 

AFm Monophases, C4AXHn 

AFm-Hc Hemicarboaluminate, C4A𝐶̅0.5H11.5 

AFm-Mc Monocarboaluminate, C4A𝐶̅xH11 

AFm-Ms Monosulfate, C4A$H12 

AFt Ettringite, C6A$H32 

C CaO 

𝐶̅ CO2 

C2A Dicalcium aluminate 

C3A Tricalcium aluminate 

C4AF Tetracalcium aluminate ferrite 

CASH Calcium aluminate silicate hydrate(s) 

CH Calcium hydroxide, portlandite 

C2S Dicalcium silicate, belite 

C3S Tricalcium silicate, alite 

CSH Calcium silicate hydrate(s) 

F Fe2O3 

H H2O 

S SiO2 

$ SO3 

 

Superplasticizer chemistry (I) 

AA Acrylic acid 

AFS Acetone formaldehyde sulfite 

APEG α-allyl ω-methoxy polyethylen glycol 

CSF Cyclohexane sulfite formaldehyde 

DADMAC Diallyl dimethylammonium chloride 

HEMA Hydroxyethyl methacrylate 

HPEG α-methallyl-ω-methoxy poly(ethylen glycol) /  

α-methallyl-ω-hydroxy-poly(ethylen glycol) 

IPEG Isoprenyl oxy poly(ethylen glycol) ether 

LDH Layered double hydroxide 

MAA Methacrylic acid 

MAPTAC 3-trimethylammonium propyl methacrylamide chloride 

MFS Melamine formaldehyde sulfite 
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Superplasticizer chemistry (II) 

MPEG ω-methoxy polyethylene glycol methacrylate ester 

NSF Naphthalene sulfonate formaldehyde (-based polycondensate) 

OMP Organo-mineral phases 

PAAM Polyamidoamine-polyethylenglycol 

PAH Poly(allylamine hydrochloride) 

PCE Polycarboxylate ether (based superplasticizer) 

PEG Polyethylene glycol 

(P)EO (Poly)ethylene oxide 

PTMEG Polytetramethylene glycol 

SPF Sulfanilic acid-phenol-formaldehyde (based product) 

TMAEMC 2-trimethylammonium ethyl methacrylate chloride 

 

Materials used for the own investigations (chapter 4.1) 

AC Amaltheen clay 

amphMPEG “Amphoteric” MPEG-based PCE with DADMAC as cationic monomer 

FUP Fireclay Upper Palatinate (sedimentary, kaolinite-rich clays from Miocene) 

HPEG α-methallyl-ω-methoxy poly(ethylene glycol) ether type PCE 

H2Odest. Distilled water 

IPEG1 Isoprenyl oxy poly(ethylene glycol) ether type PCE consisting of IPEG-AA 

and an IPEG with hydroxyethyl methacrylate 

IPEG2 Isoprenyl oxy poly(ethylene glycol) ether type PCE consisting of IPEG-AA 

and a vinyloxybutyl polyethylene glycol (VOBPEG)-AA 

KUP Kaolin Upper Palatinate from a primary kaolin deposit, formed in Eocene / 

Miocene by the weathering of granite 

Mg-LS Lignosulfonate-based superplasticizer with magnesium salt 

Mk Metakaolin 

Mi Metaillite 

Mu Metamuscovite 

MURR Upper Eocene to Upper Miocene sediments from the alpine foreland basin 

Na-LS Lignosulfonate-based superplasticizer with sodium salt 

NSF Naphthalene sulfonate formaldehyde (-based polycondensate) 

OPC Ordinary Portland cement 

PLC Portland limestone cement 

QP Quartz powder 

RKUP Recycling Kaolin Upper Palatinate (kaolinite-rich mine tailing) 

SCPS Synthetic cement pore solution 

TG Tongemisch (common clay); Industrial-calcined Amaltheen clay 
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Further abbreviations (including methods) 

ASTM American Society for Testing and Materials 

BET Brunauer Emmett Teller 

CCBC Calcined clay blended cement 

DIN Deutsches Institut für Normierung (German Institute for Standardization) 

EN Europäische Normierung (European Standardization) 

GGBS Ground granulated blastfurnace slag 

ISO International Organization for Standardization 

LC³ Limestone calcined clay cement 

OPC Ordinary Portland cement 

IEP Iso-electric point 

PLC Portland limestone cement 

Q Heat of hydration [J/gcement], derived from isothermal calorimetry 

�̇� Heat flow [mW/gcement] measured via isothermal calorimetry 

SCI(E) Science Citation Index (Expanded) 

SCM(s) Supplementary cementitious material(s) 

SSA Specific surface area [m²/g] 

tQ,max Time of maximum heat [h], measured with isothermal calorimeter 

tQ,min Time of minimum heat [h], measured with isothermal calorimeter 

w/b Water-to-binder ratio 

w/c Water-to-cement ratio 
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1 Background and key content of the thesis 

The current construction boom worldwide, especially in emerging countries, requires an 

increasing demand for cement. It is known that cement production is one of the most harmful 

industries when it comes to carbon dioxide emissions. Key factor is the decarbonation of 

limestone during clinker production besides the primary energy demand for heating the clinker 

kiln at high temperature levels (~ 1,450 °C).  

For decades, clinker has been partially replaced by supplementary cementitious materials 

(SCMs). The most established SCMs are fly ash, ground granulated blast-furnace slag (GGBS) 

and limestone. Pozzolanic fly ash is a by-product from coal combustion. With the trend towards 

regenerative energies and the gradual shutdown of coal-fired power plants in several countries, 

the cement industry locally runs out of fly ash. Latent-hydraulic GGBS is also a by-product, a 

glassy material obtained in the manufacture of pig iron. Iron and steel production, however, 

are strongly dependent on economic trends. For this reason, and as steel production varies 

widely from region to region, there is no guarantee that sufficient amounts of GGBS are 

available long-term. Limestone is abundant worldwide but it does contribute to the properties 

of concrete in a limited way only or can even jeopardize the durability of concrete. As a 

consequence, the cement industry is in urgent need for sustainable, reactive SCMs.  

Calcined clays as reactive, pozzolanic SCM came again into focus of research within the 

last decade. Among other things it is known that they have a non negligible impact on the 

workability of fresh concrete and require the use of suitable (super)plasticizers. This present 

thesis gives in chapter 2.1 an overview of the definition of clays, their thermal activation, 

pozzolanic properties of calcined clays and their behavior in concrete. Furthermore, it 

considers the synergy effects with limestone in cement, commonly known as limestone 

calcined clay cement (LC3) and challenges that are brought up with the use of calcined clays.  

It is no novelty that the use of pozzolanic SCMs requires the addition of (super) plasticizers. 

Already in 1939, E. W. Scriptures stated in his patent that “pozzuolanic materials, when added 

to a concrete mix, ordinarily necessitate a substantial increase in the water-cement ratio […]” 

(Figure 1-1). He proposed to add lignosulfonates, known as the first plasticizers, so “the water-

cement ratio may be kept low and the advantages of the pozzuolanic material may be obtained 

without the disadvantages consequent upon an increase in the water-cement ratio” [1].  
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Figure 1-1: Extract of US patent no. 2.169.980 of E. W. Scripture from 1939 [1] 

Chapter 2.2 begins with a short overview of superplasticizers. It summarizes characteristics of 

lignosulfonates, of polycondensate- and polycarboxylate-based superplasticizers. Further it 

considers the interaction with clay minerals that commonly cause loss of both workability and 

superplasticizer effectiveness as well as previously known findings towards the interaction of 

superplasticizers with calcined clays.  

Chapter 3 presents aims and open questions that are basis of this thesis. Materials and 

methods used for the investigations are addressed in chapter 4. The thesis is based on four 

journal papers as well as four conference contributions that are provided in chapter 7. The 

main findings of these publications are presented and discussed in chapter 5. It starts with an 

approach to the rheology of calcined clay blended cement (CCBC) mixtures, with a special 

focus on the physical and mineralogical parameters of calcined clays. It is followed by the 

influence of calcined clays on the demand and performance of superplasticizers – regarding 

also the properties of superplasticizers themselves. Beside discussing the initial dispersion, it 

does also address the time-dependent behavior. In a last sub-chapter, the early hydration and 

setting behavior of calcined clays with superplasticizers is presented. The main findings are 

followed by a brief conclusion as well as a reflection and outlook in chapter 6.
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2 State of the art 

2.1 Calcined clays as supplementary cementitious materials 

2.1.1 Clays – Multicomponent materials with a history 

Clays represent about 80 % of all sedimentary rocks, are abundant worldwide and contain 

primarily mineral particles with diameters smaller than 20 µm. Clay minerals predominate 

quantitatively in clays. They are mainly hydrous aluminum silicates that origin from weathering 

processes of silicate rocks (“weathering neoformations”). Clays contain furthermore 

weathering residues (especially quartz, muscovite, feldspars) and new mineral formations (e.g. 

carbonates and iron sulfides) [2, p. 1]. They are classified as kaolinite-rich or smectite-rich 

clays, depending on their mineralogical composition [2, p. 2]. Main phases in common clays 

are illite, chlorite such as additions of kaolinite, smectites, alternating bearing minerals (e.g. 

kaolinite-illite or smectite-illite) and accessories (rutile, zircon, apatite). The abundance of the 

most common clay minerals has been compiled by Ito and Wagai [3] (Figure 2-1).  

 

Figure 2-1. Geological world map with the most abundant clay minerals in a) topsoil and b) 
subsoil (original figure from [3]) 
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Phyllosilicates as main phases in clays are classified according to their arrangement of layers 

[2, pp. 3-8]. They consist of [SiO4] tetrahedra and [M(O,OH)6] octahedra. Tetrahedra are bound 

with joint oxygen ions and form tetrahedral sheets. These tetrahedral sheets are connected in 

this plane as network consisting of hexagon rings. Each tetrahedral sheet is condensed on an 

octahedral sheet where the octahedra are connected via edges and two triangular surfaces lay 

parallelwise to the plane of tetrahedron hexagon rings. Hence, the oxygen ions of tetrahedron 

tips also belong to the octahedra. Oxygen ions of the octahedral layer, which do not belong to 

a tetrahedron, have bound a proton (hydroxide ions, OH-) [2, pp. 3-4]. The 1:1 phyllosilicates 

are composed of layers with each one tetrahedral and one octahedral sheet. In 2:1 

phyllosilicates, another tetrahedral sheet is condensed onto the octahedral sheet. The 

phyllosilicates relevant for this thesis are described in detail afterwards: kaolinite, muscovite 

(representative for mica), illite, smectite.  

Kaolinite (Al2[Si2O5(OH)4] [4, p. 6]) is the best known 1:1 phyllosilicate. It originates from the 

decomposition of feldspathic silicate rocks by weathering [2, p. 33]. It forms pseudo hexagonal 

leaf-like crystallites with median diameters of 0.5 – 4 µm [2, p. 33]. Kaolinite exhibits different 

grades of structural disorders. Typical disorders concern layer packages regarding a) b/3 

displacement, b) irregular displacements in a-direction, c) rotations against each other, as well 

as d) incorrect distributions of vacant octahedron places in octahedral layers [2, p. 35].  

Mica minerals, such as muscovite (KMg3[AlSi3O10(OH,F)2] [2, p. 440]), are 2:1 phyllosilicates 

that are formed from a sandwich of two tetrahedral layers joined by a layer of Al3+ in octahedral 

coordination [5]. K+ ions in the interlayer compensate the overall negative charge which is 

related to the Si for Al tetrahedral substitution. Illite is formed either diagenetically from 

smectites (“illitization” [6, p. 146]) or by the degradation of muscovite. During the latter process, 

K+ ions are dissolved out of the interlayers and replaced by Ca2+, Na+ and H3O+ ions [2, p. 171]. 

This leads to a lower layer charge as compared to muscovite. Mixed-layer illite-smectite tends 

to swell more with increasing smectite interlayers [6, p. 145]. Phyllosilicates from the smectite 

group are known for innercrystalline swelling and incorporate inorganic or organic cations as 

well as water molecules. The most abundant smectite mineral is montmorillonite. It can be 

formed by hydrothermal decomposition of rocks or by weathering of volcanic tuffs / ashes. 

Rocks with high content in montmorillonite are known as ≪ bentonite ≫ that are mostly 

conversion products of volcanic tuffs. The approximate structural formula of montmorillonite is 

M+
0.4(Al1.5Fe3+

0.1Mg0.4)2.0[Si4.0O10(OH)2] [2, p. 449].  

Their layer arrangements and chemical compositions are typical for individual phyllosilicates. 

Furthermore, the particle size and shape differ both significantly and depend also on their 

origins. For instance, the fraction of kaolinite particles < 2 µm (< 0.2 µm) can range from 40 – 

95 wt% (5 – 60 wt%) for kaolins from primary kaolin deposits versus kaolin sediments, 
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respectively [2, p. 12]. Zhang et al. [7] investigated different kaolinite particle sizes and found 

width-to-thickness ratios (“aspect ratios”) from 0.6 to 5.0, as well as hexagonally shaped 

particles. The aspect ratio for untreated muscovite, in comparison, was found to be even up to 

250, with the major part between 50 and 100 [8]. Their particles are described as overlapping 

platelets, indicating their lamellar structures, that are yet less stacked than for kaolinite 

particles, as described e.g. in [9]. As for kaolin, the illite particle morphology mainly depends 

on the origin of the illite itself. It can range from thin, fibrous particles (thickness of some 100 Å, 

width = 0.1 – 0.4 µm) over laths to wider platelets, where the laths become thicker and wider 

with increasing burial depth [10]. Keller et al. [11] described illite further as << flakes >> with 

<< non-uniform edges >>, << ribbed textural pattern >> and << thin, platy crystals >>. For 

illite/smectite interstratifications, the change in morphology from smectite to illite becomes 

dominant with 45 wt% and is completed with 30 wt% residual smectite, respectively. The 

morphology of pure smectite is described as cellular texture that is more open (<< fluffy >>) in 

the case of Na-montmorillonite than in Ca-montmorillonite. The more open texture is related to 

an easier hydration of the Na+ than of the Ca2+ interlayer cation [11]. All these parameters lead 

to major differences in physical and chemical characteristics of phyllosilicates, which are 

summarized in Table 2-1, and clays / clay minerals. Among other factors, the type and amount 

of phyllosilicates in clays are indicators for their suitability as pozzolanic SCM, presented in 

chapter 2.1.2. 

Table 2-1. Comparison of selected phyllosilicate characteristics 

Parameter Kaolinite Muscovite Illite Smectite 

Specific surface area 

(BET) 

9 – 20 m²/g  

[12-15] 

2 – 14 m²/g 

[8, 16] 

65 – 100 m²/g 

[17, p. 64] 

26 – 330 m²/g 

[18-20] 

Water uptake capacity 

(Enslin-Neff) [21] 

55 –  

160 wt%  

140 wt% [16], 

360 wt%  

70 –  

140 wt% 

140 –  

> 1000  wt% 

Zeta potential  

at pH = 2.5 – 11  

- 24 – 49.5 mV 

[22] 

n.d. 0 - - 42 mV n.d. 

Zeta potential of Na-

clays at pH = 7 - 10 [23] 

- 35 – 40 mV n.d. - 37 – 42 mV - 39 – 44 mV 

Zeta potential of Ca-

clays at pH = 7 - 9 [23] 

- 22 – 18 mV n.d. - 24 – 16 mV - 30 – 18 mV 

Zeta potential  

at pH = 12.5 [24] 

- 30 mV - 14 mV n.d. - 52 mV 

Layer charge [2, p. 89] -  ~ 1 0.6 – 0.9 0.2 – 0.4 

Layer charge [25] < 0.01 n.d. 1.4 – 2.0 0.5 – 1.2 

Cation exchange  

capacity [2, p. 89]  

0.01 – 0.1 meq/g < 0.05 meq/g < 0.35 meq/g 0.5 – 1.2 meq/g 
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2.1.2 Thermal activation of clays and pozzolanic properties of calcined clays 

The thermal activation of phyllosilicates and clays occurs mainly either by flash calcination or 

by calcination in muffle ovens and rotary kilns (“soak calcination” [26]). During flash 
calcination, finely ground particles are exposed to high temperatures in He or N2 atmosphere 

to enable highest dehydroxylation degrees possible at short time periods only [26-28]. Thanks 

to a rapid cooling down process, there is no further processing of the particles required and 

the calcined clay can be used as it is [29]. Main differences between flash calcination and soak 
calcination parameters are the initial particle size, holding period and the temperature range. 

Until now, the majority of calcinations published are on laboratory scale, but several trials show 

up the feasibility of calcination of clays on industrial scale [30-33]. The latter production takes 

the use and investigations of calcined clays to a new level as it enables significant larger 

capacities. 

In order to obtain a pozzolanic activity as high as possible, the optimal calcination temperature 

range can be quickly determined e.g. by thermal analysis to detect dehydroxylation-related 

mass loss [30, 34-36]. With increasing temperature, there are four stages during calcination as 

summarized e.g. by Irassar et al. [35] as well as by Garg and Skibsted [37]: I) the dehydration, 

II) the dehydroxylation, III) the destruction of the structure and IV) a recrystallization / glass 

formation when surpassing the optimal temperature. The primary effect that is necessary for 

the thermal activation of phyllosilicates is the process of dehydroxylation – the removal of 

hydroxyl groups from the phyllosilicate layers [38]. 

Dehydroxylation of kaolinite occurs between 500 and 700 °C [12, 35, 39], where highly 

ordered kaolinite requires higher calcination temperatures compared to low or medium ordered 

kaolinite [40]. In [2, p. 38], these temperature ranges are 570 – 600 °C for ordered kaolinite 

and 540 – 570 °C for disordered kaolinite. Disordered kaolinite dehydroxylates easier as 

stacking defects do promote twodimensional hydroxyl diffusion processes out of the kaolinite 

particles, while ordered kaolinite tends to retain its OH bands [41]. By dehydroxylation, the 

aluminum octahedral and silicon tetrahedral layers collapse and kaolin transforms into 

disordered / amorphous metakaolin [12, 38]. Between temperatures of 550 and 800 °C, the 

highest pozzolanic activity is achieved thanks to an increased amount of disordered structure 

[12]. Disordered kaolinite is more reactive than highly ordered kaolinite as OH bands can 

dehydroxylate more easily [40, 42]. Lamberov et al. [43] described further that dehydroxylation 

occurs easier for finer particles than for coarse particles, especially when taking a look at the 

fraction < 5 µm. At 950 °C, recrystallization takes place and mullite is formed [12, 39].  
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Compared to kaolin, the temperatures for complete dehydroxylation can differ significantly for 

muscovite. Thermal analysis by Guggenheim et al. [44] revealed that dehydroxylation starts 

at 475 °C already and is completed at 950 °C. The latter temperature is in accordance with 

findings of Grim et al. [45] and MacKenzie and Milne [46] that OH bands are removed between 

800 and 1100 °C. Other authors described the start of dehydroxylation at T > 770 °C [47] and 

most of the OH groups are removed at T < 800 - 850 °C [5, 30], where a metastable 

dehydroxylate phase of muscovite is formed [48]. If dehydroxylation is still incomplete, 

muscovite is able to rehydroxylate [44]. With higher calcination temperature, this 

dehydroxylated phase (<< high-temperature modification >>) becomes increasingly 

disorganized but muscovite maintains its layered structure even until T ~ 1140 °C [5]. At about 

1100 °C, further decomposition takes place to a feldspar-like phase and spinel is formed. 

Higher temperatures lead to the formation of mullite [49].  

The temperatures for complete dehydroxylation can differ significantly from illite to illite due to 

interstratifications with other clay minerals. After complete dehydroxylation, illite keeps also its 

order of structural layers [36]. For the desired pozzolanic activity, illite is commonly calcined at 

higher temperatures as the amorphization / destruction of layer structure takes place at 

approximately 800 – 900 °C [37, 50]. According to He et al. [18, 51], the highest pozzolanic 

activity is achieved at a calcination temperature of ~ 930 °C, which is in agreement with [52]. 

Nonetheless, calcined illite does usually not achieve the same pozzolanic activity as known 

from metakaolin as its reactive Al groups are trapped between the Si tetrahedral groups [36]. 

Compared to kaolinite, the recrystallization occurs at higher temperatures as well (1100 °C) 

where the formation of spinel phases leads to a loss in pozzolanic reactivity [52, 53].  

As Al[VI] groups are placed between the silicon sheets of montmorillonite, the Al sites remain 

largely unaffected by dehydration processes at T < 500 °C. Between 500 and 600 °C, a partial 

dehydroxylation initiates and the disordered structure of montmorillonite increases 

continuously until 800 °C, resulting in maximum reactivity [54]. According to He et al. [55], 

dehydroxylation of Na- and Ca-montmorillonite is completed at 700 °C and 680 °C, 

respectively, also with the highest pozzolanic activity at 830 °C. Ca-montmorillonite is more 

reactive than Mg-montmorillonite [40] or Na-montmorillonite [55]. This phenomenon is 

explained by I) the octahedral occupancy as a cis-vacant montmorillonite requires higher 

temperatures for complete dehydroxylation than a mixed cis/trans-vacant montmorillonite and 

consequently obtains a lower reactivity at the same calcination temperature and II) a higher 

portlandite (CH) consumption of Ca-montmorillonite [40]. At temperatures exceeding 930 °C, 

Na-montmorillonite decomposes and transforms into spinel. Ca-montmorillonite exhibits high 

temperature modifications between 850 and 1000 °C with the formation of cristobalite and Mg-
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Al-silicate [55]. At 1000 – 1100 °C, the layer structure of montmorillonite collapses and stable 

crystalline phases are formed [54]. 

Considering the mineralogical composition of common clays, these dehydroxylation 

temperatures need to be kept in mind in order to obtain the highest pozzolanic activity possible. 

Skibsted and Snellings [38] concluded therefore a temperature range of 500 – 800 °C and 

Beuntner et al. [30] between 550 and 950 °C.  

Within the first day of reaction, nearly all SCMs exhibit a filler effect: they offer extra space 

due to a higher, effective water-to-cement ratio (w/c) at same water-to-binder ratio (w/b), as 

well as nucleation sites that enhance the formation of hydration products [56]. This leads often 

to an increased amount of CH, which is later on consumed by pozzolanic SCMs in order to 

form new hydration products. While fly ash is known to react slowly (CH consumption after > 

1 week), ultra-fine silica fume is already reactive at very early age. For Si-rich SCMs, a 

decrease in pH value (e.g. by clinker replacement or by incorporation of alkalis in hydrate 

phases like CSH) means a decrease / slow down of reaction kinetics. As class F fly ash 

contains 15 – 35 wt% Al3O3 and small amounts of sulfate ions only, fly ash blended cement 

exhibits aluminum-rich hydrate phases. The addition of Al-rich metakaolin leads to a rapid 

consumption of CH with CSH and strätlingite (C2ASH8) as main hydrate phases [57]. Wang et 

al. [58] determined CASH gel as well as crystalline calcium aluminosilicate hydrates and 

calcium aluminate hydrates (namely C2ASH8, C4AH13, C3AH6). With metakaolin-limestone 

blends, significantly more monocarboaluminate (AFm-Mc) is formed by the introduction of 

calcium carbonate [59]. The synergy effect of calcined clays with limestone is examined in 

chapter 2.1.4 in more detail. 

Beuntner described the pozzolanic reaction for calcined clays depending on the amount of 

reactive Si and Al ions [60]. According to her findings, the formation of CSH is favored under 

ambient condition with increasing Si/Al. Released Al ions are incorporated into C(A)SH. 

Strätlingite can be formed as soon as the capacity for Al ions in CSH is exploited and if the 

molar ratio of metakaolin and CH is 1, which is not possible at high Si/Al. For metakaolin 

(Si/Al ~ 1), the formation of CSH is completed within 2 days and does not continue until later 

ages (> 90 d) when CH is released by modifications of AFm phase content. AFt is formed from 

sulfate ions originating from calcined clay or sulfate carrier in cement. Depending on the 

carbonate content, AFt phase is stabilized and the formation of monosulfate (AFm-Ms) is 

suppressed [61, 62]. With sulfate depletion, AFm carboaluminates are formed, for Al-rich 

calcined clays especially during early hydration [60]. With these hydration mechanisms, the 

addition of calcined clays can lead to modified properties in cementitious systems (chapter 

2.1.3). 
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2.1.3 Performance of calcined clays in concrete 

The characteristics of clays, clay minerals and the most important phyllosilicates have been 

described in chapter 2.1.1. After the thermal activation of clays, calcined clays do influence the 

fresh properties, the mechanical properties as well as the durability of concrete as pozzolanic 

SCM. 

Approaches to characterize the rheological behavior of calcined clay blended cement 

(CCBC) pastes by Bingham, Herschel-Bulkley or Newton models [63] have been published 

e.g. in [64-67]. Tregger et al. [68] took the volume fraction into account by using the 

compressive rheology method and a modified Bingham equation [69]. A modified Krieger & 

Dougherty model [70] was applied in order to describe non-flocculating suspensions [71] as it 

takes not only the viscosity and volume fraction into account, but also the maximum packing 

density of the flocs as well as the shear and yield stress of the suspension [68]. The advantage 

of this modified model is the consideration of entrapped water into the flocs but also its release 

from them. According to Blachier et al. [72], the main disadvantage of the Krieger & Dougherty 

model in context with CCBC is the disregard of non-spherical shaped particles, a morphology 

that does apply for calcined clays. Instead, they proposed to evaluate the hydrodynamic 

volume of particles as it considers the aqueous phase entrapped in between the particles [72]. 

Irassar et al. [73] compared the shear stress of different calcined clay additions and cements 

at varying shear rates. Ng and Justnes [74] described the rheological behavior of cement paste 

with calcined marl by using the area under the flow curve, designated as flow resistance. 

Calcined clays, shales and marls do significantly affect the fresh properties of cementitious 

systems. The addition of calcined clays increases plastic viscosity and both static and 
dynamic yield stress, hence causes a loss of workability in concrete [64, 65, 67, 73, 75, 76]. 

This is due to a large surface area [76, 77], low water film thickness [77], and increased water 

demand [73, 75], as well as high agglomeration potential [75] and irregular shapes of calcined 

clay particles [76, 78]. It was found that calcined marl increases the packing density of blended 

paste [74]. The addition of 60 wt% calcined marl results in no flowability of cement paste 

(w/b = 0.36) at all and a replacement level of 20 wt% leads to an 1.5 times higher flow 

resistance compared to neat cement. Over time, a reduction in flow resistance is observed, 

which is related to wall slipping as the water uptake by calcined marl is irreversible. Calcined 

clays can increase the degree of thixotropy due to flocculation and high water adsorption [16, 

64, 79, 80]. Lorentz et al. [67] described the zeta potential of CCBCs as the decisive parameter 

for a decreased flowability.  

Due to the higher water demand and a lower effective w/c, calcined clay blended concretes 

reveal beneficial side effects, such as reduced bleeding [30] and lower plastic shrinkage at 

early age [81].  
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Long-term shrinkage is also less pronounced compared to plain cement concrete, which is 

related to the high amount of AFm phases that leads to pore size refinement [81-83]. 

Contribution to strength development depends on physical properties, disordered / ordered 

structure and kaolinite content of clays [84], as described already regarding their pozzolanic 

properties in chapter 2.1.2. An increased amount of disordered kaolinite leads to higher 

reactivity, provides more Al ions and leads, in consequence, to higher amounts of AFm phases 

and thus to a higher compressive strength [30, 83]. Comparable strength and Young’s 

moduli can also be expected for concretes with up to 30 wt% of low or moderate reactive 

calcined clays, when the main pozzolanic reaction is completed between 7 and 28 days [30, 

85, 86]. Calcined kaolinitic clays can also improve the interfacial transition zone [82, 87] and 

reduce sorptivity rates [88, 89] due to their larger specific surface area and the above 

mentioned pore size refinement. Calcined illitic clays with lower reactivity show up at least 

comparable performance as plain concrete at later ages (> 90 d) [87, 89]. This affects also the 

durability of calcined clay blended concrete [90, 91]. 

2.1.4 Synergy effects of calcined clays with limestone in cementitious systems 

Limestone is known as filler in cementitious systems [92] and as cement component. Besides 

grinding, there is no further processing necessary, which designates limestone as an 

inexpensive and appropriate product in order to reduce carbon dioxide emissions. Limestone 

powder can improve the packing density and compressive strength thanks to a finer particle 

size compared to clinker [93]. It provides additional nucleation sites [94] and can lead to an 

accelerated silicate clinker reaction [95] and thus to a higher degree of hydration [93]. When 

surpassing a certain amount of limestone, however, the dilution effect dominates and heat of 

hydration is lowered as well as porosity increases with coarse limestone [96]. Instead of AFm-

Ms, carboaluminates are formed from Al ions originating from C3A and C4AF with CaCO3 and 

the AFt phase is stabilized [62, 97, 98]. As the volume of AFt is higher as compared to AFm-

Ms, the porosity of the cementitious matrix decreases and the compressive strength is 

improved. This effect, however, is coupled to the limited amount of Al ions from aluminate 

clinker phases. This is where the synergy effect of limestone powder and SCMs comes into 

play as additional Al sources increase the chemical effect [98]. 

Limestone calcined clay cement (LC3) is a common blend for clinker replacement with 30 wt% 

calcined clay and 15 wt% limestone, that stems from the reconsideration of European cement 

standard DIN EN 197-1 [99]. CEM/II C cement classifications allow future clinker reductions of 

down to 50 %, but do not consider calcined clays as pozzolanic SCM so far. Current American 

standard ASTM C595 limits the incorporation of pozzolan and limestone in cement to ≤ 40 wt% 

and 15 wt% respectively and it requires a minimum clinker content of 45 wt% [100].  
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Several researchers have conducted investigations on LC3 regarding its impact on workability 

[65, 101-103], on hydration [103-107] as well as on microstructure development [108] and 

durability [59, 109-111]. The rheological behavior of LC3 mixtures is improved with more 

limestone added, going along with a decrease in compressive strength [65, 101, 102]. On the 

other hand, the addition of fine limestone increases the packing density and consequently yield 

stress, while more metakaolin leads to higher yield stress and plastic viscosity due to larger 

specific surface area [65]. As consequence, these mixtures require more superplasticizer 

compared to plain cements for an adequate workability [102, 103], where the demand for 

superplasticizer rises linearly with metakaolin content [103]. 

The effect of LC3 on hydration kinetics has been well studied but some aspects are still under 

discussion. The combination of dilution, filler and pozzolanic effect leads to a higher content of 

CH at early ages and thus influences the further course of pozzolanic reaction, also with 

calcined low grade kaolinitic clay [112]. Consumption of CH is increased and carboaluminates 

and CSH phases are formed [59, 106]. After 1 d, AFt as well as hemicarboaluminate (AFm-

Hc) are found as main aluminate phases in LC3. The amount of AFt is comparable for OPC 

and LC3 at this time, whereas the amount of AFt in LC3 mixtures is higher at later ages despite 

of a lower sulfate content in the mixture [104].  

This stabilization of AFt [59, 104, 106] is related to the fast sulfate depletion and a high 

amount of AFm-Hc and AFm-Mc that form with Al3+ ions from both C3A and metakaolin and 

CO32- from limestone [59, 104]. The preferred incorporation of CO32- into these phases hinders 

as a consequence the formation of instable AFm-Ms [59, 107]. With increased kaolinite 

content, more Al3+ ions are available and AFm-Hc is the dominant phase compared to AFm-

Mc [113]. Due to undersulfation and fast aluminate reaction, sulfate depletion occurs fast in 

blended mixtures and slows down hydration kinetics after approximately 3 d [104, 105]. 

Afterwards, a continuous formation of CASH takes place with changes in its composition [105]. 

Strätlingite is not detectable before complete consumption of CH, which occurs between 7 

and 28 days according to several authors [59, 107] and not even after 90 d according to Avet 

et al. [104]. The latter authors stated that the formation of strätlingite is thermodynamically 

possible, but it is hindered by pore size refinement. The pore size refinement stems from the 

increased amount of AFm phases leading to a denser microstructure [112] without reducing or 

while even increasing the total porosity, as already presented for CCBCs in chapter 2.1.3. The 

pore size refinement and the associated lower amount of critical pores reduces the 

permeability and favors the resistance towards harmful ion or fluid transports, improving overall 

the durability of LC³ [109, 110, 112].  
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2.1.5 Challenges for concrete technology 

Certain questions arise with the use of calcined clays as SCM. The access to suitable clays 

is an elementary requirement [114]. In the best case, they do not compete with other industries 

and are therefore also attractive from the economic point of view [30]. So far, mining permits 

are limited compared to the abundance of clays or limited to the production of clinker or paper, 

or the ceramic industry. 

Along going with the dehydroxylation / structural changes, especially clays dominated by 2:1 

phyllosilicates exhibit with increasing calcination temperature a smaller specific surface area 

(SSA) than raw clays [16, 18, 51, 55, 115]. At the same time, the pozzolanic activity improves 

with larger SSA [116]. It is commonly assumed that a larger SSA, as determined by the BET 

method [117], goes along with a higher water demand [18]. Interestingly, some recent findings 

have shown other trends [16]. However, the large SSA and high water demand of calcined 

clays compared to cements and other SCMs, like fly ash, lead both to a reduced workability 

of concrete for a given w/b [65, 77].  

This holds also for the time-dependent workability as rapid slump loss is often observed in 

concrete with calcined clays [118-120]. Cassabagnère et al. [121], for instance, found a 

significant decrease in workability already after 15 minutes. Due to structural build-up, the 

shear stress increases further between 60 and 90, as well as from 90 to 120 minutes, although 

the absolute shear stress values differ significantly between CCBC mixtures with different 

calcined clays [122]. Muzenda et al. [64] stated a large discrepancy between static and 

dynamic yield stress immediately after water addition, which reflects thixotropy. This effect 

diminishes due to linking bridges by very early ettringite formation that leads to a sharper 

increase in static yield stress compared to dynamic yield stress over time. Compared to 

previous authors, as e.g. [122-124], they stated a slower percentual increase in yield stress in 

CCBC / LC³ pastes, which they related to the initial dilution effect, slowing down early hydration. 

Hou et al. [123] and Li et al. [124] instead found a sharper increase in static yield stress and 

more pronounced rapid slump loss, respectively, with increasing clinker replacement. They 

blamed the faster structural build-up, which is beneficial e.g. for 3D printed concrete, to the 

calcined clay particles that cause flocculation by their large SSA, particle shape and negative 

zeta potential. Overall, these observations emphasize the need for tailor-made 
superplasticizers, where the state of the art will be further presented in chapter 2.2.8.  
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As mentioned in chapter 2.1.3, the pozzolanic reaction of calcined clays contributes to strength 

especially after 7 days, sometimes only later, depending on the type of calcined clay. In turn, 

the early strength is commonly lower as shown e.g. in [125]. Here, the addition of fine 

limestone powder or CSH seeds can lead to higher early strength values by enhancing both 

the silicate and aluminate reactions and compensate the dilution effect in the early age of 

concrete [125]. Similar to these findings, the addition of CSH-PCE improves the 1 d strength 

without affecting the strength values at later ages [126].  

Although they are not topic of the thesis, durability aspects of calcined clay blended concrete 

must not to be forgotten as they present a further challenge to concrete technology: the 

consumption of CH during pozzolanic reaction reduces the buffering effect for carbonation 

process [50]. Here, the denser microstructure might reduce diffusion processes and counteract 

this problem. A lower chloride threshold has been found for LC3 concrete due to the 

consumption of CH and a lower pH value as consequence [127]. However, as (limestone) 

calcined clay blended concretes show a lower chloride ion migration, this seems to be uncritical 

if not in favor for the service life of reinforced concretes [110, 128]. Further durability tests 

revealed a decreased yet sufficient performance towards freeze-thaw resistance [50]. It shall 

be mentioned that also regarding durability, performance strongly depends on the type of 

calcined clays and is therefore still under discussion. 

2.2 Superplasticizers and their mechanisms in cementitious systems 

2.2.1 History and overview of (super)plasticizers 

Plasticizers and superplasticizers represent around 80 % of chemical admixtures in Germany 

[129]. There is no current data available for the European market but the development between 

1994 and 2008 revealed similar tendencies compared to the German market, as ~ 85 % of 

chemical admixtures have been (super)plasticizers [130]. 

The birth hour of fluidifying admixtures was in the 1930s, when the impact of lignosulfonates 
on concrete was patented by J.G. Mark and E.W. Scripture [1, 131]. Polycondensates were 

described for the first time in the 1930s [132, p. 134]. In 1962, β-naphthalene sulfonate 

formaldehyde (NSF) was developed by Dr. Kenichi Hattori, Kao Soap company (Japan) [133]. 

In the same year, melamine formaldehyde sulfite resin (MFS) was invented by Dr. Alois 

Aignesberger, SKW Trostberg (Germany). In chapter 2.2.4, characteristics of NSF and MFS 

as main representatives of polycondensate-based superplasticizers are described in detail. 

Further polycondensates are acetone formaldehyde sulfite resins (AFS), that are in oil well 

cementing due to their robustness against high salt concentrations and temperatures up to 

250 °C [134], sulfanilic acid-phenol-formaldehyde-based products (SPF) [135] and 

cyclohexane sulfite formaldehyde resins (CSF).  
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With the trend of high-performance concrete at low w/b and in order to improve the water 

retention behavior of concrete, polycarboxylate-based superplasticizers (PCEs) were 

developed in the 1980s by Nippon Shokubai (Japan) [136]. Nowadays, PCEs are known to be 

the most efficient and used superplasticizers. They are classified in “generations” depending 

on their side chain monomer that are presented in chapter 2.2.5.  

Further superplasticizers are  

• casein, a biopolymer based on α-, β-, and κ-casein, that is mainly used in self-levelling 

compounds [137], 

• “small molecules” [138] with maximal two anionic anchor groups and a (poly)ethylene 

oxide ((P)EO) side chain and application in challenging concreting scenarios, e.g. high 

temperature, pumping and long slump retention [139] as well as 

• phosphate comb polymers, where an anionic phosphate group can replace carboxylate 

groups completely or at least to a certain amount, leading to a better dispersion 

performance (over time and at lower w/b) and less retardation effects [140, 141]. 

 

2.2.2 Interaction mechanisms of (super)plasticizers and parameters affecting them 

Three adsorption mechanisms dominate the interaction of (super)plasticizers with cement 

grains, hydrate phases and further phases: 

1. Monolayer adsorption: the superplasticizer adsorbs onto the surface of cement grains or 

early hydration products. In case of anionic polymers, the adsorbed polymer layer converts 

the complete particle surface to negatively charged that leads to electrostatic repulsion. An 

overlapping of these adsorbed layers leads to steric forces and is governed especially by 

the thickness of the adsorbed layer and the conformation at the interface between cement 

grains and aqueous phase. [142] 

2. Multilayer adsorption: the negative surface charge attracts Ca2+ ions electrostatically to 

negatively charged groups of the polymers. The new Ca2+ outer layer allows the adsorption 

of another layer of negatively charged polymers and leads to an additional consumption of 

polymers. [143-145, 146, p. 194] 

3. Intercalation: superplasticizers can intercalate e.g. into the layered structure of AFm or 

CAH phases, or into clay minerals (chapter 2.2.7); layered double hydroxides (LDH) 

resulting from C3A reaction, for instance, have positively charged mainlayers consisting of 

[Ca2Al(OH)6]+ with OH- as counteranions. When insufficient sulfate ions (SO42-) are present 

in the pore solution, anionic superplasticizer molecules can intercalate instead of OH- and 

SO42-, forming organo-mineral phases (OMP) [147, 148]. 
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Along going with the adsorption of superplasticizer onto binder components and their early 

hydration products, electrostatic repulsion and steric hindrance are the two most relevant 

dispersion mechanisms. As shown in Figure 2-2, electrostatic repulsion takes place with the 

particles all negatively charged due to adsorption [142]. This mechanism is detected as the 

main dispersion mechanism when zeta potential becomes more negative after superplasticizer 

addition [149]. 

 

Figure 2-2. Scheme for electrostatic repulsion, drawing based on [150] 

Steric hindrance can take place by avoiding an overlapping of the adsorbed layers, or by 

protruding side chains of PCE into pore solution [147, 151, 152] (Figure 2-3). When zeta 

potential becomes less negative or even positive, steric hindrance is assumed to be the main 

dispersion mechanism of a superplasticizer polymer [149]. 

 

Figure 2-3. Scheme for steric hindrance, modified drawing based on [150] 
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As the addition of superplasticizer can lead to fragile mixtures, the following overview shall give 

a short information about commonly known parameters to consider. 

Sulfate carrier 

• Required optimiziation of sulfate carrier for enhanced fluidity and superplasticizer 

effectiveness; preferred optimization with SO3 from calcium sulfate as the effect of SO3 from 

alkali sulfates is limited [153]. 

• Better dispersing performance of PCEs and poly naphthalene sulfonate with higher ratio of 

hemihydrate to gypsum in cement [153] but higher retardation effects on aluminate reaction 

with hemihydrate than with gypsum [154]. 

C3A - content and reactivity 

• Efficiency of superplasticizers is favored with small C3A to C4AF ratio [153, 155]. 

• Adsorption decreases with decreasing C3A content, especially for PCEs [156]. 

• Cements with higher C3A content need more superplasticizer in order to achieve the same 

workability as cements with lower C3A content [157, 158]. 

• Orthorhombic C3A requires more superplasticizer than cubic C3A [158]. 

• Slow C3A reactivity reduces the consumption of SO42-, leading to more SO42- in aqueous 

phase [153]. 

Pore solution 

• Superplasticizers intercalate into interlayer space of CAH crystals and formation of OMP in 

case of undersulfation [148, 159]. 

• Sufficient SO42- to C3A molar ratio (0.7 – 2.0) is required in order to avoid intercalation. SO42- 

ions do preferably intercalate due to their higher negative charge density [148]. 

• Adsorption of PCEs reduces with increased SO42- concentration due to competitive 

adsorption of PCE and SO42- onto cement particles, which reduces the fluidity as 

consequence ([160] in [161]). 

• More anions in pore solution, as beforementioned SO42- do reduce the adsorption of 

superplasticizer, especially of PCEs with low anionic charge density [161]. 

• Preferred complexation of main groups of superplasticizers occurs with cations (e.g. Ca2+) 

and the adsorption of superplasticizer reduces with high concentrations of cations in pore 

solution [143]. 

• In theory: control of sulfate ion concentration in aqueous phase is possible by addition of 

multivalent charged cations or soluble sulfates [161]. 
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Zeta potential 

• Positive zeta potential of binder components or hydrate phases is required for good 

adsorption of anionic superplasticizers. This is known for C3A, C4AF, free CaO as well as 

AFt and to less extent AFm-Ms [152, 162, 163]. 

• AFt is negatively charged at a pH value between 11 and 12.9 [164]. 

• Zeta potential of C3S and CSH turns positive if enough Ca2+ ions (> 3 mmol CaO/l) are 

present in pore solution that adsorb onto these phases [165]. 

• Quartz and limestone powder are less negatively or even positively charged with the 

adsorption of Ca2+ ions [166]. 

• Zeta potential of cement (without or with mineral additions) turns positive or less negative 

with increasing molar ratio of Ca/SO4 [166]. 

Uncalcined clay minerals 

• PEO side chains intercalate into layers of clay minerals [167]. 

• Sorption takes preferably place onto clay minerals instead of cement [167]. 

• A further literature review is provided in chapter 2.2.7. 

Delayed addition of superplasticizers 

• It leads usually to a higher initial effectiveness of superplasticizers [153, 159]. 

• No significant difference between immediate and delayed addition with high ratios of alkali 

sulfate/C3A (~ 2) [159]. 

• It leads to a longer period of workability but also to strong setting retardation due to less 

adsorption onto cement particles and longer remaining in aqueous phase [168]. 

• Polymer consumption reduces, especially for linear polyelectrolyte polymers trapped in 

OMP. Polymers with side chains extending into aqueous phase are less affected [147, 159]. 

2.2.3 Lignosulfonate-based plasticizers 

Production and structures 

Lignosulfonates are by-products from the paper production during sulfite pulping of softwood 

[169] and hardwood [170]. A waste liquor is extracted that contains decomposition products of 

lignin and cellulose, sulfonated lignin, sugars and sulfates [171, p. 5]. Lignosulfonates can also 

be prepared by targeted sulfonation of unsulfonated lignins [169]. Further processing is 

necessary in order to reduce the sugar content [170] and achieve the required properties of 

lignosulfonates [169]. Most lignosulfonate-based polymers have either Ca, Na or Mg cations 

as counter-ions for sulfonic groups [172, p. 148] and contain 1 - 30 % of sugar [171, p. 6]. 

Lignosulfonates are classified as polydisperse natural polymers [169].  
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Their molecular weight (1,000 – 100,000 g/mol) depends on the number of their 

macromolecules. These consist of phenylpropane units that are linked together by different C-

C and C-O-C units [172, p. 147]. As functional groups, they contain mainly carboxyl groups, 

phenolic hydroxyl groups or sulfonic groups [170].  

Consumption and dispersion mechanisms 

Lignosulfonate molecules initially attach via hydrogen bonds to the surface of unhydrated 

cement grains (monolayer adsorption) [169, 170]. At later ages, they adsorb onto electrical 

double-layers on the negatively charged ionized surface of cement particles by Ca2+ links 

(multilayer adsorption) [169]. Lignosulfonates disperse by both, steric hindrance and 

electrostatic repulsion [170, 173, 174]. The main dispersion mechanism depends e.g. on the 

pH value of the aqueous solution: if the pH is lower than the pH for iso-electric point determined 

via zeta potential (pHIEP), steric hindrance dominates. With pH > pHIEP, electrostatic repulsion 

is the dominant dispersion mechanism [175]. 

Dispersion efficiency 

Lignosulfonates enable an approximate water reduction of 10 % and therefore are classified 

as plasticizers [176, p. 141]. Modified lignosulfonates can enhance the dispersion that is related 

e.g. to a reduction of sugar [177] or an optimized increase of the molecular weight [169, 178, 

179]. The combination of lignosulfonates with polycondensates has been found to be similar 

effective as the use of pure polycondensates [176, p. 138]. Beside of chemical modifications, 

delayed addition of lignosulfonates can improve the workability compared to immediate 

addition [179, 180].  

Impact on early hydration and setting behavior 

Lignosulfonates retard both C3S and C3A reaction due to their high sugar content [176, p. 105] 

but also in case of sugar-reduced lignosulfonates [178]. A strong adsorption of the 

lignosulfonate reduces the retardation [174]. Hardly any differences have been observed 

between soft- and hardwood lignosulfonates [181] nor between Ca- and Na-lignosulfonates 

[182]. The retarding effect increases with higher dosage, affecting the C3S reaction more than 

the C3A reaction [179-181]. The formation of CH is delayed and reduced, resulting in overlaying 

silicate and aluminate reactions [180-182]. Colombo et al. called it “poisoning of C3S reaction” 

leading to an uncontrolled delay of setting [180]. The smaller retardation of C3A reaction is 

related to an enhanced, initial formation of AFt [180, 181]. The secondary aluminate reaction 

and the along going sulfate depletion is delayed with lignosulfonates [181-183]. The delayed 

sulfate consumption can favor early AFm formation and stabilization as it has been detected 

in C3A-gypsum mixtures with the addition of lignosulfonates [182, 183].  
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2.2.4 Polycondensate-based superplasticizers 

Synthesis 

The preparation of naphthalene sulfonate formaldehyde (NSF) starts with the sulfonation of 

naphthalene by the addition of sulfuric acid (Figure 2-4). The replacement of hydrogen by 

sulfonate is possible at both α or β positions [132, p. 154]. The condensation of β-naphthalene 

sulfonic acid takes place with formaldehyde. The carbonyl function of the formaldehyde is 

protonated and the reactive formaldehyde added to the aromatic ring via electrophilic addition. 

The polymerization occurs due to a methylol function forming a methylene bridge between two 

naphthalene molecules each. This polymethylene naphthalene sulfonic acid is neutralized by 

the addition of NaOH. [132, 172] 

 

Figure 2-4. Sulfonation (1) and polycondensation (2) processes for the preparation of NSF 
including α and β positions of the sulfonate group (3); structural formula according 
to [132, 172, 184] 

 

The synthesis of melamine formaldehyde sulfite (MFS) starts with the reaction of formaldehyde 

with melamine amino groups to methylolated melamine in alkaline condition (Figure 2-5). One 

of the methylol groups is sulfonated by sodium hydrogen sulfite (NaHSO3). The 

polycondensation takes place under acidic conditions and stops once the pH value is > 7. [132] 
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Figure 2-5. Sulfonation (1) and polycondensation (2) processes for the preparation of MFS; 
structural formula according to [172, p. 150] 

Structures 

The structure of NSF appears as linear molecule leading to a high degree of polydispersity 

[132, p. 156]. They are mostly used either as Na- or Ca-salt, where the latter contains less 

residual sulfates due to the precipitation and removal of gypsum in and from solution [172, p. 

148]. The molecular weight of NSF ranges from 1,000 to 20,000 g/mol for the highest 

dispersion [184]. The molecular weight of MFS ranges between 1,200 and 44,000 g/mol, with 

7,900 g/mol in average [185]. A common anionic charge density of polycondensate-based 

superplasticizers is ~ 4,000 µEq/g [152]. 

Consumption and dispersion mechanisms 

NSF and MFS adsorb with their sulfonic groups (-SO3-) onto positively charged places of the 

cement grains, following the Langmuir monolayer adsorption model [144, 186, 187]. It alters 

the zeta potential of cement towards strongly negative values and goes along with electrostatic 

repulsion as main dispersion mechanism [162, 188]. Slight steric hindrance occurs due to the 

interaction between the polycondensates themselves. 
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Dispersion efficiency 

Polycondensates adsorb fast onto binder particles and therefore show up a high initial 

dispersion [189]. Their addition enables a reduction in water demand by approximately 30 % 

[176, p. 114]. A later addition of NSF or MFS leads to an extended workability period but also 

to later setting times with larger differences between initial and final setting [168, 172, p. 191]. 

This behavior is explained by a lower adsorption of polycondensate onto aluminate hydrate 

phases and an increased dispersion of silicate phases hereby [176, p. 117]. Compared to 

PCEs, the slump retention of polycondensates decreases faster as the dispersion effect 

diminishes as soon as the polycondensate is covered by early hydration products [190]. 

Impact on early hydration and setting behavior 

The addition of polycondensate-based superplasticizers hardly affects the hydration of C3S 

[191] nor leads to a retarded dissolution of C3S and C2S and as consequence a delayed 

formation of CH [176, p. 117] and CSH [192]. Roncero et al. [192] observed an altered, faster 

growth rate of AFt which results from accelerated dissolution of C3A and gypsum going along 

with the addition of polycondensates. A comparison exhibits that a mixture of NSF and MFS 

retards the least or accelerates the most, whereas NSF has a more retarding impact than MFS. 

In fact, MFS retards the cement hydration less than NSF and thus is often used in pre-cast 

concrete [172, p. 150]. According to Sakai et al., the hydration rate of C3A remains the same 

with the addition of NSF [191]. Nonetheless, it is still under discussion whether 

polycondensate-based superplasticizers do accelerate or retard the aluminate reaction. As 

polycondensate molecules adsorb primarily on AFt crystals, they can contribute to electrostatic 

repulsion and avoid flocculation. As consequence of the adsorption of sulfonic groups of NSF 

and MFS onto AFt, the growth of the typical long AFt needles is delayed and the concrete 

remains workable for a longer period [143]. This goes along with a 1 h delay of initial and final 

setting times [168]. Mollah et al. [143] summarized the reasons for retarding effects as follows, 

based on the research of Gu et al. [193, 194]: 

▪ The diffusion of H2O and Ca2+ ions at the interface between cement grains and pore 

solution is hindered by the adsorbed superplasticizer molecules. 

▪ The complexation of Ca2+ ions with superplasticizer molecules inhibits the nucleation 

and precipitation of hydrate phases. 

▪ Both growth kinetics and morphology of hydrate phases are altered due to the 

dispersive effects of superplasticizers. 
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2.2.5 Polycarboxylate-based superplasticizers 

This chapter gives an overview about anionic polycarboxylate-based superplasticizers (PCEs). 

Cationic and amphoteric polymers are presented in chapter 2.2.6. The information mainly 

originates from book chapters written by Flatt and Schober [172] and by Gelardi et al. [132] as 

well as from a review paper of Plank et al. [195].  

Structures and synthesis 

PCEs often are called “comb-shaped copolymers”, which refers to their comb-like structure 

[132, p. 161]. Main components are the backbone that bears carboxylic groups and the side 

chains consisting of polyethers, combined providing the comb-shape of PCEs. The backbone 

is anionic due to the deprotonation of carboxylic groups and enables the adsorption of the 

PCEs onto positively charged clinker phases [168]. Typical backbone monomer units, namely 

(meth)acrylic acid, maleic acid and maleic anhydride, are shown in Figure 2-6. A further 

representative of backbone groups is the sulfonic group (-SO3-) [196]. 

 

Figure 2-6. Structure of typical backbone monomers: a) acrylic acid, b) methacrylic acid, c) 
maleic acid and d) maleic anhydride; taken from [132, p. 164] 

Common bonds between the backbone monomer and the side chain are ester, amide, imide 

or ether bonds. Whereas the latter three bonds are very stable, ester bonds with (meth)acrylic 

acid or maleic-based monomers tend to hydrolyze side chains in alkaline media. This leads to 

more free carboxylic groups and, as consequence, the PCE exhibits a higher anionic charge 

density and adsorption ability over time [132, p. 164]. Side chains consist usually of 

polyethylene glycol (PEG) with molar masses between 750 and 5,000 g/mol that gives a 

hydrophilic character to PCEs [132, p. 167]. The amount and length of side chains are the key 

for steric hindrance. Among other things, the chosen synthesis route depends on the chemical 

nature of the side chain monomer.  

Beside of the five generations given in Table 2-2, further side chain monomers are PTMEG 

(Jeffamine ®) [197], PAAM (chapter 2.2.6) and XPEG [198]. The latter does crosslink PCE 

molecules via diesters leading to a stretch out of PCE on the surface of cement and a higher 

efficiency in theory [195].  
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As presented in [199], two new macromonomers were introduced in the past few years in 

China, namely EPEG (2-hydroxy ethyl poly(ethylene glycol)) [200] and GPEG (vinyl ether 

produced from diethylene glycol vinyl ether and ethylene oxide) [201]. 

Table 2-2. Generations of PCE superplasticizers including their specific side chain monomers 

Generation of 

PCE 
Abbreviation Side chain monomer Patent 

1st generation MPEG ω-Methoxy poly(ethylen glycol) methacrylate ester [202] 

2nd generation APEG 
α-Allyl-ω-methoxy poly(ethylen glycol) / 

α-Allyl-ω-hydroxy-poly(ethylen glycol) ether 
[203] 

3rd generation VPEG α-Vinyl-ω-hydroxy poly(ethylen glycol) ether [204] 

4th generation HPEG 
α-Methallyl-ω-methoxy poly(ethylen glycol) / 

α-Methallyl-ω-hydroxy-poly(ethylen glycol) ether 
[205] 

5th generation IPEG Isoprenyl oxy poly(ethylen glycol) ether [206] 

 

There are two main synthesis routes for PCEs [132, p. 162]. MPEG-based PCEs are 

synthesized either via esterification of a poly(methacrylic acid) with methoxy poly(ethylene 

glycol) and the use of both an acid catalyst and vacuum (alternative: azeotropic solvent) for 

the removal of water. It goes along with long synthesis times and low esterification degrees 

that are followed by air-entraining of residual MPEGs as disadvantages [207]. An alternative 

synthesis is the aqueous free radical copolymerization of an ω-methoxy poly(ethylene glycol) 

methacrylate ester macromonomer with methacrylic acid [208], as shown in Figure 2-7.  

 

Figure 2-7. Free radical copolymerization of MPEG-based PCE, adapted from [195] 
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Free radical copolymerization is also the preparation method for APEG- , IPEG- , VPEG- and 

HPEG-PCEs. Typical APEG-, IPEG-, VPEG- and HPEG-based copolymers are presented in 

Figure 2-8. 

 

 

Figure 2-8. APEG-, IPEG-, VPEG- and HPEG-based copolymers, adapted from [195] 
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The synthesis of PCEs enables e.g. variations in side chain length, backbone length, in the 

molar ratios of side chain monomer and anchor group monomer. The main advantage of PCEs 

is their tailormade structure leading to the desired properties.  

Flatt and Schober [172, p. 155] as well as Gelardi et al. [132, p. 162] summarized the variety 

of parameters that affect the performance of PCEs: 

▪ Length of the backbone and of the side chains 

▪ Chemical nature of the backbone (e.g. acrylic, methacrylic or maleic)  

▪ Chemical nature of the side chains (e.g. poly(ethylene glycol) or polypropylene oxide) 

▪ Connection between the backbone and the side chains (e.g. ester, ether or amide) 

▪ Distribution of the side chains along the backbone (gradient or random) [209] 

▪ Charge density 

Dispersion and consumption mechanisms 

Comb-shaped superplasticizers disperse via both electrostatic repulsion and steric hindrance 

of the side chains. Among others, Sakai et al. [154], and Sha et al. [151] related this on the 

one hand to the bonding of anchor groups onto positively charged cement particles and 

hydration products. Secondly, hydrogen bonds are formed from oxygen atoms of the ether in 

the side chain with water molecules in the aqueous phase and spread the side chains there, 

deflocculating the hydrating cement. If PCEs are entrapped in OMP/LDH, less PCEs can 

adsorb onto cement particles [148], which can be counteracted by long side chains of PCEs 

[210]. 

Dispersion efficiency and slump retention 

The adsorption of PCEs onto cement particles is decisive for the dispersibility. Beside of 

cement (paste) characteristics (chapter 2.2.2), the architecture of the PCE has major influence 

on the dispersion efficiency [211]. Table 2-3 provides a short overview on the structural factors 

affecting the dispersibility of cement paste [154]. The amount of carboxylates (and other anchor 

groups) and, as consequence, the backbone charge density determine the adsorption ability 

of PCEs: the higher the ratio of carboxylates to polyethers, the higher are the adsorption and 

the dispersibility [157, 212]. The dispersion efficiency increases with lower side chain density / 

length and higher anionic charge density [213]. Typical ratios of side chain monomer and 

anchor group monomer range between 2.5 and 3.5 for ready-mix concrete, as well as between 

3 and 7 for precast concrete. The side chain length (indicated by the amount of ethylene oxides 

(nEO)) measures 22 to 50 units for ready-mix concrete and 50 to 70 for precast concrete [136].  
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Table 2-3. Structural factors of PCEs affecting their dispersion behavior [154] 

Dispersibility 

Structural factor 

Relative chain length 

of trunk polymer 
Relative graft length 

Relative number of 

grafts 

Low dispersibility / 

short dispersibility retention 
long short large 

High dispersibility short long small 

Long dispersibility retention shorter long large 

 

PCEs with high charge density show good dispersion behavior in the beginning due to high 

adsorption rate and strong steric hindrance with long side chains but poor slump retention, 

whereas a low charge density leads to a better slump retention after low initial dispersion [151]. 

Loss in fluidity over time is further proposed to depend on a decreasing ratio of adsorbed PCE 

to SSA of cement/hydration products (as the SSA of cement increases) [154]. On the other 

hand, the SO42- concentration in the pore solution affects significantly the adsorption 

equilibrium and more PCE can be adsorbed onto solid particles with decreasing sulfate 

concentration. Hence, if sufficient amount of (slowly adsorbing) polymer remains in solution, 

the ratio of adsorption / SSA stays constant with decreasing SO42- concentration and the 

dispersibility retention is extended [154].  

Impact on hydration and setting behavior 

The adsorption behavior of PCEs has also impact on the hydration kinetics and setting 

behavior of cementitious systems. A higher dosage of conventional PCEs leads to more 

pronounced retardation effects [214, 215]. A strong retardation of the dissolution of C3S has 

been found on paste level e.g. by Lothenbach et al. [216], leading to a lower degree of C3S 

hydration up to 3 d [191] and also to smaller crystal sizes of CH [214]. Among others, Ferrari 

et al. [217] and Liu et al. [214] explained the delayed silicate reaction with two processes on-

going parallelwise: 1) adsorbed molecules on the C3S surface hinder its dissolution and 2) 

unadsorbed molecules in solution delay the nucleation of CSH and CH by chelating Ca2+ ions 

[217]. Complexation of Ca2+ ions with PCE leads to less free Ca2+ ions in liquid phase but a 

certain, constant amount of Ca2+ ions in liquid phase is required for initial setting [215, 218]. As 

consequence, the complexation of Ca2+ ions has been described as main cause for delayed 

initial and final setting by several authors [163, 168, 215]. Contrary to this, Lothenbach et al. 

[216] related the retarding effect of PCEs not to the interaction of ions in pore solution with 

PCE but rather to the steric / electrostatic dispersion and adsorption onto clinker phases. 
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The addition of PCEs can promote the hydration of C3A during the first day of hydration [157, 

191]. A later sulfate depletion indicates instead a competitive adsorption between sulfate ions 

and carboxylic groups of the PCEs [157, 161]. The impact of adsorption on retarding effects 

during early hydration, however, is under discussion. Ferrari et al. [217] related a prolonged 

dormant period to a lower adsorption rate of PCEs. On contrary, several researchers [213, 

219] observed more pronounced retardation effects with higher adsorption (“surface 

coverage”), which is related to a higher charge density.  

Zingg et al. [157] revealed also stronger retardation effects with increased charge density but 

stated that hindered adsorption has only minor influence on the hydration kinetics. The 

retardation effect does not depend on the molecular structure of PCEs but on the number of 

polymer molecules, namely anchoring sites for their adsorption onto surfaces, as well as active 

functions for Ca2+ complexation/chelation by unadsorbed polymers in solution [217]. The 

molecular weight has little influence on the setting time as stated by Winnefeld et al. [213]. The 

delayed addition of PCEs enhances even more the retardation effect [168, 219] as well as 

introducing ester groups (e.g. hydroxyethyl methacrylate (HEMA)) to the side chain of PCEs 

[220]. Cheung et al. [219] and Tan et al. [220] related this to a lower amount of OMP leading 

to more polymers in aqueous phase and increasing hereby the retardation effect.  

Attempts in order to compensate the delay of silicate reaction are: 

• A higher molar ratio of cationic to anionic monomers in zwitterionic PCEs leads to less 

retardation, which, however, results from lower adsorption [196] and is contrary to previous 

opinions [214, 217]. 

• CSH-PCE nanocomposites have been found not only to improve both workability but also 

to enhance the nucleation / growth of CSH and CH, and hereby the early strength 

development [126, 221]. 

The retarding effect is often compared to strength development of cementitious systems. 

Overall, however, it needs to be put into another perspective, as a significantly lower w/b is 

possible with PCEs and thus the compressive strength is higher in concrete [222]. Furthermore, 

the packing density is improved with higher dosage of PCE, which also improves the 

compressive strength as long as no bleeding occurs [223]. 

 

 

 

 



State of the art - Superplasticizers and their mechanisms in cementitious systems 

39 

2.2.6 Cationic and amphoteric superplasticizers 

Cationic superplasticizers adsorb onto negatively charged silicate clinker phases. Due to the 

high amount of C3S and C2S present in cement, significantly higher dosages of cationic PCE 

are required for a proper dispersion. The most common cationic monomers are: 

• Poly(allylamine hydrochloride) (PAH) [224] 

• Diallyl dimethylammonium chloride (DADMAC) [225] 

• 2-trimethylammonium ethyl methacrylate chloride (TMAEMC) [226] 

• 3-trimethylammonium propyl methacrylamide chloride (MAPTAC) [227] 

 
Amphoteric PCE-based polymers contain both anionic and cationic monomers. This 

particularity enables the adsorption of amphoteric superplasticizers onto heterogeneously 

charged binder surfaces [227-229]. Analogous to conventional anionic PCEs, amphoteric 

superplasticizers consist of backbones and side chains. Acryl acid (AA) [227, 228] or 

methacrylic acid (MAA) [225, 229-233] are commonly used as anchor groups. APEG [228-230] 

or MPEG [225, 231-233] monomers are widely chosen as anionic macromonomers. The 

cationic monomers most studied in amphoteric superplasticizers are DADMAC, TMAEMC and 

MAPTAC. The main reaction mechanism of amphoteric superplasticizers is steric repulsion 

[228, 229]. The first amphoteric polymers were patented back in 2000 by Amaya et al. [234]. 

According to Plank et al. [195] the side chains of PAAM-PCE are composed of both anionic 

PEO groups and cationic polyamidoamine (PAAM) groups. Extremely low w/b can be achieved 

with PAAM-PCEs [234] while their high prices restrict the application to a small field in concrete 

technology [195]. For years, researchers focus again on amphoteric superplasticizers [226-

231, 233].  

Due to the adsorption of cationic monomers onto silicate clinker phases, the adsorption 

capacity is improved and lower dosages are required compared to anionic PCEs. Polymers 

with increasing ratios of DADMAC:APEG (and AA:APEG) lead to better dispersion 

effectiveness as investigations on an AA-APEG-DADMAC polymer revealed [228], also with 

MAPTAC as cationic monomer, as compared to anionic polymers [227]. With increasing 

content of the cationic parts, the use of amphoteric PCEs leads to less retarding effects on 

cement hydration [227]. This can be related to two effects, namely the influence of amphoteric 

PCEs on diffusion processes on boundary surfaces between clinker and water is less 

pronounced and further the chemical retardation is reduced due to less carboxylic groups [227]. 

Chomyn and Plank [235] further found that an amphoteric superplasticizer (with TMAEMC) can 

enhance the clay tolerance of the PCE compared to conventional anionic PCEs, a problem 

addressed in the next chapter 2.2.7. Studies towards the interaction of amphoteric 

superplasticizers with calcined clays are described in detail in chapter 2.2.8. 
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2.2.7 Interaction of superplasticizers with clay minerals 

Clay minerals are undesired companions of clay-bearing aggregates [236] or limestone filler 

[237], not solely due to a negative impact on the mechanical and durability properties of 

concrete [238, 239]. Clays in concrete can lead to a loss of superplasticizer dispersion and to 

a higher water demand.  

Regarding the addition of superplasticizers, polycondensates are less sensitive against clay 

minerals than PCE-based polymers [199, 240, 241]. PCEs adsorb in small amounts with their 

negatively charged carboxylate groups onto positively charged surfaces of clay particles [167, 

242]. In alkaline condition, low amounts of PCE (< 0.6 % by weight of clay) can even increase 

the viscosity of suspensions with kaolinitic clay as it is assumed that clay particles and PCE 

molecules induce bridging hydrogen bonds between clay particles. At high dosages (> 3 wt%) 

steric repulsion forces between the PCE molecules adsorbed on the clay particles dominate 

the particle interactions [243]. Furthermore, PEG side chains of PCEs intercalate into the 

interlayers of clay minerals [240, 244] going along with a displacement of water molecules 

coordinated to the exchangeable cations [242]. Considering the amount of PCE added, the 

adsorption onto the surface predominates at low dosage, while intercalation effects overrule at 

higher dosages [167]. This leads to an ineffectiveness of PCE superplasticizers in cementitious 

systems, even with only small amounts of clay minerals present (≤ 1 % by weight of cement) 

[24, 167, 240].  

Especially montmorillonite is seen critical, as the intercalation effect here is significantly more 

pronounced than for non-swelling clay minerals [24, 241, 245]. The adsorption of PCE onto the 

surface of kaolinite and mica is finite [24, 241]. Furthermore, the expansion of kaolinite is limited 

because of hydrogen bonds between the interlayers, enabling a stable interlayer spacing [245]. 

Into the montmorillonite layer structure, however, PCEs are strongly incorporated due to its 

high cation exchange capacity [24, 241] and van der Waals forces that allow easily the uptake 

of (water) molecules and lead to severe expansions (20 – 30-fold) [245].  

Several researchers focused on this problem and suggested the following solutions in order to 

enhance the clay tolerance of superplasticizers: 

▪ Use of PEG-free PCEs in presence of montmorillonite [24]. 

▪ Reduction of PCE adsorption on montmorillonite by negatively charged carboxyl terminal 

groups on PCE backbone that repel from negative charged montmorillonite surfaces [236].  

▪ Modifications of side chains of the PCE towards non-PEO lateral chains (e.g. hydroxyl alkyl 

methacrylate esters) → adsorption of the polymers onto the clay surface only, avoiding the 

intercalation into the layers of alumosilicates; compared to conventional PCEs, the 

adsorption of these tailored PCEs is one tenth only [240, 241]. 
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▪ Pretreatment of clay-bearing aggregates with cationic monomers which goes along with the 

disadvantage of fish toxicity [241]. 

▪ Addition of sacrificial agents to PCE polymers that intercalate preferably into layers, e.g. of 

montmorillonite [241]. 

▪ Adding a calcium acetate solution to the admixture system - either as pretreatment of 

aggregates or as co-admixture [242]. 

▪ Adding β-cyclodextrin as pendant group to PCE leads to a more pronounced steric 

hindrance effect [246]. 

▪ Higher grafting density of PEO in side chains [247]. 

▪ Further so-called << intercalation blockers >> are summarized in [199]. 

2.2.8 Interaction of superplasticizers with calcined clays 

The addition of calcined clays leads to altered pore solution composition [60] and a change in 

zeta potential. With increasing amount of calcined clay added, the zeta potential shifts towards 

iso-electrical point (IEP) and blended cement paste tends to agglomerate more [248]. The 

amount of superplasticizer required for an adequate dispersion and the saturation dosage rises 

nearly linearly with increasing replacement of clinker by calcined clays [103, 249, 250]. One 

benefit is that the saturation dosage for PCEs becomes less temperature-sensitive due to the 

reduction of clinker, which is especially interesting for concrete production at very low or high 

temperatures [249].  

The addition of lignosulfonates can lead to false setting due to accelerated C3A reaction and 

to significant delays of C3S dissolution [74, 103]. It results from higher amounts of sulfates in 

pore solution, increased solubility of gypsum and degradation of lignosulfonates in alkaline 

medium [181]. This provokes their incorporation into hydrated CA, enhancing the AFt formation 

[251]. At later ages, lignosulfonates can hinder the conversion of strätlingite and C3AH13 to 

more stable C3AH6, which is also an indicator for the incompatibility with CCBCs [103]. In 

combination with PCEs, however, a lignosulfonate-based retarder is effective towards both a 

better performance of PCE and a slump retention of LC³ with up to 30 % calcined clay [118].  

At targeted high replacement levels, especially polycondensates and PCEs should be 

considered as others might exceed dosages recommended by superplasticizer producer and 

exhibit incompatibilities [103, 250]. Their impact on hydration kinetics of CCBCs is discussed 

controversially. The addition of polycondensates or PCEs can lead to higher heat of hydration 

values on the one hand and to extended setting times on the other hand [103, 250]. The 

influence of polycondensate-based superplasticizers on the early hydration of Portland 

limestone cement paste with metakaolin was observed by Zaribaf and Kurtis [103]. They found 

that NSF delays the aluminate reaction by 3 hours and has no impact on the silicate reaction.  
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MFS accelerates the dissolution of C3A and retards the dissolution of C3S up to 24 hours, an 

effect that does not last more than 48 hours though. Further, they related the delayed silicate 

reaction to Ca2+ complexation, which hinders nucleation and precipitation of hydrate phases 

as soon as the Ca2+ ions get in touch with the superplasticizer [103]. 

PCE-based superplasticizers are found to be the most effective superplasticizers in CCBCs, 

even at high replacement levels [74, 103, 250, 252, 253]. Zaribaf and Kurtis [103], for instance, 

stated that the dosage of PCEs, as recommended by the producer, is not exceeded even with 

30 wt% metakaolin addition, while those of lignosulfonate- and polycondensate-based 

plasticizers are exceeded at 10 wt% replacement level already. Nonetheless, they require 2 – 

3 times more PCE than neat cement, which relates to the large specific surface area according 

to Justice and Kurtis [254]. In ternary mixtures with limestone, limestone filler (at least with 

similar SSA) exhibits a higher saturation dosage and affinity towards PCEs which leads to a 

lower fluidity capacity [255]. The main adsorption mechanism of CCBCs is steric hindrance 

going along with long side chains [256]. Schmid et al. [80] described for CCBC mixtures with 

20 wt% metamuscovite a significant reduction in yield stress, yet an even enhanced shear-

thickening behavior with increasing dosage of an MPEG-based PCE with long side chain. They 

revealed the w/b as well as type and dosage of superplasticizer as crucial parameters for the 

dispersion of CCBC mixtures. The addition of PCEs with high anionic charge density enables 

a strong initial plastification and leads to fast stiffening, whereas less anionic PCEs have a 

stronger plasticizing effect and cause less consistency retention [248]. Schmid and Plank [257] 

showed in a comprehensive study, however, that the initial dispersion performance is better 

for MPEG-based PCE with lower anionic character when possessing a short side chain (nEO = 

23), while this effect is reversed with moderate side chain length (nEO = 45). At higher 

replacement levels (> 20 wt%), the more anionic PCEs perform better in CCBC mixtures. With 

IPEG-based PCEs, they even found a favored interaction with a calcined common clay (rich in 

2:1 phyllosilicates) compared to cement, and with HPEG-based PCEs a superior dispersion 

performance in CCBCs and pure calcined clay. Investigations by Li et al. [258] confirmed the 

latter observations for a calcined common clay rich in metakaolin, both as neat calcined clay 

or as clinker replacement even up to 40 wt%. However, the authors recently also showed 

differences in the dispersion performance of a HPEG-based PCE depending on the 

mineralogical and physical characteristics of the calcined common clay used [259]. According 

to [79, 260], calcined 1:1 phyllosilicates require significantly more superplasticizer than 

calcined 2:1 phyllosilicates (smectite). However, it is presumed that polyethylene oxide (PEO) 

side chains intercalate into remaining interlayers of the latter after calcination (chapter 2.1.2), 

leading to less dispersion efficiency [74]. Ferreiro et al. [79] described an improvement in 

superplasticizer efficiency when adding the polymer up to 90 seconds and 3 minutes after the 

water to CCBC with calcined 2:1 and 1:1 phyllosilicates, respectively.  
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They also described different adsorption behavior of these types of metaphyllosilicates: the 

adsorption takes place at the edges of calcined 2:1 phyllosilicates (here metasmectite), which 

hinders the water uptake into their interlayers, whereas the PCEs adsorb onto the amorphous 

structure of calcined 1:1 phyllosilicates (metakaolin) [79]. For this reason, each calcined clay 

must be considered separately in order to enhance the dispersion ability. So far, the poor 

flowability of CCBC mixtures was counteracted by delayed addition of superplasticizer or the 

use of workability-enhancing particles (e.g. fly ash) [79, 260]. Another option is the use of PCEs 

with low charge density (< 0.01 mol PEG/mol) containing e.g. a high ionic monomer (2-

acrylamido-2-methylpropane sulfonic acid, AMPS) in order to avoid a possible intercalation 

and to limit interactions with the surface, instead of the layers, of calcined clays [255]. 

Investigations on a calcined kaolinitic clay with a non-negligible amount of remaining kaolinite 

did not show any adsorption of the AMPS-PCE onto calcined clay in water but in synthetic 

cement pore solution (SCPS) [255]. The interaction is related to the presence of multivalent 

cations that enable the adsorption of PCEs onto negatively charged calcined clay particles 

(Ca2+-complexation) [144, 196, 255].  

In a systematic study, Schmid and Plank [261] demonstrated that individual metaphyllosilicates 

sorb different amounts of Ca2+ ions per their individual BET surface area: metamuscovite 

(3.82·1019/m2) >> metamontmorillonite (1.25·1019/m2) > metakaolin (1.18·1019/m2) >> metaillite 

(0.41·1019/m2). Further they described the sorption behavior of PCEs after providing additional 

Ca2+ ions for the surface coverage of these metaphyllosilicates in SCPS. Metamuscovite and 

metamontmorillonite do sorb (including intercalation) more MPEG-based PCE, while the Ca2+ 

adsorption does not significantly change the sorbed amount of HPEG-based PCE. The small 

difference on the latter is related to the higher initial sorption of Ca2+ ions of these two 

metaphyllosilicates compared to metakaolin. The metakaolin instead can take up two-fold the 

amount of HPEG-based PCE and shows in general a better sorption behavior with additional 

Ca2+ ions in the solution, regardless of the macromonomer type of PCE. Further, it is assumed 

that the PCE intercalates into interlayers of metaillite as no saturation point is reached even 

with Ca2+ ion saturation and dosages of up 1 % by weight of solid [261].  

In lime suspensions with metakaolin, PCEs with lower anionic charge density do not show any 

adsorption onto metakaolin particles due to the low pH value found (5.6), but the flowability 

increases [256]. Navarro-Blasco et al. [256] related the adsorption hindrance to a low amount 

of carboxylate groups and the backbone charge, that is sterically shielded by long side chains. 

Further, a similar adsorption affinity of (super)plasticizers was found for calcined marl and 

cement clinker by Ng and Justnes [74]: a PCE with low effective charge leads to a high, initial 

dispersion but to a rapid increase in dynamic yield stress over time.  
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A review paper published by Lei et al. [199] provides a further overview of the interaction of 

calcined clays with PCE-based superplasticizers, including the poor slump retention as known 

for CCBCs (chapter 2.1.5). Recent research by Li et al. [124] focused on solutions in order to 

counteract the rapid slump loss: the addition of Na-gluconate does not succeed to prevent 

slump loss of CCBC mixtures (replacement level: 30 wt%), whereas the combination of 

conventional PCEs for precast concrete with Ca-Al-PCE-LDH nanocomposite can even 

increase the flowability first. Even at replacement levels of 40 wt%, it extends the workability 

by 60 – 90 minutes as compared to PCEs foreseen for ready-mix concrete. This mechanism 

works by gradually releasing the PCE, which is located between the inorganic layers of the Ca-

Al-LDH, into pore solution and replacing it by sulfate anions [124]. The retarding impact of 

PCEs on the hydration of CCBCs is the least compared to other types of superplasticizers 

[103]. Akhlaghi et al. [255] even found that, compared to plain cement, the retardation effect is 

less pronounced with the addition of calcined clays in the presence of PCEs [255], which is 

related to accelerated hydration kinetics and shorter setting times by calcined kaolinite-rich 

clays [103, 250]. Nonetheless, the addition of PCEs can have also negative impact on CCBCs: 

if the amount of superplasticizer is not well adjusted, it can lead to a loss in fluidity due to 

bridging effects [255, 262].  

Interactions between amphoteric superplasticizers and calcined clays were investigated by 

Schmid et al. [225, 231-233] and most recently by Li et al. [258]. For CCBC with calcined kaolin-

rich clay, an MPEG-based PCE with long side chain and MAPTAC as cationic monomer shows 

a very good dispersion performance with increasing replacement, similar to the outstanding 

HPEG-based PCE [258]. In other cases, it requires at least four times higher dosages of 

amphoteric polymers than of conventional anionic PCEs in order to disperse calcined clays 

adequately [233]. Interestingly, it is also possible that CCBCs require lower amounts of 

amphoteric superplasticizer than neat cement. With the current knowledge, this is related to 

the assumption of heterogeneously charged clay surfaces [224, 233]. The dispersion of 

calcined clays and CCBCs is significantly more effective with DADMAC than with MAPTAC or 

even TMAEMC as cationic monomers [225, 232]. The time-dependent spread flow remains 

more constant with increasing amount of cationic monomer [231, 232]. As described for neat 

cement in chapter 2.2.6, amphoteric superplasticizers have a less retarding or even 

accelerating effect on the hydration kinetics of CCBCs compared to conventional anionic PCEs 

[231-233]. Here, the polymer with MAPTAC retards less than that with DADMAC [225]. 
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3 Aims and open questions 

The thesis covers two main topics regarding calcined clay blended cements (CCBCs) with the 

addition of superplasticizers:  

I) Rheology and superplasticizer performance immediately after water addition 

▪ Which existing rheological models are suitable to describe the rheology of CCBC mixtures? 

▪ What is the role of different physical characteristics of calcined clays and CCBC in terms of 

modified flowability? How do they influence the demand for superplasticizers? 

▪ Is it possible to predict the flow resistance and interaction with superplasticizers based on 

the mineralogical composition of a common clay? Regarding this question, what are the 

differences between kaolinite and representatives of 2:1 phyllosilicates, and how does 

quartz as component in clays contribute to the flow properties? 

▪ What types of (super)plasticizers perform the best in CCBC mixtures? Which polymer 

properties within the group of PCE-based superplasticizers lead to a superior, initial 

dispersion? 

 

II) Time-related flowability and early hydration behavior, considering the first 120 minutes 

and 24 – 48 hours, respectively. 

▪ What are the reasons for rapid slump loss that is often observed with CCBCs? 

▪ Is it possible to prolong the flowability of CCBC mixtures by using specific polymers? 

▪ How does the addition of superplasticizers in CCBC mixtures affect the course of hydration 

in terms of primary CH formation, dissolution of gypsum, maximum AFt content and primary 

formation of AFm-Hc?  

▪ To what extent do physical effects of CCBCs overlay the influence of high superplasticizer 

amounts on the early hydration? 

Based on these two topics, suitable mixtures shall be derived as illustrated in Figure 3-1. 

 

Figure 3-1. Approach to finding suitable mixtures with calcined clays and superplasticizers
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4 Overview about materials and methods used 

4.1 Materials 

An ordinary Portland cement (CEM I 42.5 R, abbreviation: OPC) and one Portland limestone 

cement (CEM II/A-LL 32.5 R, PLC), both complying with European standard DIN EN 197-1 

[99], are used for the investigations. They originate from the same cement plant and the use 

of PLC addresses the synergy effect between limestone and calcined clays, as presented in 

chapter 2.1.4. A previous batch of OPC is named OPC° and second batch of the Portland 

limestone cement is designated as PLC*.  

Three calcined phyllosilicates (“metaphyllosilicates”) are used to investigate their rheology 

and interaction with different superplasticizers in cementitious systems: metakaolin (Mk), 

metamuscovite (Mu) and metaillite (Mi). They are described in detail in the first two journal 

papers (chapters 7.1 and 7.2).  

Quartz is a non-negligible component in common clays [114, 263]. For this reason and to have 

a comparison of pozzolanic calcined clays with an inert SCM, quartz powder (QP) is used for 

selected methods in the first journal paper (chapter 7.1). The particle size distribution shows 

that the quartz powder is coarse compared to the other binder materials. This relates to the 

poor grinding ability of quartz on the one hand and that the quartz particles in clays are located 

in the coarser particle region [2, p. 12].  

Beside the metaphyllosilicates, calcined common clays are used to compare the findings on 

metaphyllosilicates with materials representative and valuable for cement industry. In total, five 

calcined common clays and one calcined kaolinite-rich mine tailing are investigated that differ 

significantly in their mineralogical composition. The raw material for TG (German for 

“Tongemisch”) and AC originates from Amaltheen formation (Black Jurassic). The industrial 

calcination of TG is described in [31]. It is subsequently ground in a roller mill on industrial 

scale. 

Maier et al. [114, 264, 265] provide information on three further materials investigated: 

• Kaolin Upper Palatinate (KUP) originates from a primary kaolin deposit, formed in Eocene 

/ Miocene by the weathering of granite 

• Recycling Kaolin Upper Palatinate (RKUP) is a kaolinite-rich mine tailing 

• Fireclay Upper Palatinate (FUP) are sedimentary, kaolinite-rich clays from Miocene 

The raw MURR sample originates from Upper Eocene to Upper Miocene sediments from the 

alpine foreland basin. AC, KUP, RKUP, FUP and MURR are dried to a constant mass at 105 °C 

and crushed in a jaw crusher to a granule size of ≤ 5 mm.  
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The pre-crushed material is calcined at 800 °C for 60 minutes in a lab-scale muffle kiln, with 

batches à 300 g. After calcination, the cooled material is ground for 10 minutes in a vibratory 

disc mill with agate insert.  

Following superplasticizers are chosen together with the Chair for Construction Chemistry of 

Technical University Munich, Germany, within the joint DFG research project: 

• Industrial calcium salt of a β-naphthalene sulfonate formaldehyde polycondensate (NSF) 

• Industrial α-methallyl-ω-methoxy poly(ethylene glycol) ether type PCE (HPEG) 

• ω-methoxy poly(ethylene glycol) methacrylate ester type PCE with amphoteric character 

due to diallyl dimethylammonium chloride (DADMAC) as cationic monomer, developed and 

lab-synthesized by the Chair for Construction Chemistry of Technical University Munich 

(amphMPEG) 

Further industrial (super)plasticizers are used within this thesis: 

• Isoprenyl oxy poly(ethylene glycol) ether type PCE consisting of IPEG-AA and an IPEG 

with HEMA in the anchor group (IPEG1) 

• Isoprenyl oxy poly(ethylene glycol) ether type PCE consisting of IPEG-AA and a 

vinyloxybutyl polyethylene glycol (VOBPEG)-AA (IPEG2) 

• Magnesium-lignosulfonate (Mg-LS) 

• Sodium-lignosulfonate (Na-LS) 

4.2 Methods 

This chapter provides an overview about the methods and instruments used. Further details 

are provided in the respective publications. The investigations are conducted on clinker-free 

systems to understand the properties of calcined clays and quartz powder, as well as on 

blended cements. The cementitious systems are evaluated towards their flowing properties, 

demand for superplasticizer as well as hydration behavior. 

The following methods are used for the clinker-free investigations: 

• The morphology and particle shape of metaphyllosilicates, QP and TG are observed via 

scanning electronic microscope EVO LS 15 (Zeiss). Therefore, powder samples are 

scattered on thin layer of two-component adhesive and gold-coated with a sputter. In high 

vacuum, an aperture with 20 μm and a secondary electron detector are used with 

acceleration voltage of 20 kV, spot size of 250 and a working distance at 8.5 mm. 

• The zeta potential ζ [mV] of all raw and calcined clays as well as of the quartz powder is 

measured in aqueous phase (H2Odest. and SCPS according to [225]) by using 
electroacoustic spectrometer DT-310 (Dispersion Technology Instruments). 
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• The flowability is characterized with mini slump test on suspensions of metaphyllosilicates, 

QP and TG with H2Odest.. 

• The rheological behavior of clinker-free suspensions made of metaphyllosilicates, QP and 

TG with H2Odest. is measured by using a rotational viscometer Viskomat NT (Schleibinger) 

with the following program: ten minutes at a rotational speed of 120 min-1, each two minutes 

at 80, 40, 20 min-1. It is analyzed according to Bingham fit, the linear fit between rotational 

speed and torque resulting in viscosity factor (slope of fit) and yield stress (y-axis intercept 

of fit) [63, 266]. 

Based upon the clinker-free investigations, the flowing properties of calcined clay blended 

cement pastes are investigated as well as the dispersion effectiveness of different 

superplasticizers. Therefore, the cements are replaced by 20 wt% of metaphyllosilicates, TG 

or QP and by 30 wt% of calcined common clays (these investigations are limited to PLC*). 

Higher replacement levels are realistic for calcined common clays [128, 267] or calcined shales 

[268], whereas those replacement levels are irrelevant for metaphyllosilicates in application. A 

w/b of 0.50 is chosen to have an as low as possible w/b for strength and durability reasons on 

the one side and to satisfy the high water demand of calcined clays on the other. Beside of 

adjusted dosages, the influence of a constant dosage is evaluated towards interactions of PCE 

superplasticizers with calcined clay blended cements. For both HPEG and amphMPEG, the 

constant dosage is set at 0.20 %bwob. Further investigations with calcined common clays 

include constant superplasticizer dosages of 0.05, 0.10 and 0.20 %bwob IPEG1 and IPEG2, 

as well as 0.05 %bwob HPEG. 

The following methods are used to determine the flowing properties and dispersion efficiency 

of cementitious systems: 

• The demand for superplasticizer is evaluated on blended cement paste according to the 

modified mini slump test based on DIN EN 1015-3 [269]. It is an iterative test to achieve a 

mini slump of 26 cm. For OPC and PLC with Mk, Mu, Mi and TG, the required dosage of 

NSF, HPEG and amphMPEG is adjusted by the Chair for Construction Chemistry, Technical 

University Munich. Further mixtures, namely with lignosulfonates or with QP, are tested in 

the laboratory of the Institute for Construction Materials of the University of the Bundeswehr 

Munich. 

• The slump loss behavior is determined for the mixtures with adjusted superplasticizer 

dosages by time-dependent mini slump test. The test is repeated every 15 minutes until 

120 - 135 minutes after water addition. 

• The torque, yield stress and viscosity factors as well as flow resistance of blended cement 

pastes with and without the addition of superplasticizers are evaluated by rotational 
viscometer five minutes after water addition. The equipment and the program are the same 
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as for clinker-free suspensions. The analysis is based on Bingham fit but as the 

transformation from the measured values to actual yield stress and viscosity is not possible, 

the analyzed parameters are named “yield stress factor” and “viscosity factor”, respectively.  

A further parameter is the flow resistance, as proposed e.g. by Vikan et al. [270]. Therefore, 

the area under the flow curve is calculated based upon the trapezoidal method between the 

median torques at 20, 40, 80 and 120 rpm (τ20, τ40, τ80, τ120), see the following equation: 

𝐹𝑅 [
𝑁𝑚𝑚

𝑚𝑖𝑛
] = 10 ∗ (𝜏20 + 𝜏40) + 20 ∗ (𝜏40 + 𝜏80) + 20 ∗ (𝜏80 + 𝜏120) 

For calcined common clay mixtures, the 15 minutes long measurement starts on the same 

sample after 5, 30, 50 and 105 minutes to evaluate the time-dependent flow behavior. For 

the first three measurements, the sample remains and rests in the cylinder. It is removed 

afterwards and inserted again two minutes before the test at 105 minutes. For pastes with 

metaphyllosilicates and TG, the torque development is observed at a constant rotational 

speed of 80 rpm for 120 minutes. 

• The influence of calcined clays and the adsorption behavior of superplasticizers is 

determined via the zeta potential, using the electroacoustic spectrometer DT-310 

(Dispersion Technology Instruments). The extracted pore solution of reference cement 

paste is set as ionic background before the actual measurement. The measurement of zeta 

potential and pH value is carried out for 120 minutes after water addition. The development 

of zeta potential and pH value shall be correlated with AFt formation and rheometric 

measurements to provide information on the effectiveness of superplasticizer and the 

workability period of the investigated mixtures. 

The hydration behavior of (blended) cement pastes, without and with superplasticizers, is 

investigated during the first 36 to 48 hours by: 

• Recording the heat flow �̇� [mW/gcement] via isothermal calorimeter TAM Air (TA 

instruments) at T = 25°C and calculating the heat of hydration Q [J/gcement]. 

• Following the phase development of binder pastes with calcined clays and superplasticizers 

by in situ XRD measurements. The diffractometer Empyrean (PANalytical) has a PIXcel1D 

detector and Bragg–BrentanoHD monochromator. The blended cement paste is transferred 

into flat metal crucibles and covered by a Kapton film to prevent drying of the fresh paste. 

The sample holder is connected to a temperature-controlled device (25 °C). Relevant 

phases and their considered Miller indices are analyzed by HighScore 4.7 (Malvern 

PANalytical): ettringite (010) and (110) [271], hemicarboaluminate (006) [272], gypsum 

(020) [273] and portlandite (001) [274]; this method is limited to mixtures without 

superplasticizers and those with metaphyllosilicates and TG with adjusted dosages.  
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• Measuring the ultrasonic speed by an ultrasonic p-wave unit Vikasonic (Schleibinger). 
The method is based on the relationship of the sample length and the transit time of 

ultrasound, which is reduced with ongoing strength development and hence an increased 

ultrasonic speed is observed. Depending on the sample density and the measured 

ultrasonic speed, the dynamic modulus of elasticity Edyn [GPa] is consulted as criterion for 

the development of microstructure. 

Rheological, electroacoustic, calorimetric and ultrasonic measurements as well as correlations 

between parameters / significant data points are analyzed with the software Origin 2020 

(OriginLab). 

4.3 Strategy to address the open questions in publications 

For each publication, a chart is developed how the experimental setup addresses the aims and 

open questions (chapter 3). The first journal paper “Characteristics of components in calcined 

clays and their influence on the efficiency of superplasticizers” (chapter 7.1) investigates the 

pure materials (“clinker-free systems”) and blended cements towards their physical and 

rheological properties, as well as the initial superplasticizer efficiency in the respective cement 

mixtures, see Figure 4-1.  

 

Figure 4-1. Methods and materials used to evaluate the characteristics of calcined clay 
components towards their influence on flowing properties and superplasticizer 
efficiency in the first journal paper 
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The second journal paper treats the “Rheology, setting and hydration behavior of calcined clay 

blended cements in interaction with PCE-based superplasticisers” (chapter 7.2). The same 

metaphyllsilicates and calcined Amaltheen clay are used as in the first journal paper. The PCEs 

are added at a constant dosage (0.20 %bwob) in order to distinguish the different calcined clay 

blended cement (CCBC) mixtures. Beside of rheological measurements, this article provides 

the combination of isothermal calorimetry, ultrasound and in situ XRD to evaluate the hydration 

and setting behavior of calcined clay blends (Figure 4-2). 

 

Figure 4-2. Methods and materials used to investigate the rheology and early hydration in the 
second journal paper 

Beside of the influence of pure metaphyllosilicates and TG, the “Physical and mineralogical 

properties of calcined common clays and their influence on flow resistance and superplasticizer 

demand” have been investigated in the third journal paper (chapter 7.3). The flow properties 

of CCBC mixtures are determined with rotational viscometer and different rheological models, 

see Figure 4-3. The efficiency of PCEs in CCBC mixtures with different types of calcined 

common clays is evaluated. Several physical properties as well as mineralogical phases are 

identified and to what extent they decrease the flowability or perturb the efficiency of PCEs. 

 

Figure 4-3. Experimental study on the rheology and superplasticizer performance of CCBC 
mixtures with calcined common clays in the third journal paper 
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In addition to the zeta potential measurements in the first journal paper, the fourth journal paper 

includes the zeta potential of metaphyllosilicates in SCPS and of both raw and calcined 

common clays in H2Odest. and SCPS. Beside of these measurements, this paper illuminates 

different aspects on the “Evaluation of zeta potential of calcined clays and time-dependent 

flowability of blended cement with customized polycarboxylate-based superplasticizers” 

(Figure 4-4 and chapter 7.4). Apart from time-related mini slump tests of PLC blended with 

metaphyllosilicates, the (subsequent) dispersion of CCBC mixtures with calcined common 

clays and the addition of HPEG and IPEG1 is determined by rotational viscometer tests and 

coupled calculation of flow resistance. Thresholds of calcined clay properties are identified that 

lead to rapid slump loss. Further, zeta potential and calorimetric measurements of PLC, 

PLC_30AC and PLC_30FUP with different dosages of PCE indicate differences in adsorption 

of PCE and the impact of different calcined clays and PCEs on (very) early hydration. 

 

Figure 4-4. Investigations on the zeta potential and time-related flow behavior of CCBC 
mixtures as published in the fourth journal paper 
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The first conference paper presents “Lignosulfonates in cementitious systems blended with 

calcined clays” (chapter 7.5). The demand for Mg- and Na-LS is compared between different 

replacement levels and two calcined clays (Figure 4-5). Further, the rheological and hydration 

behavior with the addition of lignosulfonates is evaluated. 

 

Figure 4-5. Methods and materials used to investigate the demand for lignosulfonates, rheo-
logy and early hydration in the first conference contribution 

 

The rheological behavior of calcined clay blended cements, also with the addition of NSF and 

HPEG, is investigated immediately after water addition, as well as over a period of two hours 

(Figure 4-6). The results are published in the second conference paper “An approach to the 

rheological behavior of cementitious systems blended with calcined clays and 

superplasticizers” (chapter 7.6). 

 

Figure 4-6. Methods and materials used to investigate the demand for NSF and HPEG, initial 
and time-related rheology in the second conference contribution 
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Further studies complement the third and fourth journal articles and are published in the third 

conference contribution “Feasability study on PCE based superplasticizers in calcined clay 

blended cements with focus on the type of phyllosilicate” (chapter 7.7). CCBC mixtures are 

dispersed with one dosage of IPEG1 and IPEG2 and the flow resistance, as well as the zeta 

potential, are evaluated over time. Parameters, both from physical as well as mineralogical 

point of view, that affect rapid slump loss are identified (Figure 4-7). 

 

Figure 4-7. Methods and materials used to investigate the time-dependent flow behavior in the 
third conference contribution 

 

The “Early hydration behavior of blended cementitious systems containing calcined clays and 

superplasticizer” is published in the fourth conference paper in chapter 7.8. It addresses 

especially the question how adjusted dosages of NSF and HPEG affect the early hydration 

kinetics of calcined clay blends, observed by isothermal calorimetry and in situ XRD (Figure 

4-8). 

 

Figure 4-8. Methods and materials used to investigate the early hydration of calcined clay 
blended cements with superplasticizers in the fourth conference paper 
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5 Main findings 

5.1 Influence of calcined clay characteristics on the rheology and parameters that 
affect the superplasticizer performance  

This chapter first summarizes the main findings regarding the rheological behavior of calcined 

clay suspensions and CCBC mixtures with different replacement levels, and how it affects the 

performance of superplasticizers in CCBC mixtures (subchapter 5.1.1). 

The following subchapter 5.1.2 discusses the influence of physical and mineralogical 

parameters of metaphyllosilicates, calcined common clays and CCBCs on the rheological 

behavior and superplasticizer performance. It considers their particle size, total surface area, 

zeta potential and water demand as physical parameters and presents them in the context of 

the various mineralogical compositions of clays. 

The chapter concludes with focus on the superplasticizers used and answers the questions, 

how different superplasticizers, in particular various types of PCEs, interact with CCBC 

mixtures (subchapter 5.1.3). 

5.1.1 Rheological behavior of calcined clay suspensions and cement pastes and the 
initial efficiency of superplasticizers in CCBC mixtures 

The flowability of calcined clay suspensions has been investigated in the first journal paper via 

mini slump test and rheometer measurements with coupled Bingham analysis. Metaillite (Mi) 

had the lowest flowability, followed by metakaolin (Mk), metamuscovite (Mu) and the calcined 

Amaltheen clay (TG). The Mu exhibits a special behavior as it has negative yield stress, which 

results from very high torque values at high rotational speeds that lead to a low y-intercept with 

the linear Bingham fit. Furthermore, Mu has a significantly higher viscosity compared to other 

samples (Mu >> Mi > Mk > TG). The viscosity factors of clinker-free suspensions correlate well 

with those of CCBC mixtures that contain the respective calcined clay (R² = 0.94, 20 wt% 

replacement level). However, the negative yield stress of clinker-free Mu suspensions does 

not fit with an extremely high, positive yield stress of OPC/PLC with Mu. As known for plain 

cement, viscosity and yield stress, respectively flow resistance, decrease with higher w/b for 

CCBC mixtures. This was found, for instance, for PLC*_30KUP with w/b = 0.40 (Table A-30) 

and w/b = 0.50 (Table A-34). 

The grey area in Figure 5-1 represents the range of all plain cement pastes with w/b = 0.50 

(OPC, PLC, PLC*). In terms of viscosity, mixtures with low replacement levels of TG and Mk 

mixtures as well as with quartz powder (QP), 30 wt% AC and MURR are within or even below 

this range.  
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The other mixtures can exceed this viscosity significantly as shown in the first and third journal 

papers and as in accordance with literature [74, 275]. Especially the increased viscosity of 
mixtures with metamuscovite has to be mentioned, as already the addition of 5 wt% 
exceeds the viscosity factor of mixtures with most of 30 wt% calcined common clays. 
In addition, the mixtures with ≥ 10wt % metamuscovite have a high divergence in viscosity 

between the OPC and PLC cement mixtures, while the influence of cement is minor in other 

mixtures.  

 

Figure 5-1. Viscosity factors of reference samples at w/b = 0.50 depending on replacement 
level (grey area indicates range of viscosity factors of plain cement) 

Earlier findings in literature [65, 78, 120] have described dilatant flow behavior for metakaolin 

blended cement paste, a behavior that concludes zero yield stress when using the term 

“dilatant” correctly. In the present investigations, however, all reference mixtures show either 
a linear or non-linear increase in torque with increasing rotational speed and a positive 
yield stress. CCBC mixtures show a higher yield stress compared to plain cement, as 

published by several authors, e.g. [30-32, 91]. Those mixtures that show a non-linear increase 

in torque have been described as Herschel-Bulkley fluids, following the Power law equation 

and exhibiting positive yield stress. When considering the median torque values at the 

respective rotational speeds as data points of interest, the Herschel-Bulkley fits exhibit R² 

values of ≥ 0.99. Herschel-Bulkley fits lead in general to higher yield stress values compared 

to the Bingham fit, and to a flow index n > 1, a trend that has been mathematically described 

for shear-thickening materials e.g. by Feys et al. [276].  
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The comparison of the different rheological models is found in Appendix A5: Comparison of 

linear Bingham fits with modified Bingham and Herschel-Bulkley fits applied to CCBC pastes. 

Based upon this analysis, either Bingham or Herschel-Bulkley models are suitable for 
most CCBC mixtures, where the modified Bingham model and Herschel-Bulkley model are 

proposed for non-linear flow curves.  

The flow resistance does not take the specific rotational speed-related behavior into account. 

However, it is a good opportunity to evaluate overall the flowability of the CCBC mixtures and 

to correlate it with binder properties as shown e.g. by Vikan et al. [270]. Beside of PLC_Mk, 

the increase in flow resistance is found to be almost linear with increasing replacement 
level, as shown in Figure 5-2. At the same time, it is significantly higher for mixtures with 

individual metaphyllosilicates than for those with calcined common clays. 

 

Figure 5-2. Flow resistance of reference samples at w/b = 0.50 depending on replacement 
level (dashed lines represent PLC samples, dots represent PLC* samples, grey 
area indicates range of flow resistance of plain cement) 

With the amount of superplasticizer added for a comparable mini slump, most of the mixtures 

identified as Herschel-Bulkley fluids turn into Bingham fluids. The superplasticizers added can 

reduce the yield stress significantly. Nonetheless, the mixtures with metaphyllosilicates require 

3 to 7.5 times more superplasticizer than plain cement, with 20 wt% QP or calcined common 

clay TG due to their characteristics as described e.g. in the first journal paper and in the 

subchapter 5.1.2. These findings are also demonstrated by the efficiency of the 

superplasticizer that considers the relative reduction of yield stress factor, viscosity factor and 

torque related to the dosage added (Figure 5-3).  
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For a better comparison between the different CCBCs, further experiments are published with 

a constant dosage of PCE in the second journal paper. The efficiency of 0.20 %bwob PCE is 

similar for plain cement and CCBC with TG (Figure 5-3). The small difference between these 

mixtures and the metakaolin mixture shows that a higher efficiency cannot be achieved, as a 

further reduction of the rheological parameters is impossible. The efficiency decreases with Mk 

> Mu > Mi. This effect does hold for both PCEs and with both cements used. Again, most of 

the mixtures with metamuscovite behave in a different manner compared to the other CCBC 

mixtures. They have negative yield stress factors and a non-linear increase of torque with 

increasing rotational speed that indicates shear-thickening behavior with both NSF and PCEs. 

In case of PCEs, Schmid et al. [80] related this phenomenon to the side chain length of PCEs 

that leads to a higher steric effect. This, however, is contrary to the current findings as HPEG 

has a significantly shorter side chain length than amphMPEG that leads at least with PLC to 

Herschel-Bulkley flow behavior. With the observations made with the pure metamuscovite by 

Neißer-Deiters et al. [16] and related to the high water demand of metamuscovite (mixtures), 

it rather seems that the superplasticizers used cannot overcome the strong water uptake and 

as consequence the thixotropy and shear-thickening effect of metamuscovite. This is in 

agreement with [80], where a higher w/b eliminates the shear-thickening behavior of 

metamuscovite mixtures. Based on these findings, the efficiency of superplasticizers is lower 

with calcined 2:1 phyllosilicates than with the calcined 1:1 phyllosilicate metakaolin. 

 

Figure 5-3. Efficiency of superplasticizers (SP) according to the binder system with 20 wt% 
replacement level at w/b = 0.50; left: with varying PCE dosage for a constant 
spread, right: with 0.20 %bwob PCE (note the different y-axis) 

With the open question why TG exhibits significantly less critical rheological properties and 

superplasticizer demand, further calcined common clays have been investigated in PLC 

mixtures. The reference mixtures are divided into Bingham fluids and Herschel-Bulkley fluids, 

as published in the third journal paper. HPEG, IPEG1 and IPEG2 are added to these mixtures 

at different constant dosages (0.05, 0.10 and 0.20 %bwob).  
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While the mixtures classified as Bingham fluids require 0.10 %bwob only to become Newtonian 

fluids, the Herschel-Bulkley fluids require at least 0.20 %bwob PCE. Overall, the efficiency of 

PCE decreases with higher dosage / material effort necessary for an adequate dispersion. 

Figure 5-4 shows that the range of efficiency in mixtures with 30 wt% calcined common clays 

is between 13 and 32 % at low PCE dosage, which indicates that a) the different PCEs used 

perform differently and b) the efficiency depends to a large extent on the calcined common 

clay. The same holds for the constant dosage of 0.20 %bwob used for the dispersion of CCBC 

with 20 wt% metaphyllosilicates.  

 

Figure 5-4. Correlation of dosage of PCEs with their efficiency, regardless of type of PCE; 
mixtures with 20 wt% metaphyllosilicates (n = 23) and calcined common clays 
(n = 8) are taken from the first and second journal paper, mixtures with 30 wt% 
calcined common clays (n = 33) from the third journal paper  

Figure 5-5 reveals a very good, linear correlation between the efficiency of different PCEs and 

the reduction in flow resistance (R² = 0.945). The data points are provided in Appendix A4: 

Calculated efficiency of superplasticizers. In detail, the figure considers the CCBC mixtures 

with varying dosages and an adequate dispersion based on mini slump test from the first 

journal paper and the CCBC mixtures with 0.20 %bwob PCE from the second journal paper. 

Furthermore, the CCBC mixtures from the third journal paper are classified according to their 

achieved flow resistance with PCE in comparison with the flow resistance of plain cement 

without any PCE. The white symbols stand for mixtures where cement has been replaced by 

20 wt% metaphyllosilicates. They confirm that the performance of PCEs is significantly poorer 

in these CCBC mixtures, with an efficiency mostly below 10 %/0.01% bwob and RedFR 

≤ 5 %/0.01% bwob, compared to those with calcined common clays.  
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In combination with their pozzolanic activity [34, 264, 277], this expresses the better suitability 

of calcined common clays or shales for their application as SCM, especially at higher 

replacement levels. However, the results on the initial superplasticizer performance confirm 

also that the CCBC mixtures require different dosages of superplasticizer to achieve similar 

flow properties as the original flow properties can vary significantly. The efficiency for an 

adequate dispersion ranges widely between 10 % and 32 %/0.01%bwob, depending on the 

calcined common clay added. The range for efficiency (10 - 15 %/0.01%bwob) and RedFR 

values (4 - 5 %/0.01%bwob) becomes smaller with increasing amount of superplasticizer, 

indicating a saturation effect.  

 

Figure 5-5. Comparison of reduction in flow resistance (FR) and efficiency of PCEs, both 
related to the superplasticizer dosage used [%/0.01 %bwob] (n = 58) 

The investigations show that viscosity, yield stress and flow resistance increase significantly 

with the addition of calcined clays and strongly depend on the replacement level and type of 

added material, which is in line with the literature [64, 278]. The yield stress and flow resistance 

decreases in the following order: OPC/PLC_Mu >> OPC/PLC_Mk > OPC/PLC_Mi >> mixtures 

with calcined common clays > OPC/PLC > OPC_QP. In terms of rheological models, most of 

the CCBC mixtures show either Bingham or Herschel-Bulkley fluid behavior. It is concluded 

that the results derived from metaphyllosilicates are not directly transferable to calcined 

common clays with complex mineralogical compositions, as the behavior differs significantly 

even with a comparable quantity of phyllosilicates present in the cementitious system. The 

observed phenomena will be discussed in the following chapter 5.1.2, that takes the physical 

parameters as well as the mineralogical composition of (calcined) phyllosilicates and clays into 

account.  
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5.1.2 Physical and mineralogical parameters of calcined clays affecting the rheological 
properties and demand for superplasticizer of cementitious systems 

The correlation between chemical and physical properties and the flowability of clinker-free 

suspensions is discussed in the first journal paper. The discussion on the rheological 

parameters of CCBC mixtures is limited to the flow resistance, as the trend in yield stress and 

flow resistance is overall congruent. The used OPC and PLC originate from the same cement 

plant and have a similar C3A-to-C4AF ratio, a factor that affects the adsorption behavior (see 

chapter 2.2.2). Although limestone filler is known to enhance the workability [279, 280], PLC 

mixtures require slightly more superplasticizer due to a larger SSA, a finer particle size 

distribution and 25 % higher content of sulfates that can cause competitive adsorption onto 

C3A [161, 281]. The zeta potential of PLC paste has been slightly more negative compared to 

that of OPC, which results in a lower adsorption of anionic superplasticizers [152]. 

Figure 5-6 shows that a smaller particle size of the calcined clay (d50,CC) can, but not 

necessarily does increase the flow resistance. Even with a comparable particle size distribution 

of calcined clay and cement, the flow resistance increases with calcined clay. It is observed in 

the third journal paper, that the flow resistance of mixtures with calcined common clays rises 

with smaller particle size, resulting in a higher demand for superplasticizer. Therefore, the 

shape and agglomeration effects are considered in the third journal paper as well. 

 
Figure 5-6. Correlation of initial flow resistance with the median particle size of calcined clay 

(d50,CC) with d50 values of OPC/PLC marked as orange lines (FROPC = 1.18 Nm/min, 
FRPLC = 1.63 Nm/min) 
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A further reason for the discrepancy in flow resistance between plain cement and CCBC 

mixtures is the SSA of the materials. The total surface area of the binder components 

(TSAbinder), as e.g. proposed by Bentz et al. [282], considers the product of particle density and 

SSA for both cement and calcined clay and takes the replacement level into account at the 

same time. Figure 5-7 (left) shows a split trend in flow resistance with increasing TSA: I) linear 

increase for selected samples with increasing TSA between 20 and 80 m²/cm³ and II) an 

allometric increase for TSA ≤ 20 m²/cm³, as enlarged in Figure 5-7 (right).  

The results show that the TSA is neither a reliable indicator for the prediction of flow resistance, 

when using it as single parameter, but it correlates overall well with the demand of CCBC 

mixtures for superplasticizers (Figure 5-10a). A large SSA or TSA leads to an increased 

demand for superplasticizer due to the increase of original flow resistance. Both, particle size 

and SSA, as factor of the TSA, depend on the mineralogical composition of raw clay.  

Due to their layered structure and increased inner porosity, typical BET SSA values are  

• 10 – 20 m²/g for kaolinite [12-14], 

• 2 – 14 m²/g for muscovite [8, 16],  

• 65 – 100 m²/g for illite [17, p. 64] and  

• 61 to even up to 330 m²/g for smectite [18, 19].  

With increasing calcination temperature, the SSA decreases significantly for 2:1 phyllosilicates, 

while it remains rather constant for kaolinite [18, 31, 32]. Quartz, as a non-negligible component 

in common clays, exhibits usually a lower SSA than cement [283].  

 

Figure 5-7. Correlation of initial flow resistance the total surface area of the binder (TSAbinder); 
mixtures with TSAbinder < 20 m²/cm³ are enlarged on the right (regardless of 
replacement level; OPC_10/20Mu and PLC*_30AC are excluded for fit) 
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The calcined common clay AC and pure metakaolin (Mk) have both a similar SSA of 17.2 and 

17.8 m²/g, respectively. OPC/PLC_30Mk show a significantly higher flow resistance than 

PLC*_30AC, which is related to the more negative zeta potential of Mk compared to AC. The 

correlation of zeta potential of metaphyllosilicates and calcined common clays in SCPS with 

the flow resistance of the respective CCBC mixture (Figure 5-8) shows that a more negative 

zeta potential value goes along with a higher flow resistance. Metamuscovite mixtures fall once 

more out of line as the flow resistance is rather high despite of the low zeta potential. The low 

zeta potential in turn explains beside of the small TSA the low amount of PCEs required for a 

comparable mini slump value (Figure 5-10b). So far, there has been only few information 

available on the surface chemistry of phyllosilicates and common clays after thermal activation 

(dehydroxylation). The first and fourth journal papers give therefore an insight into this complex 

topic. In distilled water, deprotonation is favored for siloxane groups compared to Al- or Mg-

groups, which leads to a stronger, negative zeta potential for metamuscovite than for 

metakaolin. In alkaline media and with the option to adsorb cations [166, 258, 261], e.g. from 

SCPS, the zeta potential of metamuscovite turns less negative and exhibits the smallest, 

negative zeta potential of the metaphases (Figure 5-8).  

 

Figure 5-8. Correlation of initial flow resistance of (blended) cement paste with the zeta 
potential (ζ) of respective calcined clay in SCPS (Mu samples are neglected for 
R²) 

This confirms recent findings of Schmid and Plank [261] who further found that metamuscovite 

takes up large amounts of Ca2+, leading to high positive zeta potential and good adsorption of 

PCEs. The study on calcined common clays in the fourth journal paper shows that rather the 

(calcined) kaolinite content than the total amount of amorphous phase (phyllosilicates) of 

calcined common clay has an influence on the zeta potential and pH value.  



Main findings 

64 

In combination with positively charged sites from aluminate clinker and hydrate phases [152], 

it increases the flocculation and shear stress, and as consequence the flow resistance or yield 

stress. Up to now, it is not fully understood, why the common clays with complex 
compositions exhibit very small zeta potential values in distilled water and SCPS, 
although the individual phases themselves have a partially very pronounced negative 
zeta potential, see also the zeta potential of quartz and calcite in [166, 284]. Based upon 

recent publications [258, 285, 286], the adsorption tendency in alkaline environment is 

assumed to play a key role in combination with the mineralogical composition and SSA. 

Figure 5-9 shows a good, linear correlation (R² = 0.80) of water demand of the binder with the 

initial flow resistance, although the flow resistance does not follow a linear trend for mixtures 

with water demand < 33 wt%. Especially the high viscosity and the flow resistance of CCBC 

mixtures with metamuscovite both result from its high water demand that has been observed 

for untreated (raw) muscovite compared to illite [21] and has been a topic in earlier publications 

[16, 80, 287]. Among the calcined common clays investigated, KUP with the highest quantity 

of muscovite in raw clay has one of the highest water demands as well. The higher water 

demand leads as consequence to a higher demand for NSF (Figure 5-10c) and for 

lignosulfonates, as published in the first conference paper. In terms of demand for PCEs and 

their adsorption behavior, however, the zeta potential is the decisive parameter. 

 

Figure 5-9. Correlation of initial flow resistance of (blended) cement paste with water demand 
of binder (OPC/PLC_30Mk are neglected for R²) 
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Figure 5-10. Correlations of a) total surface area of blended binder as well as of b) zeta 
potential and c) water demand of blended cement pastes with the superplasticizer 
dosages required for a constant spread of 26 ± 0.5 cm 

 

A closer look at the mineralogical composition of common clays in Figure 5-11, however, shows 

again that it is not as trivial as it may seem to relate the flow resistance and demand for 

superplasticizer to one single parameter, e.g. the kaolinite content. 

 

Figure 5-11. Comparison of the mineralogical composition of raw clays with initial flow 
resistance of blended cement paste at 30 wt% replacement level and w/b = 0.50 
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The following examples show the complexity of this topic, where a consideration of several 
physical and mineralogical properties is crucial. Details are presented in the third and 

fourth journal papers. 

• AC and KUP have a comparable amount of kaolinite and AC has a significantly higher SSA. 

Nonetheless the flow resistance of PLC_30KUP is remarkable higher due to a finer particle 
size distribution and the high water demand of KUP stemming from its high muscovite 
content. Illite-smectite interstratifications do not increase the flow resistance instead. 

• This shows also the comparison of smectitic MURR with kaolinite-rich RKUP as both clays 

contain a large amount of quartz and PLC_30MURR has a significantly lower flow 

resistance than PLC_30RKUP. Quartz itself is seen as flow-enhancing, as published in the 

first journal paper, but it can also enhance the grindability due to deagglomerating effects 

[288, 289]. This in turn can decrease the flowability again. The particle size distribution of 

RKUP particles is significantly finer than of MURR, indicating a poorer grindability or higher 

agglomeration tendency of the latter. This might originate from a lower dehydroxylation 

degree [277] as 2:1 phyllosilcates require higher temperatures than kaolinite. The low zeta 
potential of MURR results from the negligible amount of kaolinite present, whereas 

kaolinite is the main phase in RKUP beside of quartz. This leads – in combination with the 

finer particle size - to a remarkable higher flow resistance due to increased flocculation. 

• The influence of particle size explains the minor difference of PLC_30RKUP and 

PLC_30FUP. RKUP and FUP are both considered as kaolinite-rich clays, where FUP 

contains even ~ 30 wt% more kaolinite in raw clay. The increase in flow resistance is less 

than expected from the higher zeta potential, SSA and water demand of FUP. RKUP 

however, has a higher volumetric percentage of fine particles < 10 μm compared to 

FUP, which in turn increases the flow resistance in a more pronounced way. 

The results show that parameters of mixtures with pure mineral phases are not directly 

transferable to mixtures with calcined common clays. Nonetheless, the mineral phases present 

in the respective common clay do influence to a large extent the physical properties of the 

calcined clays and the binders, as well as the flow properties and demand for superplasticizers 

as consequence. Table 5-1 summarizes these observed effects of mineral phases, primarily 

on physical effects and secondary on flow resistance and viscosity. Overall, the results confirm 

that it is crucial to consider both the physical properties of a (calcined) clay as well as its 

mineralogical composition. In terms of the phyllosilicates present in raw clay, it is obligatory to 

distinguish not only between 1:1 and 2:1(:1) phyllosilicates, but also within the group of 2:1 

phyllosilicates itself.  
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In terms of physical parameters, the particle shape (low circularity) and the strongly negative 

zeta potential are identified as challenging properties beside of commonly addressed 

parameters, like a large SSA, a high water demand and a fine particle size. 

Table 5-1. Overview of mineral phases present in common clays, their main impact on calcined 
clay properties and as secondary effect on the rheological properties of CCBC 
mixtures 

Mineral phase in 

raw clay 

Impact on … 

Physical properties of 

calcined clay and binder 

Flow resistance / 

yield stress 
Viscosity 

Kaolinite 
↑ water demand, 

↑ zeta potential 
↑↑ ↑ 

Muscovite/ 

Muscovite/illite 
↑↑ water demand ↑↑ ↑↑ 

Illite-smectite/ 

smectite 

↑ water demand, SSA 

↑ ↑ ↓ particle fineness due 

to agglomeration 

Calcite 

↓ SSA-to-phyllosilicate 

ratio due to formation of 

glass phase 

(only when present in 

sufficient quantity; 

theory based on [290]) 

↓ - 

Quartz 

↓ water demand, ↓ SSA ↓ 

- ↑ particle fineness due 

to de-agglomeration 
↑ 

 

The transferability from metaphyllosilicates to calcined common clays is limited due to the 

strongly differing physical properties. This is the reason why the findings in the third journal 

paper are contrary to earlier findings with pure metaphyllosilicates: the demand for 
superplasticizer increases not only with finer particle size, but also with higher amount 
of kaolinite in raw clay, which is in agreement with the findings of Ferreiro et al. [79]. This 

stems in general from the initial flow resistance of the reference mixtures. However, a 

significant reduction in shear stress (and hence in flow resistance) occurs with the addition of 

PCE that demonstrates the good interaction of PCEs with calcined kaolinite-rich clays. High 

amounts of quartz can increase the efficiency of superplasticizer.  
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In terms of 2:1 phyllosilicates, a further differentiation is obligatory: 

▪ Pure illite, as observed in the investigations with metaillite, exhibits a large SSA and strong 

negative zeta potential, which both are critical for the workability of CCBC mixtures and 

superplasticizer adsorption. In common clays, however, illite barely occurs as pure phase 

and rather in illite/smectite interstratifications. Based on the present investigations, a low 

ratio of illite to smectite is assumed to limit the influence on workability of CCBC mixtures. 

▪ Despite its challenging behavior in other applications, smectite is an uncritical 
component after calcination when it comes to the fresh properties of CCBC mixtures, 

regardless if present as pure or as illite-smectite interstratification in the raw clay. They do 

not only lead to a comparable low flow resistance of CCBC mixtures, even at high 

percentages present in raw clay, but do also interact well with the PCEs investigated. 

▪ Muscovite does not only increase the flow resistance significantly but, in addition, does 
perturb the effectiveness of superplasticizers as shown for the mixtures with 

metamuscovite and the calcined common clay KUP. Among the phases studied, it is 

identified as the sole challenging phase for conventional superplasticizers with a high 

sensitivity towards the superplasticizer type and properties. 

5.1.3 Influence of type and dosage of superplasticizer on its initial performance in 
CCBC mixtures 

Beside of the properties of calcined clays, it is crucial to investigate the impact of type and 

dosage of superplasticizer polymers. The first conference paper reveals that it requires up to 

5.5 times more lignosulfonate-based plasticizer in order to disperse the investigated CCBCs 

compared to plain cement. At the chosen w/b and replacement levels, the required dosage 

exceeds by far the dosage recommended by the supplier and affects the early hydration 

significantly (chapter 5.2.2). This reveals the limited suitability of lignosulfonate-based 
plasticizers and that the use of other, more efficient superplasticizers is required.  

Compared to lignosulfonates, the dispersion of CCBCs is better with β-naphthalene sulfonate 

formaldehyde polycondensate NSF, which is in agreement with literature [172, p. 148]. 

Findings by Björnström et al. [188] show that the zeta potential of cement paste turns more 

negative with naphthalene-based polycondensate than with lignosulfonates, resulting in a 

better dispersion by higher electrostatic repulsion. This is of special interest as the zeta 

potential of calcined kaolinite-rich clays is strongly negative in alkaline media and might be 

beneficial, if dispersion via electrostatic repulsion is aimed. Mixtures with metaillite and 

metamuscovite demonstrate an increased demand as NSF needs to overcome the large TSA 

and high water demand of CCBCs with these 2:1 phyllosilicates (Figure 5-12). Especially in 
the presence of metamuscovite, a dispersion is impossible with reasonable dosages of 
NSF.  
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Figure 5-12. Required superplasticizer dosages for cement pastes (except for QP, the 
information was provided within the joint research project by the Chair of 
Construction Chemical, Technical University Munich) 

Polycarboxylate-ether based superplasticizers (PCEs) show a significantly better 
dispersion compared to NSF and lignosulfonates. For a similar dispersion, overall lower 

dosages of HPEG are required than of amphMPEG as found especially for the metamuscovite 

mixtures (Figure 5-12). Investigations with the same dosage of HPEG and amphMPEG 

indicate a better adsorption of HPEG as well, as presented in the second journal paper. 

According to the literature [213, 256], this is mainly related to the higher anionic charge density, 

at least calculated to their chemical structures, of HPEG compared to amphMPEG, although 

the latter possesses a cationic monomer (DADMAC). Recent findings by Li et al. [258] revealed 

an enhanced dispersion due to a cationic monomer (MAPTAC) by its adsorption onto 

negatively charged sites of calcined clays. Schmid et al. [225, 232] showed furthermore that a 

low amount of cationic monomer is beneficial and DADMAC, the cationic monomer present in 

amphMPEG, is more effective than MAPTAC or TMAEMC.  

The dispersion efficiency is in the following order: Na-LS < Mg-LS < NSF << amphMPEG < 

HPEG. A wider range of efficiency is observed here with amphMPEG and HPEG, which reveals 

a large discrepancy between the addition of calcined common clays and metaphyllosilicates, 

as presented in the first journal paper. This results from both the differing properties of calcined 

clays and the rheological properties of CCBC mixtures.  

The initial dispersion performance of HPEG is compared with two IPEG-based PCEs (IPEG1, 

IPEG2) in mixtures with calcined common clays in the third journal paper. HPEG has a similar 

efficiency (23 – 27 %/0.01%bwob PCE) regardless of the calcined common clay used, while 

the IPEG-based PCEs are more sensitive when it comes to the individual CCBCs. For the 

latter, the efficiency ranges between 13 – 26 %/0.01%bwob PCE (IPEG1) and 

22 – 32 %/0.01%bwob PCE (IPEG2). This indicates a less sensitivity of the HPEG-based 
PCE towards the properties of calcined common clays.  



Main findings 

70 

Beside of their macromonomers and the HEMA in the anchorgroups of IPEG1, the PCEs differ 

in their molecular weight, side chain length and anionic charge density. There is no trend 

detectable depending on the molecular weight, as the initial dispersion performance of the 

IPEG-based PCEs, that have both a low molecular weight, differs in a remarkable way (Figure 

5-13a). According to Schmid and Plank [257] an increasing side chain length leads to a better 

initial dispersion performance if further parameters (type of macromonomer, ratio of anchor 

group and macromonomer) remain the same. This holds to a certain extent for IPEG1 < IPEG2, 

while HPEG has a comparable efficiency despite a side chain length of nEO = 66 (Figure 5-13b). 

A longer side chain can favor the initial dispersion performance but needs to be reconsidered 

in terms of slump loss prevention [136], which is topic in chapter 5.2.1. Further findings [257] 

showed that HPEG-based PCEs are the most effective ones, followed by MPEG-based and 

IPEG-based PCEs. IPEG-based PCEs, however, perform still extraordinarily well in CCBC 

mixtures [257]. This positive interaction between IPEG-based PCEs and calcined 
common clays is also observed for IPEG2 even though it possesses a rather short side chain 

length (nEO = 31). Here – in comparison to HPEG - the superplasticizer efficiency increases 

with higher phyllosilicate content in raw clay as shown in the third journal paper. IPEG1 

behaves initially very differently, which is related to the HEMA and its low anionic charge 

density [136, 220]. Figure 5-13c shows a efficiency range of 22 - 27 %/0.01 %bwob PCE for 

the majority of CCBC mixtures, where IPEG1 has the lowest anionic charge density and 

outliers towards lower efficiency (PLC_30RKUP and PLC_30KUP) and IPEG2 the highest 

anionic charge density and outliers towards higher efficiency (PLC_30AC and PLC_30FUP).  

 

Figure 5-13. Trends in initial superplasticizer efficiency of PCEs in CCBC mixtures according 
to their molecular weight (Mw), side chain length and anionic charge density 

 

 



Main findings 

71 

Adding more polymer to the mixtures usually also leads to a higher amount of polymer 

adsorbed as adsorption isotherms show for instance in [144, 162, 257, 258]. The first three 

journal papers reveal this for CCBC mixtures as well, where the flow behavior and a saturation 

dosage are both dominated by the type of calcined clay added. Selected PLC examples 

demonstrate once more not only the differences between pure metaphyllosilicates (Figure 

5-14, left) and calcined common clays (Figure 5-14, right), but also the significant impact of 

each individual calcined clay. Those with a high demand for superplasticizer have a significant 

further reduction in flow resistance with increasing dosage, while the impact of a higher dosage 

is marginal on those CCBC mixtures with low demand. This leads to an assimilated flow 

resistance for all mixtures (Figure 5-14, right) and to a lower efficiency as shown earlier in 

Figure 5-4 and the third journal paper. 

 

Figure 5-14. Flow resistance of PLC mixtures depending on selected CCBCs and dosage with 
HPEG and amphMPEG (left) and IPEG2 (right); the lines have no physical 
meaning but underline the effect of increasing dosage on flow resistance; note the 
different y-axis 

It was found that PCEs work the best in terms of initial dispersion of CCBC mixtures, compared 

to LS and NSF as known for other cementitious systems [30,32,89]. The further differentiation 

between several PCEs shows that the initial dispersion performance increases with higher 

anionic charge density as also known for plain cement [213]. The combination of vinyloxybutyl-

poly(ethylene glycol) ether-based (VOBPEG) and IPEG macromonomers in IPEG2, that 

exhibits the highest anionic charge density, enables an excellent initial dispersion of CCBC 

mixtures. The HPEG-based PCE shows only a small sensitivity towards the mineralogical 

composition of calcined clay. Especially muscovite-rich clays can be dispersed better with 

these two PCEs. All considered macromonomers (HPEG, MPEG, IPEG) lead to proper 

dispersion, even though the addition of more PCE is necessary for CCBC mixtures. This again 

is due to the challenging characteristics of calcined clays, such as a large SSA, high water 

demand and a strongly negative zeta potential. A final judgement is waived due to the different 

characteristics of each PCE, but overall the findings agree with recent literature [257]. 
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5.2 Time-related flowability and early hydration behavior of CCBC mixtures with 
superplasticizers on paste level 

Beside of the initial rheological behavior and dispersion performance, the behavior over time 

is of major interest for several applications. The subchapter 5.2.1 presents a brief summary of 

flow behavior of CCBC mixtures with lignosulfonates, NSF and PCEs within the first two hours 

after water addition. It discusses which characteristics of calcined clays do influence the slump 

behavior of CCBC pastes and the mechanism of subsequent dispersion by a PCE with 

hydroxyethyl methacrylate in its anchor group. The influence of superplasticizers on the early 

hydration behavior of CCBC pastes is summarized in subchapter 5.2.2.  

5.2.1 Facing rapid slump loss in CCBC pastes 

With the addition of lignosulfonates, the flowability of CCBC mixtures decreases only slowly or 

even increases. This is related to the high dosages required but goes along with often 

unfavored retardation effects as the following chapter 5.2.2 and the first conference 

contribution reveal.  

As reported in literature [118-120], rapid slump loss is observed for CCBC mixtures with 

conventional polycondensates and PCEs. It occurs especially in the presence of 

metaphyllosilicates that exhibit a large SSA and high particle fineness, as well as hydration-

enhancing alkalis in case of metaillite, as shown in the second conference contribution. The 

calcined common clay TG introduces alkalis, but also sulfates in form of gypsum and anhydrite. 

In combination with a smaller SSA, this leads to a slow increase in torque over time. 

Metamuscovite exhibits a decrease in apparent viscosity over time, which indicates thixotropic 

behavior. The results demonstrate that mineralogical and physical parameters of 

metaphyllosilicates and calcined clays dominate the time-related flow behavior. Details on 

time-related tests are provided in Appendix A7: Time-dependent rheological measurements 

and Appendix A8: Time-dependent mini slump tests. 

In terms of superplasticizer type, the CCBCs show a higher sensitivity towards rapid slump 

loss with PCEs than with NSF, which is contrary to plain cement [189] and published in the 

second conference contribution. However, as PCEs are more effective, the aim is to find 

polymers that enable a workability for at least two hours without the addition of retarder and 

are applicable for further calcined clays. Therefore, the suitability of an IPEG-based PCE with 

HEMA in the anchorgroup is evaluated in the fourth journal paper and in the third conference 

contribution. HEMA decomposes into ethylene glycol and carboxyl groups in alkaline media, 

which can enable a prolonged dispersion.  

Apart from its lower initial performance, IPEG1 can reduce the flow resistance or at least slow 

down the slump loss compared to most reference CCBC mixtures and those with IPEG2 
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(Figure 5-15, left). The mixture with KUP, that contains in its raw form significant amounts of 

muscovite, is not dispersed subsequently with 0.10 %bwob IPEG1. With a smaller dosage, 

however, a further reduction of flow resistance is observed (Appendix A7: Time-dependent 

rheological measurements). PLC_30AC, as discussed in the fourth journal paper, requires at 

least 0.10 %bwob IPEG1 for a subsequent dispersion, although this mixture has a low 

reference flow resistance. Here, both the large SSA of AC and the high phyllosilicate 
content of the raw AC are identified as the critical parameters for rapid slump loss. 

PLC_30FUP, that requires the highest amount of PCE, is the only mixture where it is 

impossible to counteract rapid slump loss even with high dosage and regardless of the type of 

PCE (Figure 5-15, right). Complementary observations are made by zeta potential 

measurements in the fourth journal paper and in the third conference contribution. The fast 

change of zeta potential towards higher, positive values of this CCBC mixture is related to a 

strong, initial ettringite formation [152] and to the undersulfation, that has been observed also 

with metakaolin and metaillite, and which is in agreement with [189].  

 

Figure 5-15. Time-related flow resistance of calcined common clays mixtures including 
reference and with IPEG1 and IPEG2 

Compared to the demand for superplasticizer itself, the characteristics causing rapid slump 

loss need to be differentiated for CCBCs. Critical parameters, derived in the fourth journal 

paper, are not only the kaolinite but the total phyllosilicate content in raw clay, as well as the 

SSA of the calcined clay, whereas the water demand rather has a disordered role in this 

context. Depending on the calcined clay, both the introduction of higher dosages of PCE with 

hydroxyethyl methacrylate, as well as the optimization of sulfate carrier can prevent rapid 

slump loss. Further options in order to avoid rapid slump loss have been recently published by 

Li et al. [124]. They propose the use of PCE-LDH nanocomposites, where the PCE is released 

gradually from the LDH via exchange with sulfate ions from the pore solution. 
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5.2.2 Early hydration behavior of CCBCs in the presence of superplasticizers 

The early hydration behavior has been observed via isothermal calorimetry and in situ XRD. 

The reference mixtures are described mainly in the second journal paper and the fourth 

conference contribution. With Portland limestone cement, the effect of metaphyllosilicates and 

calcined common clays on the aluminate reaction is more pronounced than with ordinary 

Portland cement, showing once more the good synergy effect between limestone powder and 

calcined clays [103-107]. In selected mixtures, both reference and with superplasticizer, sulfate 

is depleted rapidly. This could be compensated in further investigations with sulfate carrier 

optimization as proposed e.g. in [291]. 

The immediate addition of superplasticizer prolongs the dormant period, lowers the 

minimum heat value and retards the primary formation of CH, depending on type and dosage 

of superplasticizer, as found for CCBCs amongst others by Avet and Scrivener [104]. With the 

dosage adjusted for an equal dispersion, and as observed for other cementitious systems 

[292], lignosulfonates have the most retarding effect onto the silicate reaction of CCBC 

mixtures, followed by polycondensates and PCEs. As a retarded silicate reaction implies a 

slower strength development, this demonstrates the limited suitability of lignosulfonates for 

most applications in calcined clay blended concrete. This show also the significant data points, 

including heat of hydration, as obtained by isothermal calorimetry and provided for all mixtures 

in Appendix A9: Analysis of isothermal calorimetric measurements. The strong retardation 

effect of lignosulfonates results from residual sugar but mainly from the high required dosages, 

as presented in the first conference contribution. Higher dosages are further the reason for a 

more pronounced retardation by polycondensates than by PCEs, see the fourth conference 

contribution and as stated e.g. by Zaribaf and Kurtis [103]. The order of retardation of CH 
formation by NSF, HPEG and amphMPEG differs from mixture to mixture. A final judgement 

on the effective retardation is omitted here, as it is limited for CCBCs to a small range 

(≤ 2 hours) with these superplasticizers.  

The influence of superplasticizers on aluminate reaction is of special interest as the calcined 

clays themselves already show a varying impact on it. The dissolution of gypsum, the along 

going formation of AFt as well as the formation of AFm-Hc, are summarized as aluminate 

reaction kinetics. Similar to the silicate reaction, the aluminate reaction is retarded the most 

with the addition of lignosulfonates. With NSF added, the time shift in dissolution of gypsum 

ranges mostly from – 1.5 to + 3 h compared to mixtures without superplasticizer, similar to 

HPEG and amphMPEG (see Appendix A10: In situ XRD plots). An accelerated dissolution of 

gypsum has been also observed by Ahn et al. [253]. They assume that metakaolin takes up 

sulfate ions from C3A-sulfate gel phases and more sulfate carrier is dissolved due to the 

formation of AFt.  
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Contrary to findings for plain cement by Jansen et al. [293] where a stronger retardation holds 

for the dissolution of gypsum than for the formation of CH, the impact of the superplasticizers 

studied on gypsum dissolution is in a similar range as on the formation of CH in CCBCs. For 

most mixtures, dissolution of gypsum is promoted in mixtures with Portland limestone cement 

by approximately 3 hours and maximum AFt content is reached up to 8.5 h earlier compared 

to the respective OPC mixture. This is in agreement with Ramachandran and Chun-Mei [294] 

that the presence of CaCO3 enhances the formation of AFt. The same holds to a larger extent 

for the primary formation of AFm-Hc where the differences between the respective OPC and 

PLC mixtures range from negligible 1.5 hours to significant 12.5 hours. In case of plain cement, 

OPC with amphMPEG does not show any formation of AFm-Hc within the first 48 hours, while 

it is already detected after 19.5 hours for PLC with amphMPEG. This confirms findings from 

the reference mixtures and e.g. from Antoni [295] that AFm phases are formed and AFt is 

stabilized with limestone present. 

The time of maximum AFt content is hardly influenced by superplasticizers. Especially with the 

addition of PCEs, their retarding impact on time of maximum AFt content of CCBC 
mixtures is minor (< 3 hours) when considering the partially high superplasticizer 
dosages required. Less reactive mixtures with low demand for superplasticizer even show a 

more dominant aluminate reaction with superplasticizer added, indicated by a higher heat peak 

in isothermal calorimetry, and earlier detection of AFm-Hc by in situ XRD. This is despite of 

a slightly later dissolution of gypsum and point of maximum AFt content, which indicates a non-

linear ongoing aluminate reaction. Hu and Sun [296] found that PCEs can promote the AFt 

formation, as they first have an influence on the morphology of AFt due to a hindered crystal 

growth, leading to an increased surface area of AFt. After sulfate depletion, the interaction 

between these AFt crystals and unhydrated C3A is enhanced by the adsorption of PCE onto 

the surface of both phases, leading to an increased amount of AFt and transformation to AFm-

Hc as consequence. Pott et al. [297] observed a higher initial, yet slower AFt formation in plain 

cement as well as an earlier formation of AFm-Hc with immediate superplasticizer addition. 

Hence, the observed effect might diminish with delayed superplasticizer addition, that is often 

practiced in concrete industry. On the other hand, Roncero et al. [192] found an increased rate 

of AFt formation with subsequent addition of superplasticizer as well, especially with 

polycondensates. A further theory is that a higher amount of water is available in these 

mixtures, that enables an unhindered course of hydration as shown by Beuntner [60]. This 

either results from a low water demand or a subsequent water release as assumed for mixtures 

with metamuscovite according to the increasing flowability during the first 2 hours observed in 

the second conference contribution. As consequence, enough water is available then for the 

formation of water-rich AFt (C6A$H32 [298]) and AFm-Hc (C4A𝐶̅0.5H12 [298]).  
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The incompatibility of NSF and Mu described in chapter 5.1.3, does also have a significant 

impact on the hydration of this mixture as observed in the fourth conference contribution. CH 

is not detected until 12.5 h after water addition (Figure 5-16), although the OPC_20Mu 

reference shows the shortest dormant period and earliest CH formation of all CCBCs, 

confirming [299]. The dissolution of gypsum is hindered and, as consequence, the maximum 

AFt content is reached significantly later, although it occurs closer after gypsum dissolution 

compared e.g. to reference. Further, no AFm-Hc is observed within the first 48 hours of 

hydration.  

 

Figure 5-16. In situ X-ray plots from 9.5 to 18.5° 2θ for OPC_20Mu mixtures without 
superplasticizer and with the addition of NSF, HPEG and amphMPEG (time of 
maximum AFt is marked as X) 

The inhibition of hydrate phase formation is caused by Ca2+ complexation and a hindered 

diffusion of water molecules to Ca2+ ions by superplasticizer molecules adsorbed onto cement 

grains [143], which also explains why a higher dosage leads to more pronounced retardation 

effects. Overall, it is assumed that Ca2+ complexation by superplasticizers is also in CCBCs 

the main mechanism for retarded reaction kinetics. It lowers the amount of Ca2+ ions present 

in pore solution and hinders hereby the formation of CH, CSH and AFt as found for plain 

cement e.g. by Uchikawa et al. [300].  
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Relationship between selected binder properties, superplasticizer dosage and early 
hydration kinetics 

This section addresses the observed effect that calcined clay particles can compensate to a 

certain extent the retardation effect of high superplasticizer dosages. Investigations with 

lignosulfonates show that adding the dosage, as required for plain cement, to CCBCs can 

partially compensate the retardation effect and the setting time according to ASTM C1679-13 

[301] is significantly reduced (see the first conference contribution).  

The publications in chapters 7.2, 7.4 and 7.8, also do show that a high dosage does not 

necessarily lead to a strong retardation. Contrary to original assumptions, it is less the solubility 

of Al and Si ions, than the kaolinite content in raw clay as well as the surface area, that both 

counteract the retarding effect of superplasticizers. Figure 5-17 correlates the TSAbinder to 

superplasticizer dosage ratio (TSAbinder/dosage) with the shift of the time of minimum heat 

(tQ,min) of all investigated mixtures. The difference for the mixtures with and without 

superplasticizer (ΔtQ,min) diminishes at a higher TSAbinder/dosage. It is assumed that a lower 

TSA reduces the possibility of superplasticizer adsorption and the polymers remain in aqueous 

phase instead. According to [143, 217], the adsorbed molecules hinder the diffusion of water 

and Ca2+ and cause the retardation hereby, while in addition unadsorbed molecules hinder the 

nucleation of CSH and CH and the further dissolution of C3S due to Ca2+ complexation. Overall, 

the retardation on tQ,min by superplasticizer is < 1 hour for most CCBCs when 
TSAbinder/dosage > 40. This is remarkable especially for the mixtures with calcined common 

clays that exhibit a sufficient workability period (chapter 5.2.1) and shows furthermore that a 

high dosage, if required for the dispersion of binder with challenging properties, not necessarily 

leads to strong retardation effects.  

 

Figure 5-17. Correlation of the TSAbinder-dosage ratio with the shifted end of dormant period 
(tQ,min); the right figure shows the grey area at enlarged scale 
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The retarding impact of superplasticizer dosage diminishes with increasing TSA and increased 

ettringite formation of the binder system, not only for the dormant period but also for time of 

maximum heat (tQ,max), see the fourth journal paper. The time shift in maximum heat ranges 

more significantly compared to tQ,min, as presented in Figure 5-18 and confirming once more 

the non-linear retardation effects. The German Committee for Structural Concrete (DAfStb) 

demands additional measures, e.g. regarding curing, if the workability period of concrete is 

extended by more than 3 hours [302]. A retardation > 3 h in paste occurs mainly for mixtures 

with TSAbinder/dosage < 40 only. Furthermore and while the shift in tQ,max diminishes with higher 

TSAbinder/dosage, few mixtures even exhibit an earlier maximum peak with PCEs and formation 

of AFm-Hc than without superplasticizer as mentioned in several publications (chapters 7.2, 

7.4 and 7.8). 

Overall, those mixtures that do require less superplasticizer than added, have a stronger 
retardation that results in a lower heat of hydration compared to reference after 24 h. For 

mixtures with increased TSA, often a similar heat of hydration is achieved already after 24 h, 

indicating once more the compensation in retardation. This has been also demonstrated via 

ultrasonic measurements in the second journal paper. After 36 - 48 h, only few mixtures have 

still a significant lower heat of hydration that indicates a slow strength development at the same 

time and overall, a TSA/dosage > 40 is assumed to be uncritical in terms of retardation. 

Considering that the actual retardation in concrete is less, the retardation caused by 

superplasticizer addition should not be a problem. 

 

Figure 5-18. Correlation of TSAbinder-dosage ratio with the retardation in maximum heat peak 
(tQ,max); the right figure shows the grey area at enlarged scale (note the different 
y-axis) 

 

Based upon these results and literature review, the following theories are proposed why the 

SSA of calcined clays, and in consequence the TSA of the binder, as well as the surface charge 

do favor a limited retardation: 
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• Due to the increased surface area, the formation of early hydration products is favored 

despite of the adsorption of superplasticizers onto binder particle surfaces.  

• The enhanced and accelerated initial AFt formation, as known for limestone (in case of PLC 

mixtures) [294] and calcined clays [286], diminishes the retardation effect of 

superplasticizers on silicate reaction. The strong positive zeta potential of AFt enables the 

adsorption of superplasticizer onto it, reduces hereby the free amount of superplasticizer in 

pore solution and enables an unhindered silicate reaction as shown by Plank and Hirsch 

[152].  

• Scherb et al. [286] and Maier et al. [285] do state that calcined clay particles enable the 

adsorption of Ca2+ and subsequently of SO42-, which accelerates the aluminate reaction. It 

was shown that superplasticizers adsorb onto calcined clay particles after Ca2+ adsorption, 

where the ions function as link between negatively charged calcined clays and 

superplasticizers [66, 258, 261]. This combination of enhanced aluminate reaction and 

adsorption onto calcined clay particles minimizes the amount of superplasticizer free in 

aqueous phase and enables an unhindered hydration. 
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6 Summary and reflection of the thesis 

The thesis includes four peer-reviewed, SCI(E)-listed journal articles, as well as four 

conference contributions. It deals with the questions  

I) how calcined clays do affect the rheology of blended cement with focus on their 

mineralogical and physical characteristics,  

II) how their properties do affect the required amount and dispersion performance of 

superplasticizers as well as  

III) to what extent superplasticizers do influence the early hydration of calcined clay 

blended cements (CCBCs). 

The study of the rheological behavior was first carried out on pure-phase powder materials, 

namely quartz and metaphyllosilicates (metakaolin, metaillite and metamuscovite) by using 

mini slump tests and rotational viscometer. In the further course a transferability to calcined 

common clays, relevant for application in concrete industry, was systematically attempted for 

the first time. The mixtures investigated exhibited in parts significantly increased yield stress 

and viscosity values with the addition of calcined clays. The type of cement played a lesser 

role, while the water-to-binder ratio, the replacement level and the individual calcined clay did 

influence the most. Most mixtures could be described by well-known rheological models as 

Bingham fluid or as shear-thickening Herschel-Bulkley fluids. Among all reference mixtures, 

solely for the mixture with 30 wt% metakaolin, the Herschel-Bulkley fit was not applicable and 

Bingham models lead to “negative” viscosity as these mixtures had a non-linear decreasing 

torque with higher rotational speed. Here, two options are proposed for subsequent 

investigations: a) verification of this behavior (e.g. by using a parallel-plate rheometer, more 

data points or different rotational speed ranges) and b) the consideration of further rheological 

models and physical parameters (e.g. the maximum packing density in a modified Krieger-

Dougherty model [70] as proposed by Tregger et al. [68]). As a further parameter, the flow 

resistance (area under the flow curve) was considered, which was - similar to the yield stress 

- significantly higher with the addition of metaphyllosilicates than with calcined common clays.  

Throughout the study, it has been rather surprising that the calcined Amaltheen clay, that is 

dominated by 2:1 phyllosilicates, exhibited non-critical physical and rheological properties and 

showed as consequence a low demand for superplasticizer compared to the pure, calcined 2:1 

phyllosilicates. The simulation of superplasticizer efficiency with the individual components 

showed significant deviations of up to 40 %, which limited the transferability from 
phyllosilicates to common clays as long as physical parameters (like specific surface area, 

water demand or zeta potential) differ too much from the properties of the actual calcined clay.  
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The discrepancies between percentage-wise calculated and measured physical properties of 

calcined clays are compared in Figure 6-1. It is minor for the specific surface area of KUP and 

RKUP, whereas the deviations are significant for the other calcined common clays. In terms of 

the water demand, KUP, TG and FUP follow a linear trend (R2 = 1.00), although the measured 

water demand is approximately 20 % lower than the calculated values. Overall, the comparison 

between calculated and measured physical properties leads to poor correlations, which were 

also related to the different origins and processing techniques of the raw materials. It further 

limited the prediction of flow resistance of CCBC mixtures, of the demand for superplasticizers 

and their efficiency. Here, a higher amount of data points with focus on machine learning can 

increase the chance for an accurate prediction model.  

 

Figure 6-1. Correlation of calculated and measured specific surface area (SSA) (left) and water 
demand (right) of calcined common clays (CC) 

Beuntner et al. [31] compared the properties of an Amaltheen clay at different calcination 

temperatures, on both industrial and laboratory-scaled production. This Amaltheen clay has 

been investigated in this thesis as well, both after calcination and milling on industrial and on 

laboratory scale. The latter product exhibited a lower water demand and coarser particle size 

but a significantly larger specific surface area. Despite of the small specific surface area of the 

industrially calcined Amaltheen clay, its addition lead to a significantly higher flow resistance 

compared to the lab-calcined clay, even with lower replacement level. As the differences 

between the cement properties were minor, the increased flow resistance resulted from the 

water demand and the particle size. This brings the thesis to the conclusion that it is crucial to 

evaluate and control at the same time the flow properties by the processing of clay (calcination 

and grinding / intergrinding with clinker). Further detailed investigations are required towards 

the surface chemistry of calcined clays, since comparable low zeta potential values of common 

clays, both before and after calcination, cannot be explained by the zeta potential of pure 

phases.  
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However, it could be shown that the negative zeta potential of calcined clays in alkaline 

environment, and hereby the flow resistance of CCBC mixtures, increases with increasing 

kaolinite content in raw clay. Muscovite plays a special role, as it exhibits a pronounced water 

demand even after calcination and thus increases not only the yield stress and flow resistance, 

but also the viscosity of cementitious systems. Likewise, illite reduces the flowability. However, 

illite does usually not exist in highly pure form but rather as illite-smectite interstratifications 

with different percentages of illite. In contrast to this and to known problems in other 

applications, smectite does not cause significant difficulties in calcined common clays. 

Therefore, it requires further tests on mixed-layers / interstratifications with different 

percentages of each smectite and illite layers. Quartz, if present in nominal amounts in clay, 

can compensate in parts the challenging properties of the mentioned phyllosilicates and 

improve the flow characteristics due to small specific surface area and low water demand. On 

the other hand, it can have a deagglomerating effect during the grinding process and increase 

hereby the flow resistance due to higher particle fineness. Further research should also assess 

the role of high calcite amounts in raw clays, as flow-enhancing properties are assumed based 

on literature and selected results. 

The demand for superplasticizer is directly linked to the flow resistance of the respective 

reference CCBC mixture. It increases to different extents depending on the calcined clay 

added, its water demand, particle fineness and negative zeta potential, the latter mainly 

resulting from higher kaolinite content. Neglecting the higher dosages required, nonetheless, 

the performance of superplasticizers does overall not differentiate significantly from plain 

cement, as lignosulfonates are least and PCEs most efficient in CCBC mixtures. Those PCEs 

with higher anionic charge density enable a better initial dispersion, regardless of other polymer 

properties. In further terms of their chemical structure, all conventional macromonomers 

(HPEG, IPEG, MPEG) exhibit good to excellent dispersion performance. Based on the 

experiments with metaphyllosilicates and calcined common clays, metamuscovite is the only 

phase considered as perturbing the performance of superplasticizers and sensitive towards 

the type of superplasticizer. Apart from the, at least in parts, high demand for superplasticizer, 

the use of CCBCs can lead to rapid slump loss. Compared to plain cement, this effect was 

observed to be stronger with conventional PCEs than with polycondensates. Depending on the 

calcined clay, the introduction of additional ester groups (HEMA) into the PCE polymer can 

lead to a subsequent dispersion of CCBC mixtures. By its decomposition into ethylene glycol 

and carboxyl groups in alkaline media, a later adsorption can compensate the rapid slump loss. 

However, decisive parameters for the time-related flowability as well as for the functionality of 

this special type of polymer need to be considered. These are not only the kaolinite but the 

total phyllosilicate content in raw clay as well as the specific surface area of the calcined clay, 

whereas its water demand rather has a disordered role in this context.  
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In addition, an optimization of sulfate carrier can prevent rapid slump loss, which should be 

specifically considered in further research regarding the time-related, rheological behavior of 

CCBC mixtures. The individual consideration of sulfate optimization is an additional 

observation, revealed while investigating the early hydration of CCBC mixtures with 
superplasticizers via isothermal calorimetry and in situ XRD. In addition, the evaluation of 

early hydration, setting and along going microstructure development could be extended by 

using ultrasonic technique. It gave a fundamental insight especially in complex binder systems 

as CCBC, even at certain consistencies, where the use of common methods, like in situ XRD, 

is limited due to segregation. The tests on reference mixtures confirmed the influence of 

calcined clays, already during early hydration, that depends mainly on their particle size and 

chemo-mineralogical properties. With the addition of superplasticizer, the retardation of early 

hydration kinetics depends mainly on the characteristics of the calcined clay / CCBC, as well 

as on the superplasticizer dosage. The present results confirmed that a higher dosage results 

overall in a stronger retardation, although the absolute retardation was mostly minor for CCBC 

mixtures – except with lignosulfonates. It was related to a higher ratio of total surface area and 

superplasticizer dosage that reduced the retardation significantly. CCBC mixtures with 

superplasticizers had a comparable heat of hydration after 24 h in case of a large total surface 

area, or after 36 – 48 h with moderate total surface area. The minor retardation was related to 

the increased surface as the formation of early hydration products is favored despite of the 

adsorption of superplasticizers onto binder particle surfaces. An enhanced ettringite formation 

of CCBC enabled an unhindered silicate reaction and (in few cases even earlier) transformation 

of ettringite to hemicarboaluminate, also in the presence of most superplasticizers. Beside of 

this and based on recent literature, the adsorption of calcium ions onto calcined clay particles 

can enable a subsequent adsorption of anionic superplasticizers, removing them from aqueous 

phase and enabling an unhindered course of hydration. 

Based on the present findings, Figure 6-2 provides an overview for the interaction of calcined 

clays with superplasticizers and what needs to be considered in terms of rheological behavior, 

demand for superplasticizer, effect on rapid slump loss and early hydration. The thesis could 

demonstrate the suitability of a great variety of calcined common clays as future SCM also in 

terms of their rheological behavior in combination with the correct choice of superplasticizer. 

After an initial characterization in detail, their use can compensate the increasing demand for 

sustainable binder materials in sufficient quantities and help to reduce the carbon dioxide 

emissions caused by concrete industry, once calcined clays are widely used. Special focus in 

future research is required on mixed-layers with different proportions of smectite, the special 

role of muscovite as non-negligible clay component, as well as a deeper insight into the surface 

chemistry of thermally treated phyllosilicates and clays. 
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Figure 6-2. Summary of revealed interactions of CCBCs with superplasticizers; depending on 
the mineralogical composition of raw clay (K = kaolinite, Mu = muscovite, Qz = 
quartz, Sm = smectite, I-Sm = illite-smectite interstratifications, I = illite) and phy-
sical properties of calcined clay (WD = water demand, TSA = total surface area, 
ζ = zeta potential) as well as the chemical properties of superplasticizers; gradient 
from dark to white indicates rating from challenging/poor to excellent effect;  
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A R T I C L E  I N F O

Keywords: 
Calcined clays 
Superplasticizers 
Rheology 
Supplementary cementitious materials 

A B S T R A C T

Fundamental knowledge towards calcined clays is required to understand their impact on rheology and inter-
action with superplasticizers in cementitious systems. The rheological behavior is investigated by rotational 
viscometer and mini slump tests and discussed on clinker-free suspensions considering physical properties of one 
calcined common clay from Southern Germany and three calcined phyllosilicates (metakaolin, metaillite, met-
amuscovite). The efficiency of superplasticizers is evaluated for cementitious systems blended with these 
calcined clays and quartz powder for comparison. Zeta potential, water demand and total surface area are 
identified as reliable key factors for the demand of superplasticizer - except for metamuscovite. The super-
plasticizers exhibit better compatibility with quartz-containing calcined common clay than with calcined phyl-
losilicates. With the methods used, there is no simple correlation between the interaction of the calcined 
phyllosilicates with superplasticizers and the latter with a calcined clay containing these phyllosilicates.   

1. Introduction

The suitability of calcined clays as supplementary cementitious
material (SCM) is commonly indicated by its pozzolanic reactivity [1–5] 
but their addition can lead to reduced workability of concrete [6,7]. The 
impact on workability starts with the mineralogical composition of the 
clay as its water demand depends on type of main clay miner-
al/phyllosilicate [8]. The specific surface area (SSA) [8,9] and water 
adsorption behavior [10] both go along with a contribution of interlayer 
space. Kaolinite is an 1:1 phyllosilicate with the chemical formula 
Al2Si2O5(OH)4 [11]. It exhibits both ordered and disordered structure 
and low cation exchange capacity which lead to unique properties like 
low plasticity, SSA and water adsorption compared to other phyllosili-
cates [8–10,12]. Muscovite (KAl2(Si3AlO10)(OH)2 [13]) and illite are 
both non-expandable 2:1 phyllosilicates and structurally belong to the 
mica group [14]. They both substitute Si4þ by Al3þ in tetrahedral layers 
and illite, in addition, substitutes Al3þ and Fe3þ by Mg2þ and Fe2þ in 
octahedral layers [12]. This leads to a lower net negative charge per 
layer compared to muscovite [15]. Furthermore, illite has an interlayer 
charge deficit, which is related to a lower content of potassium in in-
terlayers [14,15] and the Kþ can be replaced by H3Oþ [16]. Illite ex-
hibits a larger SSA (65–100 m2/g) [9] than muscovite (2–14 m2/g) [17, 
18]. On the other hand, muscovite is known for its higher water 

adsorption in comparison with e.g. illite [14]. The calcination of 
muscovite can even lead to a slight expansion of interlayers [13] and an 
increased water absorption capacity [18]. Considering these aspects, it 
seems that kaolinitic clays are less critical than illitic or muscovite-rich 
clays. The question is whether the SSA or the water absorption capacity 
or both parameters are decisive for the rheological behavior and the 
interaction with superplasticizers. From this point of knowledge, it is not 
possible yet to assess whether illite or muscovite requires more super-
plasticizer. By calcination, and depending on the degree of dehydrox-
ylation of phyllosilicates, severe changes can occur in their 
mineralogical and physical properties, e.g. reduction of SSA [5,8, 
18–20]. Kaolinite transforms into amorphous metakaolin whereas illite 
and mica rather keep a crystalline layer structure after dehydroxylation 
up to higher temperatures [21,22]. The impact of grinding and calci-
nation on the morphology of calcined clays is still under discussion. 
While Konan et al. [23] observed only slight differences between 
kaolinite and metakaolin, Cassagnab�ere et al. [24] stated a significant 
impact of processing on the particle shape of metakaolin. Claverie et al. 
[25] even identified spherical metakaolin particles after
flash-calcination, similar to those of fly ash. Less superplasticizer is
required due to dehydroxylation of phyllosilicates and the associated
reduced SSA [26]. One further reason is the reduced intercalation effect
of polycarboxylate ether (PCE) superplasticizer known for clay minerals
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¼
μ

calcined clays is given in Table 2. Quartz powder (QP) is used to evaluate 
the impact of quartz content in calcined clays on the rheology. Table 3 
lists the physical parameters of all binder components, including the 
“total surface area” (TSA) as product of particle density and SSA ac-
cording to Bentz et al. [51]. Particle size distribution of the binder 
components is analyzed by laser granulometry using Horiba LA-960 
(Retsch) according to DIN ISO 13320 [52] (Fig. 1). 

Parameters for blended binders with OPC and PLC are given in 
Table 4 and Table 5, respectively. The particle density and TSA are both 
calculated from the individual parameters of cement and calcined clay 
or quartz powder according to their mass fraction in binder systems, 
taken from Table 3. The water demand is determined via standard 
stiffness according to DIN EN 196–3 [53]. Zeta potential and pH value of 
the cement pastes (w/b ratio 0.50) are both measured five times by 
electroacoustic spectrometer 

¼
DT-310 (Dispersion Technology In-

struments, USA), 15 min after water addition. 

2.2. Superplasticizers 

Three superplasticizers are selected to investigate their dispersing 
effectiveness in calcined clay blended cementitious systems. A calcium 
salt of a β-naphthalene sulfonate formaldehyde polycondensate (NSF) 
with a solid content of 40.0 wt% is used. An industrial α-methallyl- 
ω-methoxy poly(ethylene glycol) ether type PCE (HPEG) with a rela-
tively 
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[27–29] that cause severe incompatibilities with PCE-based super-
plasticizers and problems in concrete. Cementitious systems with met-
akaolin [30,31] or calcined marl [32] are however known for a still 
higher superplasticizer demand compared to neat cement systems. 
When it comes to the type of calcined clay, systems with calcined 
kaolinitic clay require more superplasticizers than those with calcined 
2:1 clay according to Ferreiro et al. [33]. They explained this phenom-
enon by the adsorption of superplasticizers into the amorphous structure 
of metakaolin, which limits the dispersion effect, whereas polymers can 
adsorb onto 2:1 clay particles and avoid the intercalation. Schmid et al. 
[34–36] investigated the interaction of various PCE-based super-
plasticizers with a calcined common clay from Southern Germany that 
requires in some cases even less superplasticizer than neat cement paste. 
The authors’ current assumption is that the non-negligible amounts of 
quartz might be the key parameter in calcined common clays [4,37,38]. 
Quartz can reduce the yield stress of cement paste or clay/quartz sus-
pensions already at small amounts [39,40]. For this reason, this study 
considers the properties of calcined clays and one quartz powder for 
comparison. Within rheological investigations it is examined, if quartz 
might counteract the challenging rheological properties of calcined 
phyllosilicates in calcined clay blended cementitious systems. The 
dispersion effectiveness of one polycondensate and two PCE-based 
superplasticizers is investigated on different blended cementitious sys-
tems to evaluate the demand for superplasticizer depending on type of 
cement replacement. 

2. Materials & methods

2.1. Binder systems

An ordinary Portland cement (OPC) CEM I 42.5 R, complying with 
DIN EN 197–1 [41], is used. Selected data is presented in addition for a 
Portland limestone cement (PLC). In combination with calcined clays, it 
is comparable with a LC3 cement [42–45]. The mineralogical composi-
tion of the cements is given in Table 1. The cements are partially 
replaced by five different materials. As representative for common clays, 
a calcined common clay (TG) is chosen that has been described and 
investigated already in detail [5,46–49]. The raw clay originates 
geologically from Amaltheen formation (Pliensbachian Lower Jurassic) 
in Southern Germany. It contains in its natural form different phyllosi-
licates (25 wt% kaolinite and 45 wt% 2:1 phyllosilicates, including illite 
and muscovite) and 30 wt% inert components (e.g. quartz, feldspar, 
calcite, sulfates). One calcined 1:1 phyllosilicate (metakaolin) and two 
calcined 2:1 phyllosilicates (metaillite and metamuscovite) are investi-
gated. The metakaolin (Mk) is a flash-calcined industrial product from 
the U.S.A. Raw illite sample exhibits 90 wt% of illite as well as traces of 
quartz, calcite and kaolinite. It has been dry-milled before calcination to 
reduce initial particle size from d50 86 μm to d50 3.7 μm. Muscovite 
sample originates from Hebei province, 

¼
China, and 

¼
contains 91 wt% of 

muscovite and 9 wt% of amorphous phase. Illite and muscovite are 
calcined as powder in a laboratory muffle kiln. The calcination tem-
peratures are derived from thermal analysis to achieve complete dehy-
droxylation of phyllosilicates and from the amount of soluble aluminum 
and silicon ions in alkaline solution, for a pozzolanic reactivity as high as 
possible. It is 770 �C for metaillite (Mi) and 800 �C for metamuscovite 
(Mu) [50]. Muscovite is a mica and not a clay mineral, but it is a 
non-negligible component in common clays [18]. For this reason and for 
a better readability, all calcined materials are designated as “calcined 
clays” in the following text. The mineralogical composition of the 

Table 1 
Mineralogical composition of cements.  

Cement C3S C2S C3A C4AF CaCO3 Sulfate carrier CaMg(CO3)2 MgO CaOfree 

OPC 61.6 18.2 5.8 9.0 0.6 3.2 – 0.9 0.6 
PLC 48.9 15.2 5.1 8.1 14.4 4.0 3.0 0.8 0.1  

PCE based superplasticizer is lab-synthesized within a joint research 
project by the Department for Construction Chemistry from Technical 
University Munich (Germany). Its polymer structure has a methacrylic 
acid monomer, ω-methoxy poly(ethylene glycol) methacrylate ester 
(MPEG) macromonomer and diallyl dimethylammonium chloride as 
cationic monomer [57]. Due to the cationic monomer it has an 
amphoteric character and is hence named amphMPEG. It has a signifi-
cantly longer side chain (nEO 113) and lower anionic charge density 
(1061 μeq/g in H2O) compared 

¼
to HPEG and a solid content of 33.0 wt%. 

2.3. Methods 

2.3.1. Investigations on single components and clinker-free suspensions 
The morphology and particle shapes of binder components are 

investigated on powder samples, scattered on thin layer of two- 

Table 2 
Mineralogical composition of calcined clays.  

Phase [wt%] TG Mk Mu Mi 

Quartz 16 5 – – 
Mica (high temperature modification of muscovite) 2 1 81 – 

5 – – 
<1 – – 
<1 – – 

38 
– 
5 

6 – – – 
6 – – – 
1 – – – 
1 – – – 
2 – 
– <1 

– – 
– – 

– – – <1 
– – – <1 

Illite 
Chlorite 
Carbonates (calcite) 
Feldspars 
Secondary silicates 
Hematite 
Pyrite 
Sulfates (anhydrite, gypsum) 
Anatase 
Portlandite 
Lime 
X-ray amorphous 61 93 19 56  
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slump measurements, the suspensions (m 350 g) are homogenized in a 
Hobart mixer at 220 rpm for 120 s due to 

¼
the higher suspension volume. 

The high w/s ratio is chosen since torques of metamuscovite suspensions 
at lower w/s ratios exceed the maximum values for torques measurable 
by rotational viscometer. The velocity starts at 120 rpm for 10 min and 
slows down to 80 rpm → 40 rpm → 20 rpm for 2 min each to determine 
the apparent viscosity and yield stress. Rheological parameters are 
analyzed according to Bingham equation [58,59] (Equation (1)):  

(1) T ¼ g þ Nh

With Torque T � shear stress τ. 

Apparent yield stress (y-intercept of flow curve) g � dynamic yield 
stress τ0 
Velocity N � shear rate γ:

Apparent viscosity (slope of flow curve) h � viscosity η 

Furthermore, the coefficient of determination (R2) of the linear fit is 
used as indicator for mixing stability depending on varying velocity and 
the median torque at each velocity is determined. The classification 
regarding the rheological behavior is based on the criteria in Table 6. 

The nomenclature for the clinker-free suspensions is binder 

R. Sposito et al.

Table 3 
Physical parameters of binder components.  

Parameter Standard OPC PLC QP TG Mk Mu Mi 

3.09 2.65 2.63 2.61 2.79 2.72 [54] 3.17 
[55] 1.0 1.7 0.3 3.9 17.8 11.8 94.6 

5.25 0.80 10.26 46.46 32.92 257.31 
– 18.9/21.8/22.8 42.1/45.8/46.4 56.9/57.8/59.4 79.8/83.2/92.3 67.7/69.7/71.8 
2.3 7.2 4.0 3.0 9.3 2.7 

61.8 13.2 14.8 19.2 6.8 
194.5 37.0 76.2 45.7 61.9 

Particle density [g/cm3] 
BET SSA [m2/g] 
TSA [m2/cm3] 
Water demand [%] 
d10 [μm] 
d50 [μm] 
d90 [μm] 
raverage [μm] 

[51] 3.17 
Puntke method [56] – 
[52] 4.1 

15.8 
46.0 
10.9 

13.1 
46.0 
20.4 61.7 12.7 15.0 13.0 10.2  

Fig. 1. Particle size distribution of binder components.  

component adhesive and gold-coated, by scanning electronic micro-
scope EVO LS 15 (Zeiss, Germany). In high vacuum, an aperture with 
20 μm and a secondary electron detector are used with acceleration 
voltage of 20 kV, spot size of 250 and a working distance at 8.5 mm. The 
surface charge of binder components is measured and averaged over 3 h 
on suspensions as zeta potential (ζ) in [mV] via electroacoustic spec-
trometer DT-310 (Dispersion Technology Instruments, USA). The sus-

water 
pensions 

at a 
with 

w/s ratio 
calcined 

1.50 
clay or 

are 
quartz 
stirred 

powder 
manually 

(m ¼
for 2 

250 
min. 

g) and 
The suspen

distilled
-
 

sion is stirred during 
¼
measurement continuously by a stirrer (400 rpm) 

to prevent segregation effects. Mini slump is evaluated for each sus-
pension with a Vicat cone on a slightly wetted glass plate. The diameter 
of slump is measured four times during two repeats. Rheological mea-
surements are conducted via rotational viscometer Viskomat NT 
(Schleibinger, Germany) coupled with a water-based circulatory cooling 
unit (T ¼ 20 �C) on suspensions. Compared to zeta potential and mini 

Table 4 
Key parameters of blended binders/cement pastes with OPC.  

Parameter OPC OPC_20QP OPC_20 TG OPC_20Mk OPC_20Mu OPC_20Mi 

3.17 3.06 3.06 3.06 3.09 3.08 
3.2 2.9 4.6 11.8 7.9 54.0 
28.9 26.0 30.5 34.5 55.4 38.6 

Particle density [g/cm3] 
TSA [m2/cm3] 
Water demand [%] 
Zeta potential [mV] 
pH [�] 

- 3.1 
13.0 

- 1.7 
12.1 

- 2.8 
12.2 

- 6.6 
12.2 

- 5.5 
12.3 

- 7.4 
12.2

Table 5 
Key parameters of blended binders/cement pastes with PLC.  

Parameter PLC PLC_20QP PLC_20 TG PLC_20Mk PLC_20Mu PLC_20Mi 

3.09 3.00 3.00 2.99 3.03 3.02 
5.25 4.26 6.41 14.73 11.27 61.61 
28.2 25.3 30.3 34.3 55.0 38.4 

Particle density [g/cm3] 
TSA [m2/cm3] 
Water demand [%] 
Zeta potential [mV] 
pH [�] 

- 3.7 
12.6 

- 2.9 
12.5 

- 3.4 
12.5 

- 9.0 
12.3 

- 6.7 
12.4 

- 10.3 
12.1

Table 6 
Classification schema for rheological properties.  

Apparent yield 
stress [Nmm] 

R2 

[-] 
Type of fluid 

g > 0 ~1 Bingham fluid [58,59] 
g > 0 ≪ 1 Herschel-Bulkey fluid [58] 

g 
g �

0
0 ~1 Newton fluid [58,59] 

�  ≪ 1 decreasing flow 
curve gradient 

g � 0 ≪ 1 increasing flow curve 
gradient 

Shear-thinning (pseudo 
plastic) fluid [58] 
Shear-thickening (dilatant) 
fluid [58]  
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component_H_1.50 where H indicates distilled H2O as fluid and 1.50 the 
w/s ratio chosen. 

2.3.2. Investigations on blended cement pastes 
In cementitious systems, the cement is replaced by 20 wt% of quartz 

powder or calcined clay and the water-to-binder ratio is set constant at 
0.50. The required amount of superplasticizer is evaluated via “mini 
slump test” according to DIN EN 1015–3 [60]. The dosages of active 
agent in superplasticizers [% by weight of binder, %bwob] are adjusted 
to get a spread flow of 26 0.5 cm for all cement pastes. The tests 
(except on QP systems) are 

�
conducted by the Department for Con-

struction Chemistry, Technical University Munich (Germany). For the 
further tests, these adjusted dosages are kept constant using differing 
amounts of stock solutions, based on distilled water with the respective 
amount of superplasticizer to eliminate weighing errors. The efficiency 
of superplasticizers is determined by rotational viscometer on blended 
cement paste (mbinder 600 g) mixed according to DIN EN 196–3 [53]. 
The measurements start 

¼
5 min after water addition and the analysis is 

carried out analogously to the measurements on clinker-free suspen-
sions. (Blended) cement paste is designated as type of cement_substitution 
rate and quartz powder/calcined clay_type of superplasticizer. 

3. Results & discussion

3.1. Particle characteristics and their influence on rheological properties 
of clinker-free suspensions 

QP particles exhibit smooth surfaces and conchoidal marks (Fig. 2a) 
as also published e.g. by Ref. [61–64]. This results – combined with a 
coarse particle size distribution (PSD) – in the lowest SSA and water 
demand (Table 3). Mk exhibits a grainy surface and a structure of 
stacked layers, similar to the findings of Souri et al. [65]. Contrary to 
Claverie et al. [25], flash-calcination does not lead to spherical particles 
of metakaolin (Fig. 2b). Fig. 2c shows a slightly grainy surface of isolated 
metamuscovite (Mu) platelets with significantly less pronounced layer 
packages compared to Mk, which corresponds to the lower SSA of Mu 

Fig. 2. Particle shapes of pure materials investigated by SEM at 50 k magnification a) QP b) Mk c) Mu d) Mi.  

Fig. 3. Particle surface of calcined clay TG at 10 k (left) and 50 k (right) magnification shown by representative spots.  
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compared to Mk (Table 3). It reveals that the water demand of the 
calcined clays cannot be derived from the particle morphology and size 
analyzed by SEM: although the particle shape is quite smooth and the 
particles are coarser compared to those of Mk and metaillite (Mi), Mu 
exhibits the highest water demand of materials investigated (Table 3). 
Previously, Neißer-Deiters et al. [18] found that the PSD does not 
correlate with the water demand/water adsorption capacity, which can 
be confirmed here in a limited way. Compared to the other samples 
investigated, the SEM image of Mi exhibits diminutive particles 
agglomerated with larger particles (Fig. 2d). It fits with the PSD of Mi 
(Fig. 1) and explains – in combination with the mineralogical properties 
[9,22] - the large SSA of Mi (Table 3). Interestingly, the morphology 

looks similar to that of kaolinite particles after high energy ball milling 
[66], which might be due to the fact that the raw material for Mi was 
dry-milled before calcination. In turn, this takes up the findings of 
Cassagnab�ere et al. [24] that grinding has an essential influence on the 
morphology of calcined clays. 

Overviews of calcined common clay (TG) with 10 k and 50 k 
magnification give an impression of its heterogeneous surface 
morphology (Fig. 3). It reveals both large areas with smooth surface, 
similar to that of QP and small, plate-like particles originating from 
phyllosilicates. 

The zeta potential of the calcined clays and quartz powder investi-
gated can be sorted in the following order: Mu ≪ Mi <Mk QP ≪ TG 
(Table 7). The calcined phyllosilicates and QP have a constantly 

¼
nega-

tive zeta potential. According to Lowke and Gehlen [67], the zeta po-
tential of ground quartz-H2O suspension is negative due to the 
deprotonation of SiO2, which explains the negative zeta potential of QP. 
Clay minerals are known for having a negative zeta potential, which 
alters in case of the addition of Ca2þ ions [27,29,68], originating e.g. 
from clinker phases. Depending on their surface groups at both basal and 
edge surfaces, phyllosilicates have different tendencies towards pro-
tonation: while siloxane groups are difficult to protonate, the proton-
ation of Al- and Mg-groups is favored [69,70]. This leads to anisotropic 
surface charges of phyllosilicates [71,72]. For example, muscovite 

Table 8 
Rheological parameters of clinker-free suspensions (w/s ratio ¼ 1.50).  

System Mini slump [cm] Apparent viscosity [Nmm*min] Apparent yield stress [Nmm] R2 [-] Median torque at … [rpm] 

20 40 80 120 

QP_H_1.5 – – – – – – – – 
TG_H_1.5 0.01 0.21 0.99 0.4 0.6 1.0 1.5 
Mk_H_1.5 �29.7 

33.1 �
1.8
0.7 

 0.02 1.49 1.00 1.9 2.2 3.0 3.8 
Mu_H_1.5 0.75 0.70 4.9 14.1 35.5 75.6 
Mi_H_1.5 �15.6 

31.9 �
0.2
0.8 

 0.06 
- 15.95 
11.13 0.97 12.5 13.7 15.9 18.7  

Table 9 
Classification of linear correlations according to their R2 values with - - ¼ poor (R2 �

  
0.2), - ¼ minor (0.2 < R2 < 0.5), o ¼median (0.5 � R2 < 0.7), þ ¼ good (0.7 � R2 

< 0.9), þ þ ¼ very good correlation (R2 > 0.9) (thresholds according to Ref. [77]).

Parameter Mini slump Apparent viscosity Apparent yield stress Median torque at 120 rpm 

- - (0.05) þ (0.72) þ (0.85) 
þ þ

(1.00)
(1.00) - - (0.07) - - (0.01) 

þþ
- (0.10) 

 - - (0.06) 

- (0.25) 
- (0.49) 
- (0.48) 

- o (0.62) - 
þ

- 
(0.72) 

- (0.19) 

- 
þ

(0.45) 
(0.89) 

Particle density 
SSA 
TSA 
Water demand according to Puntke 
d50 value 
Zeta potential - (0.00) 

- (0.49) 
þ (0.83) 

- - (0.01) 
(0.75) 

- 
þ

(0.34) 
þ þ (0.96)

Fig. 4. Required superplasticizer dosages (bars) and median spreads (▾) including standard deviation for cement pastes (information provided by joint research 
partner, except for QP systems). 

R. Sposito et al.

Table 7 
Zeta potential (ζ) values of 

  
materials suspended in H2O (w/s ratio ¼ 1.50, 

duration of measurement ¼ 3 h).

Material ζmean value 

[mV] 
ζmin 

[mV] 
ζmax 

[mV] 
Standard deviation σ 
[mV] 

QP - 17.0 0.2 
TG 

- 16.3 
0.5 - 0.5 

- 15.8 
2.1 0.6 

Mk - 17.4 - 18.4 - 16.6 0.3 
Mu - 52.0 - 59.1 - 47.7 1.3 
Mi - 21.4 - 22.8 - 20.6 0.5  



Publications - Characteristics of components in calcined clays and their influence on the efficiency of 
superplasticizers 

91 

                                               

exhibits negatively charged basal plane, rather independently of pH 
value, whereas its edge surface is at least at pH < 8 positively charged. 
Although there is so far no literature on surface charge of calcined 
phyllosilicates, this seems to be a reason for their negative zeta poten-
tial. TG reveals both a positive (in the beginning of measurement) and 
slightly negative surface charge (towards the end) over time as also 
stated by Schmid et al. [34,35]. It remains unclear why the zeta potential 
of TG is almost neutral since from its mineralogical composition (~68 wt 
% partly dehydroxylated phyllosilicates, 16 wt% quartz and further 
components, e.g. feldspar [73]) a negative zeta potential could be ex-
pected. With the current knowledge, it is assumed that the particles 
themselves have both negatively and positively charged edges that are in 
total almost neutral. 

Mini slump tests reveal the following descending order in fluidity: 
Mi_H_1.5 ≪ Mk_H_1.5 <Mu_H_1.5 < TG_H_1.5. The apparent viscosity 
of clinker-free suspensions is graded as follows: 
Mu_H_1.5 ≫ Mi_H_1.5 >Mk_H_1.5 > TG_H_1.5 (Table 8). Both mini 
slump test and rheometric tests of QP_H_1.5 are not possible due to 
immediate segregation effects, which indicates excess water. TG_H_1.5 
and Mk_H_1.5 have low median torques that go along with low apparent 
viscosity and yield stress. Mi_H_1.5 exhibits the highest yield stress, 
which can be explained by the large SSA and water demand of metaillite 
(Table 3) and by strong bonds of the particles as described by Tregger 
et al. [74]. Suspensions with TG, Mk and Mi behave like Bingham fluids 
with positive yield stress and R2 ~ 1 [58,59]. Mu_H_1.5 behaves 
differently compared to the other calcined materials, as its yield stress is 
negative at high viscosity. However, this fits with observations of Nos-
rati et al. [75] where muscovite suspensions had low yield stress at 
pH > 7. The R2 ≪ 1 with increasing flow curve gradient indicates 
shear-thickening behavior that was previously described for 
metamuscovite-cement suspensions [76] and it points out the extraor-
dinary behavior of (meta)muscovite as non-negligible component in 
clays [18]. 

Linear correlations between physical properties (Tables 3 and 7) and 
rheological parameters from clinker-free suspensions (Table 8) are 
evaluated in Table 9, with thresholds according to Ref. [77]. It must be 
noted, that the results represent four calcined clays of different miner-
alogy, which might be the reason for a limping judgement and further 
research is necessary on one material with different processing (calci-
nation, grinding). When one single material is considered, there have 
been different observations on the correlation between SSA and the 
particle size distribution (PSD) [18,78]. When looking at different 

Fig. 5. Correlations between a) particle density, b) total surface area of blended binders, c) zeta potential of blended cement paste and d) water demand of blended 
binders with the amount of superplasticizer needed for a constant spread of 26 � 0.5 cm. 

materials, however, there is no correlation between the fineness and the 
SSA of the particles [51]. This is due to the differences in mineralogy and 
particle shape, taking into account e.g. of spherical fly ash particles [79, 
80] versus the particles investigated in this paper (Fig. 2). However,
mini slump values of the different materials correlate perfectly with
SSA/TSA and well with the d50 values of the materials investigated
(Table 9). Therefore, the authors assume that the packing density and
water film thickness, known from cement paste, both play a key role: a
lower SSA leads to a higher water film thickness and as consequence to a
higher flowability [81,82]. This is contrary to the observation that the
achieved mini slump value does not fit at all with the water demand
according to Puntke nor with the zeta potential (Table 9). The authors
assume that the chosen w/s ratio of 1.50 has been too high to consider
these parameters of the calcined clays for mini slump test, as this method
is originally used for mortars [60]. Here, tests with lower w/s ratios
might lead to more proper findings. Contrary to the mini slump value,
the results derived from rheological measurements do not correlate with
SSA/TSA at all (viscosity, torque) or less (yield stress). Tiwari et al. [83]
have observed in cementitious systems that the SSA has influence on
yield stress, but not on viscosity. Viscosity and torque values fit well with
particle density, water demand and zeta potential. The latter correlation

Table 10 
Classification of linear correlations according to their R2 values with - - ¼ poor
(R2 � 0.2), - ¼minor (0.2 < R2 < 0.5), o ¼median (0.5 �R2 < 0.7), þ ¼ good
(0.7 R2 <

  
0.9), þ þ ¼ very good correlation (R2 > 0.9) (thresholds according

to Ref. 
�

[77]).

Parameter Dosage of 
NSF 

Dosage of 
HPEG 

Dosage of 
amphMPEG 

Dosage of PCE 
(HPEG; 
amphMPEG) 

Particle density - - (0.01) - - (0.03) - - (0.01) 
TSA - - (0.15) 

Without 
Mu: 
þ (0.72) 

þ þ
(0.91) 

þ (0.88) 
- - (0.02) 
þ (0.89) 

Zeta potential - (0.42) 
Without 
Mu: 
þ (0.84) 

þ (0.73) þ (0.77) þ (0.74) 

Water demand 
according to 
DIN EN 196-3 

þ þ
(0.95) 

- - (0.18) 
Without 
Mu: 
þ (0.90) 

- (0.24) 
Without Mu: 
þ (0.89) 

- - (0.21) 
Without Mu: 
þ (0.89)  

R. Sposito et al.
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is consistent with investigations on pure clay-suspensions where a more 
negative zeta potential leads to higher flocculation rates [84]. The ex-
pected yield stress is difficult to be predicted from the physical prop-
erties although d50 value and zeta potential correlate well with it 
(Table 9). Olhero and Ferreira [85] revealed increased yield stress and 
viscosity with finer particles for silica-based suspensions [83,85]. 

Hence, there is no physical parameter that correlates consistently 
with all rheological properties and vice versa (Table 9). Thus, the 
combination of parameters and testing methods needs to be defined 
clearly to predict reliably the impact of calcined clays on rheology. In a 

next step, this knowledge can be transferred to the superplasticizer de-
mand and the rheological properties of blended cementitious systems. 

3.2. Dispersion effectiveness of superplasticizers in calcined clay blended 
systems 

The dispersion effectiveness of superplasticizers is discussed with 
regard to type of cement, type of superplasticizer and binder constitu-
tion. Although limestone filler is known to enhance workability of 
cementitious systems [86,87], PLC requires continuously more super-
plasticizer than OPC for identical spread (Fig. 4). This is related to the 
larger SSA and grinding fineness of PLC (Table 3) but contrary to the 
lower water demand (Tables 4 and 5). One explanation is the more 
negative zeta potential of PLC systems (Table 5). A good superplasticizer 
adsorption behavior is achieved by a positive zeta potential [88]. This 
means by implication that a more negative zeta potential leads to a 
lower dispersion by superplasticizers. The results identify PCE polymers 
being more effective than the polycondensate (NSF) in cementitious 
systems, which is consistent e.g. with [30,32,89]. Among PCE polymers, 
the HPEG PCE is slightly more effective than the amphMPEG PCE which 
is related to the moderate length of side chain and higher anionic charge 
density of HPEG PCE [90]. 

Regarding the need for superplasticizer, the binder systems are 
separated into two groups: those with neat cement, with QP and with TG 
for one group, those with calcined phyllosilicates for the other. It is not 
surprising that systems with 20 wt% QP require the lowest super-
plasticizer dosages as QP exhibits the coarsest PSD, the lowest SSA and 
water demand, also compared to cement (Table 3). Furthermore, quartz 
is known to lower viscosity and yield stress [39,40]. Higher amounts of 
superplasticizer are required for equal dispersion effects when cement is 
partially replaced by calcined clays, as known from literature [30–32, 

R. Sposito et al.

Table 11 
Apparent viscosity and yield stress of cementitious systems (w/b ratio of 0.50) with adjusted dosages.  

Binder systems Apparent viscosity [Nmm*min] Apparent yield stress [Nmm] 

ref NSF HPEG amph MPEG ref NSF HPEG amph MPEG 

OPC 0.08 0.05 0.05 0.05 6.41 4.64 0.14 1.87 
OPC_20QP 0.07 0.05 0.05 0.05 3.53 1.87 0.13 0.70 
OPC_20 TG 0.14 0.07 0.09 0.10 17.70 1.05 
OPC_20Mk 0.06 0.05 0.07 0.07 169.30 11.78 
OPC_5Mu 0.23 – – – 23.13 – – – 
OPC_10Mu 0.30 – – – 95.05 – – – 
OPC_20Mu 0.45 1.76 1.09 1.98 230.90 
OPC_20Mi 0.17 0.12 0.13 0.13 102.71 

�30.38 
�0.04

PLC 0.10 0.03 0.05 0.05 9.45 5.61 1.55 2.78 
PLC_20 TG 0.15 0.08 0.09 0.08 19.25 1.12 2.50 0.51  

Fig. 6. Median torques of cementitious system a) OPC and b) PLC with various superplasticizers.  

Fig. 7. Median torques of cementitious system OPC_20QP with various 
superplasticizers. 
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Fig. 10. Median torques of cementitious system OPC_20Mi with various 
superplasticizers. 

91]. With the addition of TG, about twice the amount of NSF is required 
whereas maximal ~1.4 times higher dosages of HPEG and amphMPEG 
are needed compared to the neat cement systems. OPC_20 TG and 
PLC_20 TG are easily to disperse as TG has a similar PSD as the cements, 
here especially OPC. It exhibits the lowest SSA and water demand of 
calcined clays investigated (Table 3) and contains a non-negligible 

Fig. 8. Median torques of cementitious system a) OPC_20 TG and b) PLC_20 TG with various superplasticizers.  

Fig. 9. Median torques of cementitious system OPC_20Mk with various 
superplasticizers. Fig. 11. Median torques of cementitious system OPC_5Mu, OPC_10Mu and 

OPC_20Mu with various superplasticizers. 

Fig. 12. Efficiency of superplasticizers (SP) [%/0.01% bwob] according to the 
binder system with 20 wt% substitution rate at w/b ratio 0.50; opaque, 
middle, light color indicates reduction of yield stress, viscosity 

¼
and average 

shear stress respectively; dashed parts mark higher efficiency compared to neat 
cement. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

R. Sposito et al.
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quantity (16.2 wt%) of quartz. Furthermore, the zeta potential of TG 
(Table 7) indicates both negatively and positively charged surface sites 
where the latter are commonly known for a preferred adsorption of 
anionic superplasticizers [88]. The Amaltheen clay contains ~25 wt% 
kaolinite and ~40 wt% 2:1 phyllosilicates (predominantly illite and 
muscovite) in its raw form [5,37]. Considering these phyllosilicates as 
metaphases after calcination individually, a 3 to 7.5 times higher 
amount, hence significantly more superplasticizer is required for an 
adequate dispersion (Fig. 4). Systems with 20 wt% metakaolin need 
about 3–4 times more superplasticizer, both NSF and PCE, compared to 
neat cement pastes. The dispersion efficiency of superplasticizer 
depending on type of calcined phyllosilicate can be sorted as follows:  

� NSF: Mk >Mi ≫ Mu
� HPEG: Mu >Mk ≫ Mi
� amphMPEG: Mk ¼Mu ≫ Mi

With NSF and amphMPEG, the systems with 20 wt% calcined 2:1
phyllosilicates (Mi, Mu) are more challenging regarding the amount of 
superplasticizer needed than with Mk as calcined 1:1 phyllosilicate 
which is contrary to Ref. [33]. Especially OPC_20Mu/PLC_20Mu are not 
dispersed by NSF at all while they reveal a compatibility with both PCE 
used. There are two possible explanations regarding the incompatibility 
of Mu and NSF: 1) the effect of the polycondensate is too small to 
disperse systems with such high water demand [14,18] in a sufficient 
way or 2) the strongly negative zeta potential of Mu (Table 7) and Mu 
blended cement pastes (Tables 4 and 5) leads to poor adsorption of 
anionic polymers. The latter assumption, however, does not fit with the 
correlation between zeta potential and NSF dosage, shown in Fig. 5. 
Blends with Mi exhibit a high demand of all superplasticizers, no matter 
if NSF or PCE. As mentioned in section 3.1, Mi exhibits diminutive 
particles with rough texture (Fig. 2d) and the highest grinding fineness 
that results combined with the mineralogical composition [92] in an 
extremely large SSA, compared to the other binder components inves-
tigated (Table 3) [93,94].The enormous demand for superplasticizer 
might thus result from a preferred adsorption of polymer/water mole-
cules onto Mi surfaces and needs to be investigated further. Nonetheless, 
it remains still under discussion whether illite or muscovite are more 

critical regarding the dispersion effectiveness of superplasticizers and it 
seems that there is no clear answer, so far. For this reason, it is necessary 
to take a look at the efficiency towards the rheological behavior in 
section 3.3. 

Analogous to the clinker-free suspensions, it is worth to take a closer 
look at the physical parameters of the binder systems given in Tables 4 
and 5. Therefore, the combined particle density and TSA as well as their 
zeta potential and water demand are correlated with the adjusted 
polymer dosages from Fig. 4. While particle density can be a good in-
dicator for apparent viscosity and shear stress of clinker-free suspensions 
(Table 9), there is only a very poor correlation between particle density 
and superplasticizer dosage (Fig. 5a and Table 10). Considering the 
replacement level of 20 wt% in blended cement paste, the only slightly 
differing particle density of calcined clays seems to have minor impact. 
Further investigations with volumetric-based replacements and higher 
levels might point out that the particle density is not a key factor for 
understanding calcined clay – superplasticizer interaction. The contrary 
holds for TSA as physical parameter: there are good relationships be-
tween the combined TSA and the dosages of NSF and PCE required for 
similar dispersion while clinker-free suspensions exhibit no relationship 
between rheological parameters and TSA. It has been discussed already 
in section 3.1 that SSA, as part of the TSA, is no indicator for viscosity, 
but it is known as a key parameter for superplasticizer adsorption 
[93–95]. 

As mentioned above, the water demand and the zeta potential are no 
reliable characteristics to derive the rheological behavior of clinker-free 
suspensions of it. On contrary, an increased water demand and a more 
negative zeta potential value correlate well with a higher demand for 
superplasticizers (Fig. 5). The latter relation is again explained by lower 
adsorption rates of anionic superplasticizers onto negatively charged 
particles [88,96]. Solely the metamuscovite systems need to be consid-
ered separately as the high demand for NSF does not fit with the TSA 
(Fig. 5b) nor with the zeta potential (Fig. 5c) but well with the water 
demand (Fig. 5d). This is also congruent with the high water demand of 
OPC_20Mu and PLC_20Mu as the water adsorbed by calcined clays needs 
to be compensated by the addition of more superplasticizer. Here it is 
surprising that OPC_20Mu and PLC_20Mu require relatively low 
amounts of PCE despite their high water demand. 

Although higher amounts of superplasticizer are required for 
calcined clay blended systems, the dispersion is adequate considering 
the challenging physical and rheological properties of calcined clays. 
The superplasticizer dosages correlate well with properties commonly 
referred to when the superplasticizer demand is discussed. Solely, the 
system with 20 wt% metamuscovite exhibits an incompatibility with 
NSF and no plausible correlation between the physical properties and 
the required amount of different types of superplasticizer. It becomes 
clear once again that the metamuscovite needs to be considered sepa-
rately from other calcined phyllosilicates [18,76,97]. With regard to the 
extremely fine metaillite, a coarser material of the same mineralogy 
should be examined to differentiate the influence of mineralogy and 
grinding fineness on the superplasticizer demand more clearly. As 
shown for the systems with the calcined Amaltheen clay and quartz 
powder, the necessary amount of superplasticizer can be reduced if a 
certain amount of quartz is present as it is the case in common clays 
[98]. 

3.3. Impact of calcined clays/quartz powder and superplasticizers on the 
rheology of blended cement paste 

The reference PLC and PLC_20 TG both demonstrate higher yield 
stress and viscosity compared to the corresponding OPC systems 
(Table 11). With the addition of calcined clays, the apparent viscosity 
and yield stress are increased, compared to other SCM, which is 
consistent with publications e.g. from Refs. [32,99]. It was not possible 
to measure OPC_20Mu due to high initial torques (>500 Nmm). At-
tempts with lower substitution rates (5 and 10 wt%) reveal drastically 

R. Sposito et al.

Table 12 
TSA and water demand of OPC systems with TG and calcined model clays.  

Parameter OPC with 20 wt% of … 

TG 25Mk_22.5Mu_22.5Mi_30QP 25Mk_30Mu_15Mi_30QP 

TSA [m2/cm3] 4.6 17.8 20.0  

Fig. 13. Comparison of measured efficiency (for TG) and predicted efficiency 
of model clays calculated from percentage-based efficiency of pure systems with 
OPC; opaque, middle, light color indicates reduction of yield stress, viscosity 
and average shear stress respectively. 
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increased apparent viscosity, apparent yield stress and torques of 
OPC_5Mu and OPC_10Mu with an increasing addition of metamuscovite, 
which fits with the rheological behavior of Mu in section 3.1. For this 
reason, the following linear extrapolation is driven for the rheological 
parameters of OPC_20Mu, although the authors are aware of the devi-
ation between calculated and real values:  

- for 
  

apparent viscosity: y ¼ 0.0142 x þ 0.1631 (with x ¼ substitution
rate)

- for apparent yield stress: y ¼ 13.585 x – 40.795

Systems without superplasticizer hence reveal at a w/b ratio of 0.50
the following classifications regarding their yield stress: OPC_20Mu ≫   
OPC_20Mk   
>OPC_20Mi ≫ PLC_20 TG >OPC_20 TG > PLC >OPC >OPC_20QP
(Table 11). This correlates – except for Mu – with the yield stress of
clinker-free suspensions (Table 8). Corresponding with the results in the
previous sections 3.1 and 3.2, the systems with TG exhibit outstanding
behavior: the apparent yield stress of OPC_20 TG/PLC_20 TG is closer to
that of OPC/PLC than of the systems with calcined phyllosilicates. The
relative amount of 2:1 phyllosilicates in TG at a substitution rate of
20 wt% is 8 wt% in binder. Compared to OPC_5Mu and OPC_10Mu
however, the OPC_20 TG exhibits significantly lower yield stress and
viscosity (Table 11). It demonstrates again that the quartz content in
calcined clays is at least one parameter that results in similar flow
behavior as for neat cement systems (Cassagnab�ere et al., 2013). While
OPC/OPC_20QP/OPC_20 TG/PLC/PLC_20 TG all exhibit a flow behavior
of Bingham fluids with linear shear rates [59], the systems with calcined
phyllosilicates are classified as fluids according to the Herschel-Bulkley
model with non-linear shear rates [58]. This leads again to the distinc-
tion between these two groups as already presented in 3.2. A stronger
bond between metakaolin particles [74], a higher binder volume due to
mass related clinker replacement [100], a larger SSA [6], the high water
demand and flocculating tendency [101] are reasons for an increased
yield stress of Mk blended systems and might be extended to other
calcined phyllosilicates. The higher density of Mi compared to Mk
(Table 3) indicates why OPC_20Mi has lower yield stress than
OPC_20Mk despite the higher water demand and SSA of Mi, as it was
already shown in clinker-free suspensions (Table 8). The interparticular
interactions of binders i.e. van der Waals forces and repulsive double
layer forces (indicated by zeta potential) are also commonly known to
influence the rheology of cementitious systems [102,103]. While met-
amuscovite itself, as observed for Mu_H_1.5, exhibits a significantly
negative zeta potential (Table 7) and negative yield stress (Table 8),
surprisingly contrary effects are observed for metamuscovite blended
cement paste. With the chosen substitution rate, the zeta potential of
OPC_20Mu (Table 4) is not particularly noticeable among the other
blended cement pastes but the yield stress exceeds by far that of other
systems (Table 11). So far, zeta potential of calcined clays alone is hardly
considered in literature when it comes to the understanding of their
rheological behavior while there are several findings on the zeta po-
tential of calcined clay blended systems with superplasticizers [34,35,
92]. The addition of superplasticizer reduces marginally the apparent
viscosity and significantly the yield stress of all systems (Table 11).

The torque/shear stress of the (blended) cement paste OPC/PLC/ 
OPC_20QP/OPC_20 TG/PLC_20 TG with superplasticizers is <20 Nmm 
(Fig. 6 to Fig. 8). Most of these systems remain Bingham fluids with 
apparent yield stress >1 Nmm and R2 ~ 1. Solely OPC_HPEG (Fig. 6a) as 
well as OPC_20 TG with NSF and HPEG (Fig. 8a) reveal self-flowing 
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OPC_20Mk and OPC_20Mi both 
¼
become Bingham fluids with the 

addition of PCE (Fig. 9 and Fig. 10). Solely, OPC_20Mk_amphMPEG 
behaves like a Herschel-Bulkey fluid (R2 ¼ 0.79, apparent yield
stress ¼ 11.77 Nmm). OPC_20Mu systems again show up a particular 

behavior: adding superplasticizers can reduce the viscosity at least to 
such an extent that rheological measurements become possible at all 
(Fig. 11). Compared to the viscosity of OPC_5Mu and OPC_10Mu mea-
surements such as the calculated value for OPC_20Mu without super-
plasticizer, the viscosity of OPC_20Mu with superplasticizer is higher 
while the yield stress becomes negative (Table 11). Nonetheless, the 
median torques increase significantly with higher shear rates when 
superplasticizers added. While the addition of different superplasticizers 
has only minor impact on the rheology of the other calcined clay or 
quartz powder blended systems, OPC_20Mu is more sensitive against the 
type of superplasticizer. The addition of NSF leads to Newtonian fluid 
behavior (R2 ~ 1) while OPC_20Mu exhibits with the PCE investigated 
shear-thickening properties (R2 ≪ 1) (Fig. 11 and Table 11). The latter 
findings are consistent with observations that lower w/b ratios and the 
addition of a MPEG PCE with long side-chain lead to shear-thickening 
behavior of cementitious systems with metamuscovite [76]. As both 
PCE polymers have (quite) long side-chains, a higher steric effect might 
promote shear-thickening behavior according to the assumption of 
Schmid et al. [76]. 

3.4. Approach to the calculation of superplasticizer efficiency 

The relative reduction of yield stress, viscosity and shear stress 
compared to each reference system is related to the dosage adjusted for 
comparable mini slump (Fig. 4). The sum of these three values indicates 
the efficiency of superplasticizer E [%/0.01 %bwob] (Equation (2)). It 
should be noted and kept in mind that the calculated values of 
OPC_20Mu were considered for the efficiency of superplasticizers in 
metamuscovite systems. Negative values, e.g. in case of increased vis-
cosity, are set as 0% in the sense of “zero efficiency”. 

(Equation 2)  

With 

gsp/hsp/Tsp yield stress [Nmm]/viscosity [Nmm*min]/average 
shear stress 

¼
[Nmm] for binder systems with NSF/HPEG/amphMPEG 

gref/href/Tref yield stress [Nmm]/viscosity [Nmm*min]/average 
shear stress 

¼
[Nmm] for binder systems without superplasticizer 

dsp ¼ adjusted dosage of NSF/HPEG/amphMPEG [%bwob] 

Fig. 12 displays the calculated efficiency, which is separated 
furthermore in the reduction of yield stress (opaque), viscosity (middle), 
average shear stress (light). Dashed parts in the column reveal higher 
efficiency compared to neat cement pastes (OPC and PLC). It points out 
one more time the significantly higher efficiency of PCE compared to 
NSF. At the chosen substitution rate, the efficiency of superplasticizers is 
clearly driven by the type of binder component added. The calculated 
efficiency is consistently higher in quartz powder blended systems and 
mostly lower in calcined clay blended systems. Here, the systems with 
20 wt% TG are uncritical and the efficiency of superplasticizers comes 
close to that in neat cement systems. Taking the mineralogy of common 
clays [98,104] into account, even the impact of a medium content of 
muscovite (30 wt%) [5,34] in clay is easily compensated by quartz, 
which lowers the SSA and water demand. Related to the partially 
extremely high dosages, the efficiency of NSF and both PCE investigated 
is significantly lower in binder systems with Mk as representative for 
calcined 1:1 phyllosilicates. The same holds even more with Mu and Mi 
(calcined 2:1 phyllosilicates) which again relates to the characteristics 
described in section 3.1. Differences between Mu and Mi systems reveal 
that NSF has a higher efficiency with Mi, which is in a similar range as 
for Mk. With the PCE investigated however, the efficiency is higher for 
Mu. The tendency observed for superplasticizer efficiency hence reveals 
once again the decisive impact of the pure calcined phyllosilicates in 
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interaction with different types of polymers as well as the influence of 
their physical-mineralogical properties on the rheological behavior of 
blended cement paste. 

In a last step, the transferability from pure systems to common clays 
is evaluated. In order to accomplish this goal, the percentage amount of 
phyllosilicates and quartz in TG is simulated in two model calcined 
clays: the content of Mk and QP is set at 25 wt% and 30 wt% respec-
tively. The amount of 2:1 phyllosilicates in TG (45 wt%) is halved for Mu 
and Mi each in 25Mk_22.5Mu_22.5Mi_30QP and based closer on the 
mineralogy of TG proposed in Ref. [37] in 25Mk_30Mu_15Mi_30QP. 
Superplasticizer efficiency of cementitious system with 20 wt% of theses 
calcined model clays is calculated percentage-based of the efficiency of 
the pure systems (OPC_20QP/Mk/Mu/Mi) according to their reduction 
in yield stress (opaque), viscosity (middle) and average shear stress 
(light) as already presented in Fig. 12. Related to the challenging 
properties of the calcined 2:1 phyllosilicates investigated, different ra-
tios of Mu and Mi seem to be irrelevant for the superplasticizer efficiency 
in these systems (Fig. 13). There are significant deviations between the 
superplasticizer efficiency in OPC_20 TG system and the theoretical 
values derived for calcined model clay systems ( 40% for NSF and 
slightly better for PCE). The TSA of OPC systems (

�
Table 4) is calculated 

on a percentage basis for 25Mk_22.5Mu_22.5Mi_30QP and 
25Mk_30Mu_15Mi_30QP. Both TSA are similar but exceed significantly 
that of OPC_20 TG (Table 12). Furthermore, the particle size distribu-
tions of QP and Mi both differ significantly from the PSD of TG (Fig. 1). 
Despite the significant differences in TSA, the theoretical approach to 
estimate the efficiency of superplasticizers with model clays is closer to 
the TG systems than the pure systems: although the TSA is e.g. even 
larger than for Mk systems (Table 4), the calculated efficiency is better 
for the calcined model clays. By now, this is explained due to the high 
amount of coarse QP that compensates the low efficiency in systems 
with calcined phyllosilicates. It demonstrates the conciseness regarding 
the individual components and indicates that the efficiency of super-
plasticizers can be calculated from single component systems with 
physical properties adjusted to those of common clays. 

4. Conclusion

Rheological measurements were conducted on clinker-free suspen-
sions and cementitious systems. In context with the binder systems and 
superplasticizers investigated, the following aspects are concluded: 

� Zeta potential and water demand of calcined clays are good in-
dicators for the rheological behavior of clinker-free suspensions. In 
cementitious systems, both parameter as well as the total surface 
area are reliable key factors for the approximation of demand for 
superplasticizer.  

� Systems with metamuscovite need to be treated separately as their 
demand for superplasticizer does not correlate with the considered 
factors. As shown for the calcined Amaltheen clay however, the 
impact of muscovite seems to diminish when it is a part of common 
clays. The medium muscovite content seems to be uncritical when it 
comes to the rheological behavior and the compatibility with 
superplasticizers. This, however, needs to be verified on muscovite- 
rich clays or mixed-layer mica/smectite.  

� As compensation for the challenging phyllosilicates, the amount of 
quartz plays a decisive role in the workability of calcined clay 
blended systems. Clays that contain non-negligible amounts of 
quartz are abundant worldwide. They represent after calcination an 
appropriate future SCM if a compromise between a proper work-
ability and its pozzolanic reactivity is made.  

� As known from literature, the PCE chosen perform significantly 
better compared to the NSF. NSF exhibits severe incompatibility with 
metamuscovite systems only. From the point of view of dispersion 
efficiency, the HPEG is marginally more effective than amphMPEG as 

it exhibits a shorter side chain length and a higher anionic charge 
density.  

� The influence of cement type is minor and is related with the current 
knowledge to the physical properties of cement. Further in-
vestigations should handle also higher substitution rates as the 
impact of cement type is expected to be even lower.  

� Thus far, the transferability of superplasticizer efficiency from 
calcined model clays to calcined common clays is limited due to 
differences in mineralogical composition but especially due to the 
physical parameters of the single components. To verify the disper-
sion efficiency of superplasticizers depending on type of phyllosili-
cate (1:1 vs. 2:1), the metaillite investigated should be compared 
with a coarser one as its physical properties significantly exceed 
those of the other calcined phyllosilicates. Further studies should 
focus on the time-dependent rheological behavior and increased 
substitution rates for a better evaluation of the dispersion 
performance. 
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Calcined clays represent a promising supplementary cementitious material (SCM) to face the growing demand
for binders and to compensate for the decreasing availability of established SCMs worldwide. A fundamental
knowledge about the interaction of cementitious systems with polycarboxylate ether (PCE)-based superplasticisers is
required for their optimised use as clinker substitute. As clays contain different phyllosilicates, this study focuses on
the behaviour of calcined phyllosilicates (metakaolin, metamuscovite, metaillite) and one calcined naturally occurring
clay. The impact on the rheology, hydration and setting behaviour of blended cement pastes with two PCE-based
superplasticisers is investigated using rotational viscometry, isothermal calorimetry and ultrasound, respectively. The
investigations reveal a good dispersion effectiveness of both PCE-based superplasticisers even with challenging
calcined phyllosilicates. The demand for superplasticiser can be derived largely from the physical properties of
calcined materials, except for metamuscovite. The calcined naturally occurring clay is easily dispersed due to its high
quartz content. The physical properties are also key parameters for the hydration and setting: the high specific
surface area and pozzolanic properties of calcined phyllosilicates can compensate for retardation effects whereas
there can be a significant retardation due to superplasticiser overdosage. Calcined clays with quartz may represent a
promising future clinker substitute for the concrete industry in view of hitherto uncritical superplasticiser dosages.

Notation
g
h
mbinder

N
nEO
Qmax

Qmin

R²
T
tQ,max

tQ,min

tUS,max

tUS,min

USmax

USmin

apparent yield stress (Nmm)
apparent viscosity (Nmm.min)
mass of binder component (g)
velocity (rpm)
ethylene oxide units in superplasticiser side chain
maximum heat of hydration (mW/g)
minimum heat of hydration (mW/g)
stability index for viscosimetric measurements
torque (Nmm)
time of maximum heat of hydration (h)
time of minimum heat of hydration (h)
time of maximum ultrasonic acceleration (h)
time of minimum ultrasonic acceleration (h)
maximum ultrasonic acceleration (m/s²)
minimum ultrasonic acceleration (m/s²)

γ shear rate
viscosityη

τ
τ0

shear stress
dynamic shear stress

Introduction
Calcined clays represent an attractive supplementary cementi-
tious material (SCM) in the face of an increasing demand for

binder components. Their influence on workability starts with
the mineralogical composition of the raw clays, as their water
demand depends on the type of clay mineral (He et al., 1995).
The dehydroxylation by calcination goes hand in hand with a
decrease in specific surface area (SSA) (Beuntner and Thienel,
2015; He et al., 1995; He et al., 2000; Neißer-Deiters et al.,
2019). Due to the still-larger SSA compared to other SCMs and
cements, calcined clay blended systems require the use of a super-
plasticiser (Beuntner et al., 2019). Recent findings by Neißer-
Deiters et al. (2019) even revealed an increasing water absorption
capacity of muscovite by calcination, which can require
additional measures for a proper workability of calcined musco-
vite-containing clays. Metakaolin (Mk)-blended cement paste
exhibits both thixotropic and dilatant flow behaviour (Curcio
and DeAngelis, 1998). Besides the SSA, the surface charge of
clays before and after calcination should be considered as the
main parameter for the adsorption of superplasticisers. Schmid
et al. (2018a, 2018b, 2018c) assume heterogeneous surface
charges of calcined Amaltheen clay (TG), leading to good
adsorption behaviour of superplasticisers, whereas systems with
Mk (Zaribaf et al., 2015; Zaribaf and Kurtis, 2018) or calcined
marl (Ng and Justnes, 2015a) are known for a higher superplasti-
ciser demand compared to plain cement systems. Systems with
calcined kaolinitic clay require more superplasticisers than those
with calcined 2 : 1 clay, according to Ferreiro et al. (2017).
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molecular structure and the chemical composition of PCE-
based superplasticisers both influence the reaction kinetics of
cementitious systems. According to Winnefeld et al. (2007), a
more pronounced retardation relates to an increased charge
density. Furthermore, the mechanisms of retardation seem to
differ between methacrylate-based and acrylate-based PCE
superplasticisers: while the former hinders the dissolution of
tricalcium silicate (by adsorption), the latter rather prevents the
nucleation of calcium silicate hydrate (C–S–H) (Regnaud
et al., 2011).

Taking this knowledge into account, a fundamental understand-
ing of the interaction of calcined clays with superplasticisers in
practical cementitious systems is urgently needed. The first part
of this paper deals with the modification of rheological behav-
iour of cement pastes due to the addition of different calcined
clays and with the effectiveness of PCE-based superplasticisers
in calcined clay blended systems. The second part discusses the
influence of calcined clays in interaction with PCE on hydration
and setting behaviour, and proposes how to combine established
methods in order to better predict the hydration and setting of
calcined clay blended systems.

Research significance
This study focuses on the use of calcined clays with their chal-
lenging physical properties as clinker replacement in the face
of the demand for suitable superplasticisers in the modern con-
crete industry. As usually higher amounts of superplasticisers
are required for an equal dispersion, the addition of superplas-
ticisers can have a significant impact on hydration and setting
behaviour. This paper presents the interaction of different clay
components with PCE-based superplasticisers regarding both
the rheology and hydration/setting behaviour. For the latter, it
proposes an analysis for the altered reaction mechanisms of
calcined clay blended systems.

Experimental programme

Materials and binder systems
An ordinary Portland cement (OPC) and a Portland limestone
cement (PLC) (for selected data) were used in the experimental
programme. The mineralogical composition of the cements
is given in Table 1. Both cements were substituted by 20 wt% of
calcined clays at a water/binder (w/b) ratio of 0·50. TG from
southern Germany was chosen – this has been described in
detail elsewhere, for example in Beuntner et al. (2019). TG

Apart from their significant impact on workability, calcined
clays have a pozzolanic contribution on clinker reaction kinetics
during early hydration and can promote the aluminate clinker
reaction (Beuntner, 2019; Danner et al., 2012; Scherb et al.,
2018). A fundamental understanding regarding the reaction
kinetics of calcined clays in combination with superplasticisers
in practical cementitious systems is urgently needed. Therefore,
different phyllosilicates have to be investigated in combination
with promising superplasticisers. Polycondensate- and polycar-
boxylate ether (PCE)-based superplasticisers can both retard
(Prince et al., 2002) and accelerate (Roncero et al., 2002; Sakai
et al., 2006) the aluminate clinker reaction, while the silicate
clinker reaction is usually retarded (Cheung et al., 2011; Jansen
et al., 2012; Lothenbach and Winnefeld, 2007). According to
Mollah et al. (2000) and several other authors (Cheung et al.,
2011; Jansen et al., 2012; Marchon, 2016), the reasons for this
are: (a) complexation of calcium ions, (b) hindered dissolution
of clinker phases, (c) modified nucleation during hydration due
to the adsorption of PCE on cement grains and hydrate phases
and (d ) disequilibrium of aluminate, silicate and sulfate carrier.

Calcined clays require huge amounts of lignosulfonates that
exceed recommended dosage limits and lead to strong retar-
dation effects (Sposito et al., 2018). Polycondensates retard the
aluminate clinker reaction and formation of ettringite while
PCE-based superplasticisers exhibit the least influence on the
hydration kinetics of calcined clay blended systems (Ng and
Justnes, 2015a; Zaribaf and Kurtis, 2018).

For a better understanding of calcined clay–superplasticiser
interactions, it is worth looking at other pozzolans. Fly ash
enhances the fluidity of cement paste due to its round particle
shape, and with superplasticiser the hydration kinetics are
retarded by both the fly ash and superplasticiser (Ng and
Justnes, 2016). The accelerating effect of silica fume can be
diminished by the preferred adsorption of retarding PCE mol-
ecules on the surface of silica fume particles (Meng et al., 2016).
On the other hand, the preferred adsorption of PCE on silica
fume leads to less adsorption on clinker grains, which enables
their unhindered hydration (Meng et al., 2016). Hence, the influ-
ence of the cementitious system on the reaction kinetics depends
largely on the amount of silica fume and superplasticiser (Meng
et al., 2016; Meng et al., 2019).

Besides the dosage of superplasticiser (Marchon, 2016; Meng
et al., 2019; Winnefeld, 2012) and the binder constitutions, the

Table 1. Mineralogical composition of OPC and PLC

Component: %

Cement
Tricalcium
silicate

Dicalcium
silicate

Tricalcium
aluminate

Tetracalcium
aluminoferrite

Calcium
carbonate

Sulfate
carrier Dolomite

Magnesium
oxide

Free calcium
oxide

OPC 61·6 18·2 5·8 9·0 0·6 3·2 — 0·9 0·6
PLC 48·9 15·2 5·1 8·1 14·4 4·0 3·0 0·8 0·1
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contains in its natural form different phyllosilicates (25 wt%
kaolinite and 45 wt% 2 : 1 clay minerals, e.g. illite and musco-
vite) and 30 wt% inert components (e.g. quartz, feldspar, calcite,
sulfates). An industrially used Mk, metaillite (Mi) and meta-
muscovite (Mu) were investigated as calcined phyllosilicates. The
Mi and Mu were calcined as powders in a laboratory muffle kiln
at 770 and 800°C, respectively. Raw illite had been dry-milled
before calcination to reduce the particle size at delivery from
d50=86 μm to d50= 3·7 μm. Muscovite is not a clay, but for sim-
plicity all calcined materials are designated as ‘calcined clays’, as
they also are in the following text. Table 2 lists the physical par-
ameters of all binder components and solubility of ions of cal-
cined clays analysed on elution according to DIN EN ISO
11885 (DIN, 2009b). Water demand is determined on binder
systems according to DIN EN 196-3 (DIN, 2009a) and for cal-
cined clays according to Puntke (Hunger and Brouwers, 2009).

Two superplasticisers were selected to investigate their effec-
tiveness in calcined clay blended cementitious systems by
using 0·20% active agent by weight of binder (%bwob). An α-
methallyl-ω-methoxy poly(ethylene glycol) ether type PCE
(HPEG) with a side chain length of nEO= 66 and anionic
charge density of 1751 μeq/g was investigated. Its solid content
is 50·0 wt%. A second PCE-based superplasticiser was syn-
thesised in the Department for Construction Chemistry of the
Technical University Munich, Germany. It is an amphoteric
polymer (amphMPEG) with a methacrylic acid monomer,
ω-methoxy poly(ethylene glycol) methacrylate ester (MPEG)
macromonomer and a diallyl dimethylammonium chloride as
cationic monomer. It has a longer side chain (nEO= 113) and
lower anionic charge density (1061 μeq/g) compared to HPEG,
and its solid content is 33·0 wt%. The solid content was

considered as an active agent while the residual superplasticiser
was considered as ‘water’ for the w/b ratio. Hence, the systems
always contained the same amount of active agent and water.
Stock solutions containing 1 l with superplasticiser and water
were prepared to reduce weighing errors.

The samples were designated in the following order: (i) type
of cement; (ii) substitution rate; (iii) type of calcined clay;
(iv) dosage of superplasticiser; and (v) type of superplasticiser.

Methods
Rheological measurements were conducted on blended cement
paste (mbinder= 600 g) according to DIN EN 196-3 (DIN,
2009a) using a rotational viscometer, the Viskomat NT
(Schleibinger, Germany). This was coupled with a water-based
circulatory cooling unit set at 20°C. The velocity started at
120 rpm for 10 min and successively slowed down to 80, 40 and
then 20 rpm for 2 min each. Rheological parameters were ana-
lysed according to the Bingham equation (Barnes and Walters,
1985; Hackley and Ferraris, 2001) (Equation 1).

1: T ¼ g þNh

where torque (T)≈ shear stress (τ); apparent yield stress (y-
intercept of flow curve) (g)≈ dynamic yield stress (τ0); velocity
(N)≈ shear rate (γ); and apparent viscosity (slope of flow
curve) (h)≈ viscosity (η).

The classification regarding the rheological behaviour was
based on the criteria in Table 3.

Table 2. Physical parameters of binder components and ion-solubility of calcined clays

Parameter OPC PLC Mk Mu Mi TG

Particle density: g/cm3 3·17 3·09 2·61 2·79 2·72 2·63
Brunauer–Emmett–Teller SSA: m2/g 1·0 1·7 17·8 11·8 94·6 3·9
Water demand of cementitious systems: % 28·9 28·2 34·5/34·3 55·4/55·0 38·6/38·4 30·5/30·3
Water demand (Puntke): % — — 56·9

57·8
59·4

79·8
83·2
92·3

67·7
69·7
71·8

42·1
45·8
46·4

d10: μm 4·1 2·3 3·0 9·3 2·7 4·0
d50: μm 15·8 13·1 14·8 19·2 6·8 13·2
d90: μm 46·0 46·0 76·2 45·7 61·9 37·0
Silicon ion solubility: wt% — — 15·6 4·0 0·5 1·8
Aluminium ion solubility: wt% — — 14·2 1·5 0·3 1·1

Table 3. Classification schema for rheological properties of suspensions

Apparent yield stress, g: Nmm R2 Type of fluid

g>0 �1 Bingham fluid (Barnes and Walters, 1985; Hackley and Ferraris, 2001)
≪1 Herschel–Bulkey fluid (Hackley and Ferraris, 2001)

g≤ 0 �1 Newton fluid (Barnes and Walters, 1985; Hackley and Ferraris, 2001)
≪1 Decreasing flow curve gradient Shear-thinning (pseudoplastic) fluid (Hackley and Ferraris, 2001)

Increasing flow curve gradient Shear-thickening (dilatant) fluid (Hackley and Ferraris, 2001)
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The hydration kinetics were determined for 36 h by isothermal
calorimetry with TAM Air (TA Instruments, Delaware/USA)
at 25°C. Each binder was homogenised for 30 s before
the paste was mixed for 60 s by hand. The samples were trans-
ferred into plastic ampoules for calorimetric measurements.
The resulting heat flow was calculated per 1 g of cement. The
cumulative heat of hydration (HH; in J/g) was calculated by
integrating the heat flow over time and multiplying it by 3·6 to
adjust the units. It was set at 0 J/g at the end of the rest period
(when the heat flow began to rise again).

The early setting behaviour and hardening of binder systems
were measured indirectly for 36 h via the development of ultra-
sound speed (m/s) by an ultrasonic p-wave unit, Vikasonic
(Schleibinger, Buchbach/Germany). According to several
authors, this is a reliable and suitable method for systems with
different consistencies (Lootens and Bentz, 2016; Trtnik et al.,
2009). Segregation effects can be counteracted by adding
quartz to cement paste (von Daake, 2016; von Daake and
Stephan, 2015). Thus, binder systems with 40 vol% of quartz
powder and 60 vol% of pure and blended cement paste were
mixed when superplasticisers were used. Reference systems
without superplasticisers were measured on cement pastes only.
The equipment was stored in a climate chamber (20°C/65%
relative humidity) during measurement. For the correlation of
ultrasonic speed development with isothermal calorimetry, the
original curve of ultrasonic speed was analysed based on von
Daake (2016) as follows.

(a) The data points were reduced to a total amount of 1000.
(b) The reduced curve was smoothed by a Savitzky–Golay

filter (10 points, 2nd degree polynomial).
(c) The smoothed curve was derived by time (1st order),

which results in the acceleration of ultrasound (divided
by 3600 to adjust the units).

(d ) The acceleration of ultrasound (m/s2) was smoothed
by a Savitzky–Golay filter (100 points, 2nd degree
polynomial).

In order to prove the correlation between heat flow and setting
behaviour, selected in situ XRD measurements were conducted.
The sample preparation was analogous to the isothermal calori-
metry. The blended cement paste was transferred into flat metal
crucibles and covered by a Kapton film to prevent drying of
the fresh paste. The hydration behaviour was observed by X-ray
diffraction (XRD), using, Empyrean (PANalytical, Almelo/
Netherlands), with PIXcel1D detector and Bragg–BrentanoHD

monochromator. The XRD sample holder was connected to a
temperature-controlled device (25°C). The time-dependent
appearance and disappearance of phases were determined by
qualitative peak analysis of representative main reflexes with the
following Miller indices: ettringite ((010) and (110)) (Goetz-
Neunhoeffer and Neubauer, 2005), hemicarboaluminate (006)
(Runcevski et al., 2012), gypsum (020) (Schofield et al., 2000),
anhydrite (020) (Kirfel and Will, 1980) and portlandite (001)
(Busing and Levy, 1957), using the software Highscore Plus 4·7
(PANalytical, Almelo/Netherlands).

Results

Rheological behaviour
The reference systems with 20 wt% Mu could not be measured
using the rotational viscometer. To address this, the amount of
Mu was reduced to 10 wt% and 5 wt%. With these results
included, the yield stress of reference systems has the following
order: OPC/PLC_20Mu≫OPC_20Mk/PLC_20Mi>OPC_
20Mi/PLC_20Mk≫OPC/PLC_20TG>OPC/PLC. The appar-
ent viscosity is similar for OPC and OPC_20Mk as well as for
OPC_20Mi and OPC_20TG, respectively. PLC systems exhibit
higher apparent viscosity compared to OPC systems where
PLC_20Mk has the highest and PLC the lowest value.

Independent of HPEG and amphMPEG, apparent viscosity is
reduced for OPC/PLC and OPC/PLC_20TG, it stays similar to
reference for OPC_20Mk whereas it is reduced for PLC_20Mk
and is even slightly increased in OPC/PLC_20Mi systems. All
systems, OPC/PLC_20Mu especially, reveal a (slightly) higher

Table 4. Apparent viscosity and yield stress of cementitious systems with and without 0·20%bwob PCE

Binder systems

Apparent viscosity, h: Nmm.min Apparent yield stress, g: Nmm

Ref HPEG amphMPEG Ref HPEG amphMPEG

OPC 0·08 0·03 0·05 6·41 1·87
OPC_20Mk 0·06 0·05 0·07 169·30

−0·55
6·97 11·77

OPC_20Mu — 0·83 1·98 —

OPC_20Mi 0·17 0·20 0·22 102·71
OPC_20TG 0·14 0·06 0·06 17·70

PLC 0·10 0·03 0·03 9·47
PLC_20Mk 0·24 0·05 0·06 77·50
PLC_20Mu — 1·00 1·67 —

PLC_20Mi 0·20 0·23 0·28 86·35
PLC_20TG 0·15 0·05 0·05 19·26

−23·28
21·78
−0·94

−0·57
13·82

−23·70
41·36
−0·92

−30·38
42·20
−0·92

−0·52
17·20
43·44
61·22
−0·82
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viscosity with amphMPEG compared to HPEG, indicating the
better adsorption behaviour of the latter.

Yield stress, one of the main parameters for concrete work-
ability (Colombo et al., 2017), is significantly reduced with
the addition of PCE. Again, OPC/PLC_20Mu systems stand
out for its extraordinary behaviour due to highly negative
yield stress (Table 4). As the negative values are physically
implausible, they are assumed to be zero and suggest self-
flowing properties (Barnes and Walters, 1985). PLC_20Mu_
0·20amphMPEG still exhibits a high yield stress due to a less
effective dispersion of amphMPEG compared to HPEG. The
yield stress of OPC/PLC and OPC/PLC_20TG is slightly nega-
tive or close to zero, which indicates the behaviour of a Newton
fluid as R2 values are �1 (Figures 1 and 2). The biggest
reduction of yield stress due to the addition of the superplastici-
sers is shown by OPC/PLC_20Mk followed by OPC/PLC_20Mi
systems, which still maintain the highest yield stress of all sys-
tems. While OPC/PLC_20Mk_0·20HPEG systems represent
Bingham fluids, OPC/PLC_20Mk_0·20amphMPEG and OPC/
PLC_20Mi systems are classified as Herschel–Bulkey fluids as

there is a non-linear ratio of revolutions to mean torque values
(Figures 1 and 2). Again, OPC/PLC_20Mu systems behave
differently: they have low yield stress values at low velocity that
increase significantly with higher velocity, which is more
pronounced with amphMPEG (Figure 2). Considering the nega-
tive yield stress, the low R2 values and the curve shapes,
OPC_20Mu systems are classified as shear-thickening fluids
(Table 3).

Development of heat flow and heat of hydration
Figure 3 exemplarily demonstrates the impact of 20 wt% of
calcined clays on the reaction kinetics of OPC. The end of rest
period, tQ,min, indicated as an inflection point after the
decrease of heat flow, is in the range of 1·8–2·5 h for the refer-
ence systems without superplasticiser (Table 5). The heat flows
of OPC_20Mi and OPC_20Mk result after 8/9 h only in the
highest Qmax values (Table 5), indicating the aluminate clinker
reaction according to Hesse et al. (2011). OPC_20Mu reveals
a broader shoulder and a lower aluminate peak but still
a remarkable pozzolanic contribution of Mu. OPC and
OPC_20TG have a similar heat flow curve for the first 15 h.
Subsequently, OPC_20TG exhibits a broad peak with its
maximum at 22 h, which can again be associated with the
pozzolanic activity of TG.

The heat flow curves for binder systems with 0·20%bwob of
HPEG (Figure 4) and amphMPEG (Figure 5) reveal that the
rest period of binder systems investigated is delayed with the
addition of PCE. Adding more PCE than required – as assumed
for OPC/PLC and OPC/PLC_20TG from rheological measure-
ments – can prolong the rest period significantly by up to 2·8 h.
This is accompanied by a subsequent increase in heat flow,
whereas the effect is less distinct for OPC_20Mu systems and
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later (Table 5). Regarding the main peak of systems with cal-
cined phyllosilicates, the impact of 0·20%bwob PCE seems,
once again, to be minor: OPC_20Mu systems reveal a retar-
dation of ≤2·4 h but higher Qmax values. OPC_20Mk and
OPC_20Mi systems have lower Qmax values with the addition
of PCE but less retardation (≤1·9 h).

Table 6 lists HH values. The values at 3 h are low due to the
reset at the end of the rest period of each system and hence
will not be further considered in the discussion. After 6 h, the
HH of systems with superplasticiser is significantly lower
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Figure 4. Heat flow of OPC_x systems with 0·20%bwob HPEG

Table 5. Significant Q values (mW/g) during heat flow measurements at time t (h)

System Qmin tQ,min Qmax,1 tQ,max,1 Qmax,2 tQ,max,2

0·4 2·1 2·8 10·5 2·7 13·7
0·2 4·8 — — 3·0 18·0
0·3 3·3 — — 3·1 14·3
0·5 2·0 2·7 8·2 3·4 15·8
0·2 4·2 — — 2·8 18·0
0·3 2·7 — — 3·9 13·9
0·9 2·5 — — 10·6 9·4
0·7 2·7 — — 8·1 8·9
0·7 2·5 — — 9·5 11·3
0·6 1·8 — — 5·9 13·2
0·3 3·5 — — 7·8 15·6
0·5 2·4 — — 7·4 14·1
1·5 2·5 — — 16·7 8·2
1·3 2·7 — — 15·4 9·1
1·2 3·0 — — 14·1 9·6
0·5 2·2 3·0 10·5 3·0 20·8
0·2 5·0 3·1 18·6 3·0 24·2
0·4 3·2 3·1 15·7 3·3 21·0
0·6 2·1 2·6 8·0 5·4 14·5
0·3 4·5 3·3 18·2 2·5 22·0

OPC
OPC_0·20HPEG
OPC_0·20amphMPEG
PLC
PLC_0·20HPEG
PLC_0·20amphMPEG
OPC_20Mk
OPC_20Mk_0·20HPEG
OPC_20Mk_0·20amphMPEG
OPC_20Mu
OPC_20Mu_0·20HPEG
OPC_20Mu_0·20amphMPEG
OPC_20Mi
OPC_20Mi_0·20HPEG
OPC_20Mi_0·20amphMPEG
OPC_20TG
OPC_20TG_0·20HPEG
OPC_20TG_0·20amphMPEG
PLC_20TG
PLC_20TG_0·20HPEG
PLC_20TG_0·20amphMPEG 0·4 2·7 — — 5·6 14·1
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Figure 5. Heat flow of OPC_x systems with 0·20%bwob
amphMPEG

marginal for OPC_20Mk and OPC_20Mi systems. For all disper-
sed systems, Qmin values are slightly lower than for the reference
systems (Table 5). The retarding impact is here more pronounced
with the addition of HPEG compared to amphMPEG.

The same holds, except for OPC_20Mk and PLC systems,
even to a larger extent for the retarding effect of Qmax occur-
rence (Table 5). Using 0·20%bwob of PCE, the main peak
Qmax,1 of OPC disappears and Qmax,2 occurs up to 4·3 h later.
Peak Qmax,1 of OPC_20TG still arises with similar values but
partially up to 8 h later while Qmax,2 occurs as much as 10·7 h
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compared to that of the reference systems as the increase of
their heat flow curves is less pronounced and occurs later
(Table 6). After 12 h, the HH of OPC, OPC_20Mu and
OPC_20TG systems with superplasticisers reaches ≤60% of
reference values of HH only, whereas the HH of OPC_20Mk
and OPC_20Mi systems are partially less retarded and thus
closer to the reference values (≤92%). The type of PCE is
more decisive for PLC and PLC_20TG systems: the

retardation is significantly lower with amphMPEG compared
with HPEG. HH values after 24 h and 36 h indicate that
systems with PCE almost achieve or even exceed a similar level
to the reference systems whereas HPEG systems still lag some-
what behind – except of OPC_20Mk and OPC_20Mi systems.
All HH values are higher for amphMPEG systems than for
HPEG systems, indicating the smaller impact of amphMPEG
on the reaction kinetics. OPC/PLC and OPC/PLC_20TG are

Table 6. Development of heat of hydration within the first 36 h of hydration

System

Heat of hydration for selected time: J/g

h3 h6 h12 h24 36 h

1 12 65 155 208
<1 <1 10 115 185
<1 4 40 152 219
2 16 74 169 206

<1 2 22 121 159
<1 8 58 150 187
2 27 133 214 258

<1 15 90 168 251
1 18 115 206 252
3 34 106 212 253

<1 4 51 187 237
1 12 75 199 244
3 37 147 220 261
2 29 135 207 248

<1 12 127 206 250
2 14 80 199 243

<1 1 12 127 209
<1 5 47 176 229
2 17 77 184 223

<1 2 23 129 172

OPC
OPC_0·20HPEG
OPC_0·20amphMPEG
PLC
PLC_0·20HPEG
PLC_0·20amphMPEG
OPC_20Mk
OPC_20Mk_0·20HPEG
OPC_20Mk_0·20amphMPEG
OPC_20Mu
OPC_20Mu_0·20HPEG
OPC_20Mu_0·20amphMPEG
OPC_20Mi
OPC_20Mi_0·20HPEG
OPC_20Mi_0·20amphMPEG
OPC_20TG
OPC_20TG_0·20HPEG
OPC_20TG_0·20amphMPEG
PLC_20TG
PLC_20TG_0·20HPEG
PLC_20TG_0·20amphMPEG <1 9 60 163 204

Table 7. Time (h) of minima and maxima of ultrasonic speed acceleration

System tUS,min,1 tUS,max,1 tUS,min,2 tUS,max,2

OPC 3·8 — — 13·6
OPC_0·20HPEG 4·6 — — 16·9
OPC_0·20amphMPEG 3·3 — — 14·0
PLC 3·8 6·4 11·8 18·6
PLC_0·20HPEG 4·5 14·2 — 17·7
PLC_0·20amphMPEG 3·7 14·9 — —

OPC_20Mk 3·8 5·7 6·5 14·2
OPC_20Mk_0·20HPEG 4·0 5·6 7·9 11·0
OPC_20Mk_0·20amphMPEG 3·8 5·3 7·4 10·7
OPC_20Mu 3·0 7·0 10·8 13·0
OPC_20Mu_0·20HPEG — 7·4 11·9 14·3
OPC_20Mu_0·20amphMPEG 3·0 7·2 12·1 14·3
OPC_20Mi 3·7 5·5 6·2 9·4
OPC_20Mi_0·20HPEG 3·7 5·4 6·5 10·0
OPC_20Mi_0·20amphMPEG 4·2 5·3 — 9·05
OPC_20TG 3·9 — — 13·5
OPC_20TG_0·20HPEG 3·5 17·7 23·6 25·9
OPC_20TG_0·20amphMPEG 3·4 11·1 14·2 19·8
PLC_20TG 3·6 5·7 7·8 16·2
PLC_20TG_0·20HPEG 3·8 4·2 4·6 17·0
PLC_20TG_0·20amphMPEG 2·9 5·6 9·5 16·0
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Taking a closer look at the physical properties of the binder
systems with PCE added, there is a considerable exponential
increase in viscosity and in yield stress depending on water
demand (Figure 6). The correlation fits better for the apparent
viscosity than for yield stress. As OPC/PLC_20Mu systems
exhibit the highest water demand but negative yield stress,
those values are not considered in the curve fitting but confirm
to a large extent the high water uptake of Mu (Neißer-Deiters
et al., 2019) and its rheological behaviour (Schmid et al.,
2019). When it comes to the OPC/PLC_20Mi systems, one
additional parameter to consider is the grinding fineness,
resulting in the large SSA of Mi, shown in Table 2, which both
affect significantly the demand for superplasticiser (Plank
et al., 2009) and the rheological behaviour. Figure 7 reveals for
both apparent viscosity and yield stress a certain correlation
with total surface area (TSA) (product of particle density and
SSA taken on a percentage basis from the binder materials in
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significantly retarded, which is related to an overdose of super-
plasticiser as shown for the rheological behaviour.

Setting behaviour according to ultrasound
acceleration
The derived ultrasonic speed, namely its acceleration, shows
up minimum and maximum values, designated as tUS,min and
tUS,max respectively, as given in Table 7. With the addition of
PCE, slight retardation effects of tUS,min,1 are observed. In
OPC/PLC and OPC/PLC_20TG, the retarding effect on
tUS,max is pronounced whereas the influence of PCE on the
systems with calcined phyllosilicates is minor. For the system
with calcined clays, it is notable that two maximum peaks
occur for the system with calcined clays, which is discussed
along with isothermal calorimetry and in situ XRD in Section
‘Analysis of the microstructure development with the help of
ultrasound method’.

Discussion

Interaction of calcined clays and PCE-based
superplasticisers with regard to the rheology
of cement paste
The differences between HPEG and amphMPEG regarding
their dispersing effectiveness are minor. However, HPEG
can reduce viscosity and yield stress better than amphMPEG.
This might be due to its higher anionic charge density and
shorter side chain length, which better interact with calcined
clay blended systems (Navarro-Blasco et al., 2014).

Contrary to the literature (Curcio and DeAngelis, 1998;
Moulin et al., 2001; Vance et al., 2013), Mk-blended systems
reveal no dilatant behaviour, which might be due to the
relatively low replacement level of 20 wt%. By contrast,
OPC_20Mu systems are classified as shear-thickening fluid
(Table 3), which is consistent with the findings of Schmid et al.
(2019). Viscosity is slightly increased for OPC/PLC_20Mi
systems with the addition of PCE, which runs contrary to
other systems with fine particles – for example silica fume
(Meng et al., 2019) – but might be within the range of meas-
urement error. In general, both PCE-based superplasticisers
perform better with the calcined 1 : 1 phyllosilicate than
with the calcined 2 : 1 phyllosilicates used. This is contrary
to Ferreiro et al. (2017), who assume that the higher dispersion
effectiveness results from the mineralogical structure of the
phyllosilicates after dehydroxylation: superplasticisers seem to
be isolated in the highly disordered structure of Mk and are
not completely available for dispersion. Compared to 1 : 1 phyl-
losilicates, calcined 2 : 1 phyllosilicates retain their multilayered
structure after calcination and superplasticisers are adsorbed
on particle edges that prevent intercalation effects in the
remaining pseudo-laminar structure (Ferreiro et al., 2017; Ng
and Justnes, 2015b).
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Table 2), as previously mentioned by Bentz et al. (2012).
Again, Mu systems fall out of line as the rheological values
obtained do not fit with the relatively low TSA of 9·12 and
10·78 m2/cm3 for OPC_20Mu and PLC_20Mu, respectively.
Nonetheless, it is incorrect to assume that the PCE-based
superplasticisers investigated are incompatible with Mu as
there is definitely a reduction in shear stress. As already men-
tioned, muscovite is not a clay but, as a phyllosilicate, is a non-
negligible component in naturally occurring clays considered
as future SCMs (Beuntner et al., 2019; Maier et al., 2019;
Schulze and Rickert, 2019). It is important for concrete tech-
nology whether there is a critical muscovite content in clays
that perturbs the workability of calcined clay blended systems.
TG contains in its raw form �25 wt% kaolinite and 45 wt%
2 : 1 phyllosilicates (mica, illite) (Beuntner et al., 2019), and the
particles are finer than those of OPC, Mk or Mu (Table 2).
Nonetheless, the rheological behaviour is comparable to that
of OPC/PLC systems with the addition of superplasticiser due
to the low SSA and water demand of TG (Table 2). One plaus-
ible reason is the non-negligible amount of quartz (�18 wt%)
(Beuntner et al., 2019), which is responsible for the reduced
yield stress of cement paste (Daukšys et al., 2010). These
observations highlight the need to investigate all constituents
of clays and not only systems with individual calcined clays.

Regarding the observed effects, both PCE-based superplastici-
sers can disperse most of the investigated systems sufficiently
where the efficiency seems to be slightly superior for HPEG
compared to amphMPEG. With the dosage chosen, OPC/
PLC_20Mi and OPC/PLC_20Mu still reveal a high viscosity
and shear stress but a significant reduction of both parameters
with the addition of PCE. The rheological behaviour of OPC/
PLC_20TG is remarkable compared to neat cement pastes and
systems with calcined phyllosilicates, and, as a possible key par-
ameter, its quartz content is worth being part of further
research.

Impact of calcined clays with PCE on the
early hydration kinetics
The physical properties of calcined clays dominate the heat flow
during the first hours of hydration. The aluminate reaction, indi-
cated by the maximum peak Qmax according to Hesse et al.
(2011), is significantly accelerated for systems with calcined
phyllosilicates, as also described by Scherb et al. (2018). In the
case of Mi systems, this is related to the high grinding fineness
and large SSA (Lapeyre et al., 2019). The high Qmax of
OPC_20Mk originates from high solubility of aluminium and
silicon ions (Table 2) such as from overlaying effects of silicate
and aluminate reaction (Antoni et al., 2012; Beuntner, 2019).

With the addition of PCE, the rest period of binder systems
investigated is delayed, as described, for example, by Avet and
Scrivener (2018). The retarding impact is here more pro-
nounced with the addition of HPEG compared to

amphMPEG, which might be due to its higher charge density
(Winnefeld et al., 2007). The rise of heat flow after the rest
period is due to the dissolution of C3S and the concurrent
formation of portlandite and C-S-H (Bellmann et al., 2010;
Bergold et al., 2013; Hesse et al., 2011) as well as due to the
perpetual formation of ettringite for systems with calcined
clays (Scherb et al., 2018). Delays of Qmax,1 and Qmax,2 of
differing severity such as higher Qmax values indicate non-
linear shifts and merging effects in reaction kinetics as known
from the literature (Jansen et al., 2012; Ng and Justnes, 2016;
Zhang et al., 2015).

As described for the rheological properties, the investi-
gations with isothermal calorimetry reveal that the physical
characteristics of the calcined clays investigated also seem
to have a major influence on the reaction kinetics.
Especially for systems with Mk and Mi, there seems to
be a compensation between the retarding effect known
from PCE by the filler and the pozzolanic effect of Mk and
Mi, respectively, as previously published for silica fume (Meng
et al., 2019). Considering the type of PCE, amphMPEG seems
to have less retardation effect than HPEG and, when PCE
dosages are adjusted to meet the demands of each system, the
retardation should be less as well.

Analysis of the microstructure development with
the help of ultrasound method
For OPC and OPC_20TG systems, the acceleration of ultra-
sound is nearly congruent with their heat flow curves as shown
for OPC_0·20amphMPEG in Figure 8. The time of minimum
acceleration tUS,min,1 is in a similar range to the end of rest
period tQ,min and reveals again the mostly retarding effect of
PCE. Systems with calcined phyllosilicates exhibit a split course,
indicating two separate processes, as shown exemplarily for
OPC_20Mu_0·20amphMPEG in Figure 9. Complementary
in situ XRD measurements show that primary portlandite
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Conclusions and outlook
Based on the results and analysis previously described, the fol-
lowing conclusions can be drawn and possible future research
outlined.

& PCE-based superplasticisers efficiently reduced the yield
and shear stress of the binder systems investigated.
Polymers with a shorter side chain and higher anionic
charge density tended to be more effective.

& Rheological properties depend to a large extent on the
physical properties of the binder components.

& Mu behaves completely differently from other
phyllosilicates. As a non-negligible component in naturally
occurring clays, it requires extra attention. Further
investigations will focus on a critical content of
muscovite regarding the workability of calcined clay
blended systems.

& TG is easily dispersed compared to pure calcined
phyllosilicates. Additional experiments should reveal to
what extent quartz is a key parameter in compensating for
the critical behaviour of phyllosilicates.

& A lower anionic charge density leads to less pronounced
retardation effects in hydration kinetics.

& Depending on the type of calcined clay, the retardation
effects can be partially compensated for by the pozzolanic
properties of calcined phyllosilicates.

& The combination of isothermal calorimetry and ultrasonic
measurements with in situ XRD provides a detailed insight
into the setting behaviour and development of calcined
clay blended systems during early hydration.
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formation can be related to half of the acceleration phase
observed by ultrasound. In isothermal calorimetry, this usually
determines the initial set (Wadsö et al., 2016). The first
maximum ultrasound acceleration USmax,1 correlates with the
dissolution of gypsum. This complies with findings of Scherb
et al. (2018) who assume that a continuous ettringite formation
during this period causes the broad shoulder of heat flow for
calcined phyllosilicate blended systems. Robeyst and De Belie
(2009) and Robeyst et al. (2011) combine a semi-adiabatic
calorimeter with ultrasonic p-wave measurements and conclude
a correlation between the maximum of ultrasound acceleration
and final set such as a similar course of ultrasonic acceleration
and heat flow. According to Kjellsen et al. (1991), the for-
mation of C–S–H needles furthermore leads to a denser micro-
structure and thus should result in an accelerated ultrasound.
The second minimum in acceleration curve, tUS,min,2, is con-
gruent with the beginning of the main peak in isothermal calori-
metry and occurs earlier for highly reactive systems with Mk
and Mi. The occurrence of the (second) maximum of accelera-
tion, tUS,max,2, and heat flow curves, tQ,max,2, correlates well
(Figure 10) and indicates both the reactivity of calcined clays
(Mi>Mk>Mu>TG) such as their interaction with super-
plasticisers. Both maxima, Qmax and USmax,2, fit well with the
dissolution of anhydrite and maximum ettringite content, hence
the secondary aluminate reaction as reported by Hesse et al.
(2011) and Scherb et al. (2018). The first detection of hemi-
carboaluminate coincides again with the deceleration and the
decline of heat flow after the second maxima. Combining iso-
thermal calorimetry with ultrasonic method and in situ XRD
can hence give a fundamental insight into the setting behaviour
of complex systems.
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Trtnik G, Valič M, Kavčič F and Turk G (2009) Comparison between
two ultrasonic methods in their ability to monitor the setting
process of cement pastes. Cement and Concrete Research 39(10):
876–882.

Vance K, Kumar A, Sant G and Neithalath N (2013) The rheological
properties of ternary binders containing Portland cement,
limestone, and metakaolin or fly ash. Cement and Concrete
Research 52: 196–207.

von Daake HF (2016) Möglichkeiten zur Optimierung der Wirkungsweise
bauchemischer Zusatzmittel durch Mechanismen der kontrollierten
Wirkstofffreisetzung. Doctoral thesis, Technische Universität
Berlin, Germany (in German).

von Daake HF and Stephan D (2015) Kombination von ultraschall und
kalorimetrie zur untersuchung der frühen zementhydratation unter
einfluss bauchemischer zusatzmittel. In Ibausil – 19: Internationale
Baustofftagung, Weimar, Germany (Fischer HB, Boden C and

12

Magazine of Concrete Research Rheology, setting and hydration of
calcined clay blended cements in
interaction with PCE-based
superplasticisers
Sposito, Beuntner and Thienel



Publications - Rheology, setting and hydration of calcined clay blended cements in interaction with PCE-
based superplasticisers 

112 

Neugebauer M (eds)). F.A. Finger – Institut für Baustoffkunde,
Weimar, Germany, pp. 727–734 (in German).

Wadsö L, Berodier E, Bizzozero J et al. (2016) Calorimetry. In:
A Practical Guide to Microstructural Analysis of Cementitious
Materials. CRC Press, Boca Raton, FL, USA, pp. 37–74.

Winnefeld F (2012) Interaction of superplasticizers with calcium
sulfoaluminate cements. In 10th International Conference on
Superplasticizers and Other Chemical Admixtures, Prague, Czech
Republic. American Concrete Institute, Farmington Hills, MI,
USA, pp. 21–36.

Winnefeld F, Becker S, Pakusch J and Götz T (2007) Effects of the
molecular architecture of comb-shaped superplasticizers on their
performance in cementitious systems. Cement and Concrete
Composites 29(4): 251–262.

Zaribaf BH and Kurtis KE (2018) Admixture compatibility in
metakaolin–portland-limestone cement blends. Materials and
Structures 51: 13.

Zaribaf BH, Uzal B and Kurtis K (2015) Compatibility of
superplasticizers with limestone-metakaolin blended
cementitious system. In Calcined Clays for Sustainable Concrete –
Proceedings of the 1st International Conference on Calcined
Clays for Sustainable Concrete, Lausanne, Switzerland
(Scrivener K and Favier A (eds)). Springer, Berlin, Germany,
pp. 427–434.

Zhang YR, Kong XM, Lu ZB, Lu ZC and Hou SS (2015) Effects of the
charge characteristics of polycarboxylate superplasticizers on
the adsorption and the retardation in cement pastes. Cement and
Concrete Research 67: 184–196.

How can you contribute?

To discuss this paper, please submit up to 500 words to the
editor at journals@ice.org.uk. Your contribution will be
forwarded to the author(s) for a reply and, if considered
appropriate by the editorial board, it will be published as a
discussion in a future issue of the journal.

13

Magazine of Concrete Research Rheology, setting and hydration of
calcined clay blended cements in
interaction with PCE-based
superplasticisers
Sposito, Beuntner and Thienel



Publications - Physical and mineralogical properties of calcined common clays and their impact on flow 
resistance and superplasticizer demand 

113 
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A B S T R A C T

Physical properties of calcined clays differ significantly and depend to a large extent on the mineralogy of the 
raw clays. In this study, four common clays and one kaolinite-rich mine tailing are calcined at 800 ◦C. Their 
impact on flow properties of blended cement paste is measured via rotational viscometer and analyzed by 
(modified) Bingham and Herschel-Bulkley model, combined with the calculation of flow resistance. The demand 
for superplasticizers rises significantly due to the special characteristics of calcined clays, namely particle size, a 
high water demand and negative zeta potential. Muscovite present in raw clay is critical as it increases the water 
demand, yield stress and viscosity. In general, the addition of three industrial polycarboxylate-based super-
plasticizers (PCEs) reveals good dispersion. Calcined kaolinite-rich clays require more PCE compared to calcined 
clays rich in 2:1 phyllosilicates. The studied PCEs interact well with all types of metaphyllosilicates besides 
metamuscovite.   

1. Introduction

Considering the desperate need for supplementary cementitious
materials (SCM), the calcination of common clays or shales (with im-
purities like quartz) becomes of interest, as they are available in many 
regions of the world. The pozzolanic activity of calcined common clays 
origins, besides their kaolinite content, to a lesser extent from 2:1 
phyllosilicates, like illite or smectite, present in raw clay [1–9]. 

The addition of calcined clays, however, alters the rheological 
properties of cementitious systems significantly, indicated by higher 
yield stress, viscosity, cohesion and adhesion values [10]. Calcined clays 
can increase the degree of shear-thickening due to flocculation and high 
water adsorption [11–13]. Approaches to characterize the rheological 
behavior of calcined clay blended cement pastes by Bingham and 
Herschel-Bulkley models [14] have been published e.g. in [10,15–18]. 
Tregger et al. [19] also considered the volume fraction by using the 
compressive rheology method and modified Bingham equation accord-
ing to Papanastasiou [20]. For flocculating mixtures, they proposed a 
Krieger & Dougherty model, that was originally used to describe non- 
flocculating suspensions [21]. It was modified by Soua et al. [22] and 
took not only the viscosity and volume fraction into account, but also the 
maximum packing density of the flocs as well as the shear and yield 
stress of the suspension [19]. The advantage of this modified model is 

the consideration of entrapped water into but also its release from the 
flocs. Blachier et al. [23] doubted the use of Krieger & Dougherty model 
as it does not consider non-spherical shaped particles, a morphology that 
does also apply for calcined clays [15]. They rather proposed an eval-
uation of the hydrodynamic volume of particles instead of their real 
solid volume as it considers the aqueous phase entrapped in the particles 
[23]. Irassar et al. [24] compared the shear stress of different calcined 
clay additions and cements at varying shear rates. Ng and Justnes [25] 
described the rheological behavior of cement blended with calcined 
marl by using the area under the flow curve, designated as flow 
resistance. 

Going along with the altered rheological behavior, the addition of 
calcined clays as SCM, especially at high replacement levels, requires 
more superplasticizer compared to neat cement [15,26,27]. Sonebi et al. 
[28] simulated the influence of viscosity modifying agents and super-
plasticizers on metakaolin-based cement suspensions by using another
modified Bingham model proposed by Khayat & Yahia [29]. When it
comes to the mineralogical composition of clays, the influence of the
individual phases, especially of 1:1 and 2:1 phyllosilicates, on the
required amount of superplasticizer is still under discussion. Beigh et al.
[30] revealed more challenging rheological properties for a calcined
clay that is rather coarse but contains residual kaolinite due to non- 
complete dehydroxylation, in comparison to a finer calcined clay
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dosages compared to ordinary Portland cement from the same cement 
plant [15,39]. On the other hand, the use of PLC can reduce further the 
amount of clinker, promote the aluminate reaction and diminish the 
influence of carbonates present in clays. 

2.1.2. Calcined clays 
Four common clays and one clay-rich mine tailing, all originating 

from Southern Germany, are investigated after calcination for 60 min in 
a laboratory muffle kiln. A detailed characterization of the raw materials 
and towards the pozzolanic activity of the calcined clays was previously 
published by Maier et al. [8]. Their designation and a short description 
of the geological origin is given hereafter, as well as a mineralogical 
composition in Table 2:  

• MURR: 
foreland 

Upper 
basin  

Eocene to Upper Miocene sediments of the alpine 

• AC: Marine sediments of a continental shelf from early Jurassic  
• KUP: Primary kaolin deposit formed 

  
between Eocene and Miocene  

• RKUP: Kaolinite-rich mine tailing
• FUP: Sedimentary kaolinite-rich clays deposited in the Miocene 

R. Sposito et al.

where the kaolinite has been fully transformed to amorphous phase 
(metakaolinite). They related the observed effects on rheological prop-
erties to intercalation of polyethylene glycol side chains of conventional 
PCE into kaolinite structure [30]. Intercalation is well known for 
swelling clay minerals, e.g. smectite [31], whereas for instance Lei & 
Plank found that adsorption of PCEs onto kaolinite and muscovite only 
appears on their surface [32]. Akhlaghi et al. [33] further found that no 
intercalation of AMPS-PCE takes place into a calcined kaolinite-rich clay 
(metakaolin content after calcination: 42 wt%), that contained signifi-
cant amounts of residual kaolinite, 16 wt% of quartz and < 2 wt% other 
mineral phases. It is yet unclear, however, what happens to those clay 
minerals that are sensitive towards intercalation, when their dehy-
droxylation is completed. Ferreiro et al. [11] described that kaolinite- 
rich clays require more superplasticizer than smectitic clays as super-
plasticizer polymers can be entrapped into the amorphous structure of 
metakaolin caused by dehydroxylation, while 2:1 phyllosilicates keep 
their layered structure and superplasticizers adsorb only at their edges. 
In contrast, a better superplasticizer performance is identified for ce-
ments blended with metakaolin compared to metaillite and meta-
muscovite, as well as a low superplasticizer demand for calcined 
common clay and quartz powder in [15]. From this point of knowledge, 
the assumption of the authors was that the impurities (e.g. quartz) in 
common clays are beneficial in terms of a lower water demand and 
specific surface area (SSA) [15]. Beside these parameters, the surface 
charge of cementitious materials is identified as indicator for rheological 
behavior and the superplasticizer demand [5,15]. Recent publications 
revealed a decreasing positive zeta potential of blended cement with 
increasing kaolinite content [34,35]. This leads to the assumption that 
the mineralogical composition of the raw clays plays a key role when it 
comes to the rheological behavior and the demand for superplasticizer. 
The results, however, do also show that it is difficult to transfer the 
findings from pure materials to heterogeneous clays as physical pa-
rameters vary significantly [15,34]. Li et al. [26] demonstrated the 
possibility of Ca2+ adsorption onto a calcined kaolinite-rich clay that in 
turn favors the superplasticizer adsorption. This was confirmed by 
Schmid and Plank where additional Ca2+ improves the adsorption of 
PCE onto metakaolin, whereas this effect is minor for metamuscovite, 
metamontmorillonite and non-existent for the metaillite investigated 
[36]. 

As already known from neat cement, PCE-based superplasticizers 
show the best efficiency with calcined clay blended systems as well 
[15,26,27,37]. For this reason, the present study shows the interaction 
of tailor-made superplasticizers with Portland limestone cement 
blended with calcined common clays, that vary in types and amounts of 
phyllosilicates as well as their physical parameters. In addition, the 
authors describe different approaches to analyze rheological measure-
ments and evaluate the dispersion performance of PCEs in calcined clay 
blended systems. 

2. Materials & methods

2.1. Materials

2.1.1. Cement
A Portland limestone cement (PLC) complying with DIN EN 197-1 

[38] is used. Its mineralogical composition and physical parameters
are given in Table 1 and Table 3, respectively. Previous investigations
revealed that the PLC used requires slightly higher superplasticizer

Table 1 
Mineralogical composition of cement (information provided by the supplier).  

Mineralogical composition of PLC [wt%] 

C3S C2S C3A C4AF CaCO3 Sulfate carrier CaMg(CO3)2 MgO Ca(OH)2 CaOfree 

48.7 14.4 5.4 6.9 15.6 2.9 2.3 0.9 1.2 0.2  

The raw materials are dried at 105 ◦C until mass constant and pre- 
crushed in a jaw crusher. The approximate particle size before calcina-
tion is 5 mm. The temperature is set constant at 800 ◦C to ensure a high 
pozzolanic 

≤
reactivity of the phyllosilicates. Previous investigations by 

thermal analysis revealed lower temperatures for the main dehydrox-
ylation peak of all investigated clays [40]. Furthermore, this tempera-
ture is in the range of the optimum calcination temperature of illites and 
smectites regarding pozzolanic reactivity [41–44]. It is still significantly 
below the formation temperature of new crystalline phases like spinel or 
mullite [45]. After calcination process, the calcined clays are ground for 
10 min in a vibrating disk mill with agate insert. 

All calcined common clays exhibit pozzolanic reactivity after calci-
nation, verified by the evolved heat after 72 h according to R3 test [46] 
and the amount of Al and Si ions solved in alkaline solution (Table 3). 
The particles of the calcined clays have been analyzed by both static 
light scattering (SLS) diffractometry according to the Mie theory (ISO 
13320:2020 [47]) and by digital image analysis (DIA), (ISO 13322- 
2:2006 [48]), using a Bettersizer S3 Plus (3P Instruments). The 
calcined clay samples were dispersed in demineralized water at 1600 

Table 2 
Mineralogical composition of raw clays [35,40].  

Phase [wt%] MURR AC KUP RKUP FUP 

Quartz 48 20 33 48 12 
Kaolinite 1 23 26 45 74 
Illite/muscovite 10 5 36a 3 3 
Illite-smectite – 32 – – 8 
Smectite 32 – – – – 
Chlorite 6 – – – 
Calcite 

4 
1 7 – – – 

Dolomite 1 – – – 
Feldspar 

< 1 
5 4 – – – 

Rutile 1 – 
Anatase – < 1 
Pyrite 

– < 1 
– 2 
– 1 – – 

Hematite – – – 
Goethite – – 4 

< 1 
3 

1 
1 
– 
– 
–

a Identified as muscovite in [8]. 
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revolutions per minute (rpm). In order to prevent agglomeration effects, 
ultrasound treatment took place at 50 W for 3 min. Each calcined clay 
sample was measured three times. The d10/d50/d90 values derived from 
SLS are given in Table 3, together with further significant parameters of 
the calcined clays. For BET measurements according to DIN ISO 9277 
[49], the calcined clay samples were degassed at T 150 ◦C for 30 min. 
The differential distribution of particle diameters 

=
and the circularity, 

which addresses the 3D form of particles, are given in Fig. 1. 

2.1.3. Superplasticizers 
The influence of three industrial PCE-based superplasticizers is 

investigated in PLC and in calcined clay blended cements. An α-meth-
allyl-ω-methoxy poly(ethylene glycol) ether type PCE with acrylic acid 
(AA) as anchor group is used. This polymer (abbreviation: HPEG) 
already exhibited good compatibilities with calcined clay blended sys-
tems [15,16,37,39]. The authors assume that the dispersion effective-
ness is related to the moderate side chain length and a high anionic 
charge density. Furthermore, two isoprenyl oxy poly(ethylene glycol) 
ether type PCEs (IPEG1 and IPEG2) are used, whose anchor groups are 
made up of AA as well. IPEG1 consists of two AA-IPEG polymers: one has 
an additional ester group (hydroxyethyl methacrylate) that decomposes 
to ethylene glycol and carboxyl groups in alkaline media, enabling 
subsequent dispersion. This shall prevent rapid slump loss, which often 
occurs with calcined clay blended cements [16,30,55–58]. IPEG2 is a 
copolymer that consists of AA-IPEG and AA-vinyloxybutyl polyethylene 
glycol (VOBPEG). The latter has been investigated for instance as sta-
bilizer in C-S-H suspensions in order to enhance an accelerated hydra-
tion [59]. This polymer shall promote early strength development, 
which is desired e.g. for precast concrete. Further, calcined clays are 

Table 3 
Physical parameters of cement and calcined clays used (n.d. = not determined, SCPS = synthetic cement pore solution).  

Parameter Standard/method/instrument PLC MURR AC KUP RKUP FUP 

1.8 5.3 17.2 6.6 7.9 42.4 

4341 n.d. n.d. n.d. n.d. n.d. 

SSA [m2/g] 

Blaine surface area [cm2/g] 
Particle density [g/cm3] 3.07 2.72 2.67 2.70 2.63 2.63 

2.3a 4.6 3.6 6.4 2.2 2.8 
13.1a 40.9 30.0 26.7 12.0 16.1 

d10 [μm] 
d50 [μm] 
d90 [μm] 46.0a 150.4 161.9 86.9 81.0 56.3 

26.6 n.d. n.d. n.d. n.d. n.d. 
n.d. 32.8 28.3 40.4 35.1 43.6 
n.d. −1.1 −1.6 −3.3 −4.0 −7.5 

n.d. 166.2 290.7 251.3 454.3 666.4 

[49] 
SA-9601 MP, Horiba Instruments Inc. 
[50] 
[51] 
Pycnomatic-ATC, Thermo Scientific 
Static laser light diffraction by Bettersizer S2 Plus, 3P Instruments 

DIN EN 196-3 [52] 
Puntke method [53] 
Electroacoustic method by DT-310, Dispersion Technology Instruments  
[15] 
R3 test by isothermal calorimeter TamAir, TA Instruments [46] 
Elution of calcined clay in 10 wt% NaOH solution with coupled ICP-OES  
[54] 

n.d. 0.4 1.7 2.3 4.0 8.5 

Optimum water demand [wt%] 
Water demand [wt%] 
Zeta potential [mV] in SCPS (w/s = 1.50)  

[35] 
Evolved heat after 72 h [J/gcalcined clay] 
Alsol [mmol/L] 
Sisol [mmol/L] n.d. 1.2 2.7 3.3 5.0 11.4  

a Particle size distribution of PLC was measured by laser particle size analyzer LA-950, Horiba. 

Fig. 1. Particle size analysis of calcined common clays by static light scattering (SLS) with refraction index (RI) = 1.56 (left) and circularity of calcined common clays 
derived from digital image analysis (DIA) after dispersion for 3 min in ultrasound at 50 W (right). 

known to reduce the early strength of cementitious systems [6,60], a 
problem that might be compensated when adding VOBPEG. Information 
on the molecular weight, anionic charge density and side chain length of 
the PCE-based superplasticizers are summarized in Table 4. The side 
chains of IPEG1 and IPEG2 are considered to be ‘short’ compared to the 
one of HPEG (ΔnEO 42/35), where IPEG1 exhibits the shortest side 
chain length. The 

=
chemical structures of the HPEG PCE and the two IPEG 

PCEs are provided in Fig. 2. 

2.1.4. Characteristics of binder mixtures and nomenclature 
In blended binder mixtures, the PLC is replaced by 30 wt% of 

calcined clays. Due to only minor differences in their particle densities, 
the replacement by calcined clay is mass-related instead of volume- 
based. Nonetheless, the authors are aware of the differences between 
neat cement and blended mixtures. The PLC and the respective calcined 
clay are homogenized by hand, before the blend is further mixed in a 
Hobart mixer. A water-to-binder ratio (w/b) 0.50 is chosen in order to 
compare the following results with earlier 

=
investigations, e.g. [15,37]. 

At w/b 0.50, small dosages of PCE-based superplasticizers were suf-
ficient to 

=
properly disperse mixtures blended with one calcined common 

Table 4 
Molecular weight, anionic charge density and side chain length of PCE-based 
superplasticizers.  

Parameter HPEG IPEG1 IPEG2 

Molecular weight [g/mol] 39,800 ~ 27,500 ~ 26,000 
moderate short short Side chain length [-] 

Anionic charge density in H2O dest. [μeq/g] 850 628 1390  

R. Sposito et al.
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clay [15,16,39]. In addition, a w/b 0.40 is chosen for selected mix-
tures. The dosages of active agent in 

=
PCE-based superplasticizers are set 

at 0.05, 0.10 and 0.20% by weight of binder (%bwob). The liquid 
component of PCEs is subtracted from the amount of water. Solutions of 
two liters, based on distilled water with the required amount of PCEs, 
are used to eliminate weighing errors. Blended cement paste is desig-
nated as PLC_type of calcined clay_dosage and type of PCE. 

Among other things, this paper correlates physical parameters of 
binder mixtures with their rheological properties. The total surface area 
(TSA) according to Bentz et al. [61] has been identified as reliable 
parameter to understand the rheological properties of calcined clay 
blended cements. It is the product of SSA and particle density, respecting 
both the cement and each calcined clay at the mass related ratio of 
70:30. The same ratio-based calculation holds for the water demand. 
The authors are aware that the methods differ between the water de-
mand to achieve standard stiffness of cement and the water demand of 
calcined clays that is derived from Puntke method [53]. Nonetheless, 
this combination revealed plausible correlations in a previous publica-
tion of the authors [62]. Table 5 shows the calculated values of particle 
density, TSA and water demand. 

2.2. Methods 

2.2.1. Measurements with rotational viscometer 
Rheological measurements are conducted with a rotational viscom-

eter Viskomat NT (Schleibinger, Germany) that is coupled with a water- 

cooling 
perature. 

unit 
The 

(T =
pastes 

20 ◦C) 
include 

in 
a 
order 

mass 
to 
of binder 

eliminate the 
600 g and 

fluctuations 
the 

in 
respective

tem-
 

amount of water-PCE solution. They are 
=

homogenized according to 
mixing regime of DIN EN 196-3 [52] in a Hobart mixer. The measure-
ments start 5 min after water addition. The rotational speed starts at 120 
min-1 for 10 min (including pre-shearing of the sample) and slows down 
to 80 min-1 → 40 min-1 → 20 min-1 for 2 min each and torque [Nmm] is 
recorded. Due to the limited amount of each lab-calcined clay, in com-
bination with the high variety of PCE dosages and demand for material 
per each measurement (mcalcined clay 180 g), single measurements are 
conducted. However, in case of strong 

=
fluctuations/invalid data, the 

measurement is repeated to obtain valid data (cf. SD-Fig. 1 in supple-
mentary data). 

2.2.2. Analysis of rheological parameters 
The raw data is analyzed using the software Origin 2020 (OriginLab). 

Fig. 2. Structural formulae of a) HPEG PCE, b) IPEG1 PCE and c) IPEG2 PCE.  

Table 5 

  
Combined physical parameters of binder mixtures (replacement level = 30 wt 
%).

Parameter PLC PLC_ 
MURR 

PLC_ 
AC 

PLC_ 
KUP 

PLC_ 
RKUP 

PLC_ 
FUP 

Particle density [g/cm3] 3.07 2.96 2.95 2.96 2.94 2.94 
Total surface area [m2/cm3] 5.5 8.2 17.6 9.2 10.1 37.3 
Water demand [wt%] 26.6 28.5 27.1 30.7 29.1 31.7  

R. Sposito et al.
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For each step of rotational speed, data points are only collected once an 
equilibrium is obtained and averaged as ‘median torque’ (see SD-Fig. 2 
in the supplementary data). At the stage with the highest rotational 
speed, which also acts as pre-shear, the discrepancy between initial 
torque and torque at equilibrium is greatest. For this reason and 
although it takes 8 min longer, it is not guaranteed that the same amount 
of data points is collected as for the other steps. However, the frequency 
of data recording (10 s−1) generally enables sufficient points to be ob-
tained per step and measurement. 

This paper uses two methods to describe the relation between rota-
tional speed and torque. On the first hand, rheological parameters are 
analyzed following the Bingham model [14,63] as it previously revealed 
good correlations with calcined clay blends [37]. It considers the linear 
fit of the flow curve between 120 min−1 and 20 min−1.The y-intercept 

and 
represents 

the slope 
the yield 

equals 
stress 

the 
factor 
viscosity 

“g” 
factor 
[Nmm] (

h
≈ dynamic 

[Nmm*min] 
yield 

(
stress 

plastic
τ0) 

 “ ” 
viscosity μ). However, as the classic Bingham model does not 

≈
consider 

whether the investigated material is shear-thinning or shear-thickening, 
the analysis by modified Bingham model [64] and Herschel-Bulkley fit 
[14] is provided in SD-Table 1 in the supplementary data.

Further, the flow resistance (FR) is derived from the obtained data
points as this approach revealed good correlations between physical and 
chemical cement characteristics in earlier investigations by Vikan et al. 
[65,66]. In the present paper, the FR is calculated as the area under the 
flow curve for rotational speeds between 120 min−1 and 20 min−1 and 
the median torque, using the trapezoidal method in 3 sections (120–80, 
80–40 and 40–20 min−1), see also ref. [35]. The authors are aware that 
mixtures with different viscosity and yield stress values can result in a 
similar flow resistance. 

2.2.3. Analysis of initial dispersion performance of PCE 
The authors previously presented an approach to calculate the effi-

ciency (E) of superplasticizer, e.g. in calcined clay blended systems [15]. 
It takes the reduced yield stress factor (gsp), viscosity factor (hsp) and 
median torque (Tsp) into account and relates them to reference values 
(gref/href/Tref). This reduction is divided by the dosage of super-
plasticizer added (dsp [0.01%bwob]), see Eq. (1). This approach can be 
helpful on the one hand if the dosage is adapted to another parameter, e. 
g. initial slump, and on the other hand to observe saturation effects when
using various dosages for one mixture. Efficiency is set at 0%/0.01%
bwob in case of increased values compared to reference without
superplasticizer.

E
[ %
0.01%bwob

]
=

(

1 − g
g
ref

sp

)

+
(

1 − h
h
ref

sp

)
+
(

1 − T
T

ref

sp

)

dsp
(1) 

Efficiency of superplasticizers is compared with the reduction in flow 
resistance (RedFR = FRsp/FRref * 100%). RedFR shall represent another 

indicator that is easily derived in order to predict the (initial) dispersion 
performance of superplasticizers. 

3. Results & discussion

3.1. Rheological properties of calcined clay blended cement pastes

3.1.1. Basic rheological parameters of calcined clay blended cement pastes
As shown in Table 6, calcined clays blended binders exhibit an (at 

least slightly) increased viscosity and higher yield stress, which has been 
often observed in literature [55,67,68]. As consequence, the addition of 
calcined clays increases the flow resistance in a remarkable way, with up 
to four times the flow resistance compared to PLC reference. The 
increased flow resistance results from high torque values, especially at 
higher rotational speed. The impact of calcined common clays can be 
divided into 2 groups: (I) PLC_MURR and PLC_AC behave similar to PLC 
reference, while (IIa) PLC_KUP shows a significant increase in viscosity, 
yield stress and flow resistance. The effect on yield stress and flow 
resistance is even more pronounced for (IIb) PLC_RKUP and PLC_FUP. 

four 
Beside 

times 
of an 

higher 
increased 

for both 
viscosity 

PLC and 
at w/b 

PLC_KUP 
= 0.40, 

compared 
the yield 

to w/b 
stress 

0.50. 
factor 

At
is

 
 

lower w/b, the flow resistance is increased by 200–250%. 
=

Nonetheless, 
PLC has still a lower yield stress and flow resistance at a lower w/b than 
the calcined clay blended cements from group II at w/b 0.50. In 
previous studies, cement paste with 20 wt% calcined 

=
common clay 

showed Bingham fluid behavior, while the rheological behavior with 
calcined pure phyllosilicates rather has been described with the 
Herschel-Bulkley model due to non-linear increase of torque with 
increasing rotational speed [15]. The present results do reveal Bingham 
behavior for group I) with R2 values close to 1 for the Bingham fit. Group 
II) shows non-linear flow behavior and a flow index >2 based on
Herschel-Bulkley fit, which indicates a more pronounced shear- 
thickening behavior (see SD-Figs. 5 to 7 and SD-Table 1 of the supple-
mentary data, respectively). 

PLC_KUP samples have a high viscosity factor compared to their 
yield stress factor, also with the addition of PCE (Fig. 3). A strong in-
crease of torque at high rotational speed - due to a high viscosity of the 
paste - leads to comparable low yield stress. It is usually related to shear- 
thickening behavior. On the one hand, high viscosity is an aimed effect 
e.g. to avoid segregation effects of self-compacting concrete but leads to
poor flowability on the other side [67]. This has been also observed in
pure metamuscovite mixtures [12], which explains the rheological
behavior of PLC_KUP as the raw KUP contains non-negligible amounts of
muscovite (Table 2). The range for viscosity and yield stress factors of
PLC_MURR and PLC_AC mixtures is rather narrow in presence and
absence of PCEs. This is related to the relatively low reference values
shown in Table 6. With high dosages of PCEs, few mixtures even exhibit
a ‘negative’ yield stress factor analyzed with linear Bingham fit, shown
in Fig. 3 and Table 8. This effect does not apply when using the modified

Table 6 
Rheological values of binder pastes (references) after 5 min; replacement level = 30 wt%, w/b = 0.50 if not noted otherwise.  

Mixtures Viscosity factor 
[Nmm*min] 

Yield stress factor [Nmm] Flow resistance 
[Nmm/min] 

Median torque [Nmm] at a rotational speed of … 

20 min−1 40 min−1 80 min−1 120 min−1 

PLCa 0.11 ± 0.01 12.2 ± 0.7 1987 ± 69 14.6 ± 0.6 16.7 ± 0.7 20.6 ± 0.8 25.8 ± 0.9 
PLC_MURR 0.12 14.1 2240 17.2 19.1 22.8 29.3 
PLC_ACa 0.10 ± 0.00 13.8 ± 0.6 2067 ± 68 16.1 ± 0.7 17.8 ± 0.7 21.3 ± 0.9 25.9 ± 0.6 
PLC_KUP 0.26 49.4 6723 56.5 60.2 67.4 82.8 
PLC_RKUP 0.16 66.9 7841 71.2 74.2 78.5 88.2 
PLC_FUP 0.14 71.4 8090 75.6 77.2 80.7 89.6 
PLC 

PLC_KUP 
=(w/b 0.40) 

0.26 42.0 5923 47.9 52.7 60.0 73.2 

(w/b = 0.40) 
0.68 197.0 24,076 217.2 222.1 240.6 280.8  

a Relative error ≤ 7.4% for PLC and ≤ 4.3% for PLC_AC. 
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Fig. 3. Comparison of yield stress with viscosity for binder pastes without 
(squared dots) and with the addition of 0.05, 0.10 and 0.20%bwob PCE (n 
= 49). 

Bingham or Herschel-Bulkley model, where the respective mixtures 
exhibit very small yield stress values (see SD-Table 1 in supplementary 
data). A yield stress close to zero, however, indicates strong bleeding 
and segregation effects [69], which is often a result of excessive super-
plasticizer dosage to the respective mixture. Therefore, the mixtures 
with negative yield stress factor are considered as unstable. This topic is 
further addressed in Section 3.2.1. 

PLC, PLC_AC and especially PLC_FUP mixtures have a low viscosity- 
to-yield stress ratio. The low viscosity factor of PLC_FUP mixtures results 
from high torque also at low rotational speeds and a rather small dif-
ference in median torque at the chosen rotational speeds. At the same 
time, the torque level of binder paste is significantly increased with the 
addition of FUP, which leads to high yield stress. The results show 
significantly differing rheological behavior with the addition of different 
calcined clays. In a next step, material properties are identified that 
affect the flow resistance of calcined clay blended cement paste. 

3.1.2. Physical and mineralogical parameters affecting the flow resistance 
of calcined clay blended cement paste 

The particle size distribution (PSD) or grinding fineness of powder 
materials is known to affect the rheological behavior. Fig. 4a shows that 
the flow resistance of pastes blended with calcined clays decreases 
significantly with coarser PSD. This holds especially for mixtures with 
AC and MURR that both exhibit significant higher d50 and d90 values 
compared to the other calcined clays. Although the calcined clays have 
been calcined and ground according to the same procedure, their PSD 

differ significantly (Fig. 1 left). All samples exhibit a maximum (or 
shoulder) at a particle size of 25–35 μm. The kaolinite-rich clays have a 
higher fraction in the smaller particle region, indicated either by a peak 
around 4.5 μm or a pronounced shoulder up to 10 μm, respectively. The 
high quartz content favors here the measurability of the particle size 
distribution of RKUP, while the particles tend to agglomerate in FUP at 
the application-oriented low impact during dispersion in ultrasound 
bath (3 min at 50 W). While FUP has a sharp decline after the maximum, 
quartz-rich clays have a further maximum (shoulder) at 100–130 μm. 
Quartz is known to be arranged in the coarser particle region of clays 
due to its hardness and, as consequence, poor grindability [70,p. 12]. 
According to Irassar et al. [3], however, the presence of quartz in clays/ 
shales can enhance the grindability due to de-agglomerating properties. 
Beside of the quartz, the high volume fraction of coarse particles (> 70 
μm) of MURR, AC and KUP is related to the 2:1 phyllosilicates present in 
these clays. With the current knowledge, it is related to a lower dehy-
droxylation degree that increases the agglomeration of smectite/ 
muscovite/illite crystals, represented as rather coarse particles. This 
phenomenon is also shown by recent scanning electron microscope 
images of calcined common clays [71] and is a possible reason why 
quartz-rich clays have a) a rather fine PSD (RKUP, KUP) and b) like 
MURR a high d90 value (Table 3). Further, RKUP and FUP exhibit the 
finest PSD due to their high kaolinite content. A finer PSD results often in 
an increased activity of pozzolanic SCMs [72] but surely needs to be 
reconsidered when it comes to the rheological properties [34]. The 
circularity, given in Fig. 1 (right), addresses the 3D form of a particle, 
where 1 equals a sphere. For all calcined common clays, most of the 
particles possess a circularity between 0.86 and 0.93. Especially KUP, 
however, exhibits an increased volume of particles with circularities <
0.8. Few fractions even have circularities of <0.5 or 0.3, which can 
decrease the flowability due to higher friction (Fig. 1, right). 

The PSD itself does not directly correlate with the SSA of (calcined) 
clays, due to the dominating inner porosity of the clay minerals [73,74] 
and strong agglomeration of clay particles. Therefore, it is crucial to 
analyze further parameters. 

The flow resistance increases for calcined clay blended cements with 
TSA values >10 m2/cm3 (Fig. 4b). At the same time, an increase from 
~10 m2/cm3 (PLC_RKUP) to 37.3 m2/cm3 (PLC_FUP) does not lead to a 
remarkable increase in flow resistance as one might expect from this 
significant difference in TSA. The same holds for their viscosity and yield 
stress factors. As shown in Table 6, PLC_AC has a similar viscosity, yield 
stress and flow resistance as PLC and PLC_MURR although PLC_AC has a 
significantly higher TSA (17.6 m2/cm3). The authors assume that the 
latter results from the high amount of phyllosilicates present in raw AC. 
Especially smectite is known for a very large SSA with values of 
323–505 m2/g [75,76], whereas illite and kaolinite exhibit SSA values of 

Fig. 4. Correlation of initial flow resistance of calcined clay blended pastes with a) d50 value of calcined clay (CC), b) total surface area (TSA), c) water demand of 
binder, and d) zeta potential of respective calcined clay in synthetic cement pore solution (SCPS); equations and R2 values correspond to linear fits of the data points; 
replacement level = 30 wt%, w/b = 0.50. 
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65–100 m2/g [77] and 15 [78] – 207 m2/g [75], respectively. The SSA of 
2:1 phyllosilicates decreases by calcination but it is still larger than the 
SSA of cement [13,76,79]. Compared to FUP, however, the SSA of AC is 
rather low. Danner et al. [80] described the formation of a glass phase 
during calcination at T 800 ◦C, if enough calcite is present in smectitic 
or illitic clays. As AC 

=
contains 7 wt% calcite and 37 wt% 2:1 phyllosi-

licates (Table 2), the formation of a glassy surface of the particles might 
occur during the calcination of AC. This is indicated by a high amor-
phous content of calcined AC (49 wt%) and could in turn lead to a 
comparable low SSA and water demand despite of the high amount of 
phyllosilicates in AC. 

FUP does neither contain any calcite nor a remarkable amount of 2:1 
phyllosilicates. PLC_FUP exhibits the highest water demand of all binder 
mixtures, where the water demand of FUP is related to its large SSA 
(Table 3) stemming from strongly disordered kaolinite. Maier et al. [8] 
recently found good correlations between the degree of kaolinite dis-
order of raw clay and the SSA of the respective calcined clay. PLC_AC 
exhibits a low water demand in comparison to its TSA, which confirms 
that there is not necessarily a correlation between the SSA and water 
demand of particles [6,81]. Reference binder mixtures with a water 
demand <29 wt% have a low flow resistance, while the flow resistance 
increases significantly with higher water demand (Fig. 4c). The range of 
water demand appears to be small from 26.6 to 31.7 wt% (Table 5), but 
nonetheless there is an influence of water demand on the flow resistance 
of blended cements as also stated by refs. [82,83]. 

The sharp increase in flow resistance as correlated with d50 value of 
calcined clay, combined TSA and water demand, is also observed with 
the negative zeta potential of calcined clays in SCPS (Fig. 4d). Calcined 
clays with zeta potential values more negative than – 2 mV tend to in-
crease the flow resistance significantly. Flow resistance increases as the 
overall negatively charged calcined clay particles agglomerate with 
positively charged aluminate clinker phases and early hydration prod-
ucts [84,85] or do adsorb cations released from clinker phases [7,86]. 
Here, a more negative zeta potential of calcined clay enhances the effect 
of Ca2+ to function as a kind of adhesive between the calcined clay 
particles and therefore leads to higher flow resistance. As previously 
stated, the zeta potential of calcined clays decreases with higher amount 
of kaolinite present in clay [35]. 

As consequence, the flow resistance of blended paste increases with 
increasing kaolinite content present in raw clay, although the correla-
tion is not linear at all (Fig. 5). The same holds for the yield stress factor 
(Table 6). MURRraw and RKUPraw, for instance, contain a similar amount 
of phyllosilicates in total. However, MURRraw consists mainly of 2:1 
phyllosilicates (muscovite/illite and smectite), while RKUPraw possesses 
a high amount of kaolinite, which leads to a significant higher flow 

resistance and yield stress in PLC_RKUP. ACraw contains in total 66 wt% 
of phyllosilicates, similar to KUPraw (62 wt%). When taking a look at 
Fig. 5, the main difference are illite-smectite interstratifications present 
in ACraw, whereas mainly muscovite is present in KUPraw beside of 
kaolinite and quartz. As already mentioned, the range of flow resistance 
is relatively close for PLC_KUP, PLC_RKUP and PLC_FUP. The high 
amount of muscovite in KUPraw might not only be the reason for higher 
viscosity (Table 6 and Fig. 3) and shear-thickening behavior as revealed 
for metamuscovite [12] but also for the high flow resistance and yield 
stress in PLC_KUP. The high water demand of KUP (Table 3), leading to 
high flow resistance, yield stress and viscosity, agrees with findings of 
Neißer-Deiters et al. [13] who revealed an increased water uptake of a 
muscovite-rich mica mineral after calcination. High amounts of quartz 
that are present in KUP and RKUP (Table 2) cannot compensate the 
influence of muscovite/illite or kaolinite, although quartz itself is known 
for workability enhancing properties [87]. However, it might be the 
reason for a rather low SSA of these two calcined clays but also the 
reason for the high grinding fineness when considering quartz as de- 
agglomeration aid [3]. RKUP has a kaolinite content between KUP 
and FUP, with quartz as its second main component. Contrary to pre-
vious assumptions of the authors [15], quartz can obviously not neces-
sarily reduce the impact on flow resistance. In case of PLC_RKUP, the 
larger fraction of RKUP particles with small particle size (< 10 μm) and 
low circularity (Fig. 1) does rather contribute to a higher flow resistance, 
which lies in a similar range as for PLC_FUP, where FUP contains only 
small amounts of quartz. Nonetheless, further components might favor a 
lower flow resistance due to beneficial particle morphology, as for 
instance the smooth surface of quartz [88] or possible formed glass 
phases leading to a significant reduction of SSA [80]. 

Based upon the results obtained on paste level (w/b 0.50) and with 
the investigated calcined common clays, the following 

=
parameters are 

identified as critical towards rheological behavior:  

• d
TSA 

50 
of 

value 
binder 

of calcined 
10 m

clays 
/cm3  

<30 μm  
• > 2

• water demand of binder >29 wt%  
• zeta potential of calcined clays in SCPS < −2 mV 

These thresholds relate to a huge extent on the mineralogy of clays, 
where high amounts of phyllosilicates lead to an increased SSA also after 
calcination, while quartz impurities can compensate the large SSA to a 
certain degree. Kaolinite is identified as main component leading to a 
strong negative zeta potential and thus to a higher flow resistance. High 
amounts of muscovite do result in a high flow resistance and increased 
viscosity. Furthermore, it is worth to mention that smectitic phases do 
not cause flowability problems if they are present in calcined common 
clays. In ceramics, they are an unfavored component as smectite parti-
cles attach to each other or to other particles, leading to increased 
flocculation [89]. As next step, the initial dispersion performance of 
three PCEs in calcined clay blended cements is evaluated with focus on 
the superplasticizer properties and the mineralogical composition of 
(calcined) clays. 

3.2. Parameters affecting the initial dispersion performance of PCE in 
calcined clay blended cement paste 

3.2.1. Superplasticizer properties and dosage 
Taking a look at the properties of the three PCEs, their initial effi-

ciency does not correlate with the molecular weight of superplasticizers 
and the influence of a longer side chain length seems to be minor when 
adding 0.05 %bwob of PCE (Fig. 6a and b). Plank et al. [26,27] found a 
longer side chain length to be more effective but that it is rather the type 
of macromonomer, which is decisive for dispersion performance. The 
former trend is observed in few mixtures (PLC_KUP and PLC_RKUP), but 
a final conclusion is omitted here as the co-polymers vary in their 
macromonomers (Fig. 2). The efficiency rather increases with higher 

Fig. 5. Comparison of the mineralogical composition of raw clays (Kaol =
kaolinite, Mu/I
chlorite, Qz =

 =
=

muscovite/illite, I-Sm = illite-smectite, Sm = smectite, Chl =

y blended 
quartz, f.c 

cements 
further 

(replacement 
components) 

level 
with 

30 
initial 
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flow 
w/b 

resistance 
0.50). 

of 
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resistance compared to the reference immediately after water addition, 
while a subsequent RedFR was observed [35]. The authors stumble over 
this result as the plain PLC should be the least challenging material when 
it comes to dispersion. Overall, IPEG1 achieves a significantly lower 
RedFR compared to HPEG and IPEG2 due to low initial adsorption of 
IPEG1. For instance, 0.20%bwob IPEG1 achieve a comparable RedFR as 
0.10%bwob IPEG2, that demonstrates once more the strong, immediate 
dispersion by IPEG2. The dispersion is overall improved with more IPEG 
PCE added but the further RedFR with increasing superplasticizer dosage 
is comparable low for PLC_FUP and PLC_AC due to the high performance 
with 0.05%bwob IPEG PCE already (Fig. 7). Taking a look at the abso-
lute values of flow resistance, as provided in Table 9, a further reduction 
does hardly take place neither with 0.20%bwob IPEG1 nor IPEG2 for 
PLC, PLC_MURR and PLC_AC. These mixtures exhibit comparable un-
critical flow properties without superplasticizer and a certain saturation 
effect is achieved with this dosage of PCE. At the same time, PLC_KUP 
and PLC_RKUP need higher dosages for a further reduction in both yield 
stress and flow resistance, which is possible with the chosen super-
plasticizers. PLC_KUP exhibits only a small RedFR with 0.05%bwob PCE. 
It achieves a significant higher RedFR with a higher amount of PCE 
added, which complements the findings on yield stress factor. As 
consequence, IPEG1 is still the least efficient in PLC_KUP, whereas 
IPEG2 behaves similar as in the other calcined clay blended systems. 
PLC_FUP, that is the most critical mixture, demands for 0.20%bwob 
IPEG PCE to achieve a flow resistance similar to PLC reference (~ 2000 
Nmm/min). Overall, all mixtures show a good percentage of RedFR. The 
absolute values in yield stress and flow resistance, however, depend 
strongly on the initial flow properties and hence on the properties of the 
calcined clays added. 

3.2.2. Compatibility of PCE-based superplasticizers with calcined common 
clays 

HPEG reveals the most stable RedFR/efficiency regardless of the 
calcined clay blended system, see Fig. 7 and Fig. 8. Compared to other 

Fig. 6. Efficiency of 0.05%bwob superplasticizer depending on a) molecular weight (Mw), b) side chain length and c) anionic charge density.  

anionic charge density (Fig. 6c), which is in good agreement with 
literature [27,90,91]. The results show that PCEs with IPEG and HPEG 
macromonomers are suitable for the dispersion of calcined clay blended 
systems, as previously observed in [26,27]. So far, there is hardly any 
literature on superplasticizers with vinyloxybutyl polyethylene glycol, 
the other macromonomer present in IPEG2 beside of the name-giving 
IPEG macromonomer. Furthermore, the molar ratio of the macro-
monomers and the anchor groups is under seal, but a higher ratio is 
assumed for IPEG2 according to the high anionic charge density. Except 
for few mixtures, the initial efficiency of the three PCEs is in a similar 
range (~ 23–27%/0.01%bwob). 

If aiming for a comparable viscosity factor as for PLC reference (0.12 
Nmm*min), low dosages of PCE are sufficient, except for PLC_KUP and 
PLC_RKUP. The viscosity factor is increased for few mixtures with the 
addition of 0.05%bwob PCE. This effect is especially observed for 
PLC_KUP and PLC_RKUP and considered as the reason for a rather low 
superplasticizer efficiency. However, it decreases with the addition of 
higher dosages of IPEG1 and IPEG2 (Table 7), which is in agreement 
with findings from literature [92]. In general, the addition of super-
plasticizer reduces the viscosity to a less extent than the yield stress, 
which has been also observed by Lorentz et al. [34]. 

Table 8 shows that the yield stress factors of PLC_MURR and PLC_AC 
are at a low level (<5 Nmm) with 0.05 and 0.10%bwob PCE. Mixtures of 
PLC, PLC_MURR and PLC_AC with 0.20%bwob PCE are not considered 
as they revealed negative yield stress factors according to the linear 
Bingham fit, indicating segregation. This holds for PLC_KUP and 
PLC_RKUP only with 0.20%bwob IPEG2. These mixtures require more 
than 0.10%bwob IPEG1 and between 0.05 and 0.10%bwob IPEG2 in 
order to achieve a yield stress in the range of PLC_ref (11.6 Nmm, see 
Table 6 and Table 8). PLC_FUP demands for more than 0.10%bwob PCE 
to reach similar values. 

Comparable to the yield stress, the flow resistance is significantly 
reduced with 0.05%bwob PCE for all mixtures, except for PLC_0.05I-
PEG1 (Fig. 7). PLC_0.05IPEG1 exhibits a higher yield stress and flow 

Table 7 
Viscosity factors of 

  
binder paste with 0.05HPEG and varying dosage of IPEG1/2 (replacement level = 30 wt%; w/b = 0.50); n.d. = not determined, seg. = segregating/ 

unstable mixture.

Mixtures Viscosity factor [Nmm*min] with the addition of … 

0.05 
HPEG 

0.05 
IPEG1 

0.10 
IPEG1 

0.20 
IPEG1 

0.05 
IPEG2 

0.10 
IPEG2 

0.20 
IPEG2 

PLC  0.10  0.13  0.09 seg.  0.08 seg. seg. 
PLC_MURR  0.11  0.11  0.11 seg.  0.15 0.08 
PLC_AC  0.09  0.09  0.08 seg.  0.08 0.06 
PLC_KUP  0.30  0.34  0.18 0.39 0.21 
PLC_RKUP  0.17  0.20  0.14 0.18 0.10 
PLC_FUP  0.13  0.11  0.10 

n.n.
0.09
0.10 0.11 0.11 

n.d. 
seg. 
seg. 
seg. 
0.08
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calcined clay blends, PLC_AC and PLC_FUP interact the least with HPEG. 
Thanks to a remarkable decrease in viscosity, the performance of 0.05% 
bwob IPEG1 and IPEG2 is among the best in these mixtures, despite of 
the initial low dispersion of IPEG1. IPEG2 shows an outstanding per-
formance for PLC_AC and PLC_FUP, although ACraw and FUPraw both 
possess the highest amounts of phyllosilicates present in raw clay 
(Table 2) as well as the largest SSA (Table 3). Kaolinite and illite- 
smectite interstratifications, both present in ACraw and FUPraw, seem 
not to interfere the interaction with PCEs, once they are transformed to 
metaphases (metakaolinite, metaillite-smectite) by calcination of the 
clays. So far, it is unclear whether calcined clays do take up anionic 
charged superplasticizers. However, as cations released from clinker 
phases can adsorb onto negatively charged calcined clay sites, as shown 
e.g. by [7,18,26], these turn into less negatively or even positively
charged surface sites [35,93] and can enhance the PCE adsorption. The
very early formation of first ettringite nuclei, enhanced by the presence
of limestone [94] and calcined clays [7,95], can also favor the adsorp-
tion of PCEs onto positively charged aluminate hydrates. Here, a large
SSA could increase this effect as more nucleation sites are provided. The
efficiency of 0.05%bwob IPEG1 and IPEG2 is rather low for PLC_KUP

and PLC_RKUP due to an increase in viscosity. This confirms, in case of 
PLC_KUP, on the one hand the low superplasticizer efficiency in 
muscovite-rich mixtures [15]. On the other hand, as shown for 
PLC_RKUP, it is contrary to the assumptions that a) quartz can enhance 
the superplasticizer efficiency and b) kaolinite-rich clays are less critical 
than those rich in 2:1 phyllosilicates [15] as this holds only for HPEG, 
but for neither of the two IPEG-based PCEs. The good compatibility of 
HPEG, especially with quartz-rich calcined clays, is related to the 
adsorption of Ca2+ onto quartz [96]. This enables the adsorption of 
anionic charged superplasticizers onto originally negatively charged 
particles by the charge reversal of the latter [97,98]. Further the 
dispersion performance of all PCEs, in particular of the IPEG-based ones, 
is related to the adsorption of Ca2+ onto calcined clays as previously 
stated e.g., by [7,18,26]. 

This is also the reason, why IPEG1 and IPEG2 both interact well with 
mixtures that exhibit a large surface area. The good interaction of IPEG2 
with challenging calcined clay blends is also demonstrated by the 
increasing trend in performance with higher amounts in kaolinite but 
also with the total amount of phyllosilicates present in raw clay (Fig. 8). 
A possible explanation is that heterogeneously [99] but in total 

Table 8 
Yield stress factors of binder paste with increasing 

  
dosage of IPEG1 and IPEG2 (replacement level = 30 wt%, w/b = 0.50); analyzed via linear Bingham fit; n.d. = not 

determined, seg. = segregating/unstable mixture.

Mixtures Yield stress factors [Nmm] with the addition of … 

0.05 
HPEG 

0.05 
IPEG1 

0.10 
IPEG1 

0.20 
IPEG1 

0.05 
IPEG2 

0.10 
IPEG2 

0.20 
IPEG2 

PLC  4.0  22.0  1.6 seg. 2.8 seg. seg. 
PLC_MURR  3.7  4.6  1.4 seg. 4.3 0.4 
PLC_AC  4.3  4.1  1.5 seg. 2.8 1.0 
PLC_KUP  16.6  29.3  16.7 12.2 2.1 
PLC_RKUP  19.9  35.6  13.3 21.7 2.3 
PLC_FUP  33.6  39.1  25.0 

n.d. 
1.0 
7.8 27.8 13.9 

n.d. 
seg. 
seg. 
seg. 
4.5

Fig. 7. Initial reduction in flow resistance of binder pastes with varying superplasticizer dosage.  

Table 9 
Flow resistance of binder pastes with PCE after 5 min; replacement 

  
level = 30 wt%, w/b = 0.50 if not noted otherwise; n.d. = not determined, mixtures with FR < 500 

Nmm/min are considered as seg. = segregating/unstable mixture.

Mixtures Flow resistance [Nmm/min] with the addition of … 

0.05 
HPEG 

0.05 
IPEG1 

0.10 
IPEG1 

0.20 
IPEG1 

0.05 
IPEG2 

0.10 
IPEG2 

0.20 
IPEG2 

PLC  1069  2875 738 seg. 815 seg. seg. 
PLC_MURR  1076  1174 859 seg. 1390 608 
PLC_AC  1062  990 673 seg. 826 524 
PLC_KUP  3597  5140 2859 3732 1559 
PLC_RKUP  3071  4870 2256 3312 877 
PLC_FUP  4182  4623 3084 

n.d. 
693 
1431 3452 2077 

n.d. 
seg. 
742 
seg. 
987 

PLCa 3153  4895 n.d. n.d. 3321 n.d. n.d. 
PLC_KUPa 21,607  19,665 n.d. n.d. 23,624 n.d. n.n.

a w/b = 0.40 
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Fig. 8. Initial superplasticizer efficiency in calcined clay blended cement paste, 
sorted according to descending quartz (Qz) and increasing phyllosilicate 
(Phyllos.) content present in respective raw clay with 0.05%bwob PCE 
regardless of final flowing properties; ET = efficiency 

 
on median torque; Eg =

efficiency on viscosity; Eh = efficiency on yield stress;

negatively charged sites of calcined clays [35] favor the adsorption of 
IPEG2 not only onto positively charged clinker surfaces but also onto 
calcined clay particles. This phenomenon has been previously observed, 
for instance, for silica fume by Schröfl et al. [100] where a combination 
of macromonomers (APEG for silica fume and MPEG for clinker phases) 
enhanced the dispersion by selective adsorption. They [100] related it to 
the steric positioning of -COO− groups that suits better for Ca2+ located 
at specific surfaces on the silica fume, while MPEG interacts preferably 
with hydrating clinker phases. For the IPEG2 in this present study, the 
“substrate-selective adsorption” [100] might be modified as follows: if 
IPEG2 is added to PLC only, it performs the best with an achieved effi-
ciency of 34%/0.01%bwob. If calcined clays are added, IPEG2, that 
consists of AA-IPEG and AA-VOBPEG copolymers, seems to adsorb 
(preferably) onto them. This holds also for the kaolinite-rich clays and 
results in high RedFR (Fig. 7) and efficiency (Fig. 8). 

3.3. Classification of the superplasticizer performance in calcined clay 
blended systems 

In a final step, the efficiency and the reduction in flow resistance 
(RedFR) both enable a further evaluation of the superplasticizer perfor-
mance at different dosages, also from an economical point of view. Fig. 9 
demonstrates a very good, linear correlation between the efficiency and 
RedFR (R2 0.931). The range of efficiency and RedFR values becomes
smaller with 

=
increasing amount of superplasticizer, indicating a certain 

saturation effect. However, the results on the initial superplasticizer 
performance confirm that the calcined clay blends require different 
dosages of superplasticizer in order to achieve similar flowing properties 
as the original flow properties can vary significantly. 

A final evaluation compares the rheological properties of calcined 
clay blends after the addition of PCE with those of PLC_ref. In Table 10, a 
superplasticizer-dosage combination is considered as suitable (✓) if the 
following thresholds taken from PLC_ref are obtained: viscosity factor ≈
0.12 Nmm⋅min, yield stress factor 11.6 Nmm and flow resistance 
1975 Nmm/min (Table 6). If the 

≈
obtained values are strongly above

≈
 

these thresholds, especially for yield stress factor and flow resistance, 
the mixture is considered as insufficiently dispersed (x). The addition of 
too much superplasticizer (o) is indicated in case of significantly lower 
values (yield stress factor close to 0 Nmm or even negative; flow resis-
tance <1000 Nmm/min). The calcined clay blends of group I) (MURR 
and AC) do need only 0.05%bwob PCE for proper dispersion and show 
saturation effects already at the next higher dosage. The mixtures of 
group II) require at least 0.10%bwob, in case of PLC_FUP rather 0.20% 
bwob PCE in order to obtain similar yield stress factors and flow resis-
tance values as PLC_ref. Solely with IPEG2, a dosage of 0.20%bwob leads 
to saturation of all mixtures. 

A decreasing particle size, as well as a high kaolinite content present 
in raw clay that in turn leads to high negative zeta potential are iden-
tified as the main parameters affecting the flow resistance and as 
consequence the demand for superplasticizer (Fig. 10). The findings 
regarding a higher superplasticizer demand for kaolinite-rich clays are 
in good agreement with those of Ferreiro et al. [11]. The comparable 
small particle size can also result from the kaolinite phase in combina-
tion with quartz, which functions as de-agglomerating during grinding 
process according to Irassar et al. [3]. The presence of quartz itself does 
not induce a good flowability of blended cement paste, but it can 
improve not only the grindability but also the properties of calcined 
clays in terms of a lower SSA, water demand and as consequence the 
flowability. Contrary to previous results with HPEG [15], an increasing 
amount of 2:1 phyllosilicates does not necessarily lead to a decreased 
efficiency of superplasticizer. As already reported for PLC_AC, but also 
for PLC_MURR, where both clays are rich in illite-smectite and smectite, 
the superplasticizer efficiency is excellent but depends on the type of 
polymer added. As KUP exhibits a low SSA, this shows – in combination 
with the findings of PLC_FUP and PLC_AC - that the interpretation of SSA 
can lead to wrong assumptions in terms of both the rheological behavior 
and the interaction with superplasticizers. It is rather the high amount of 
muscovite that a) leads to an increased water demand (Table 3) and b) is 
the reason for the least compatibility with PCEs, confirming earlier 
findings [13,15,16,37,44]. Special viscosity-reducing superplasticizers 
might be required, if adding calcined muscovite-rich clays and aiming 
for low viscosity. Similar to viscosity-modifying agents, the use of 
calcined muscovite-rich clays rather can be considered in applications 
where a high viscosity is required, e.g. in self-compacting concrete as 
stated for metakaolin by Cyr and Mouret [67]. 

4. Conclusions

The rheological properties of Portland limestone cement have been
compared with those of mixtures blended with four calcined common 
clays and one calcined clay-rich mine tailing. The results reveal a sig-
nificant range in altered flowing properties, depending on the physical 

Fig. 9. Comparison of reduction in flow resistance and efficiency [%/0.01% 
bwob] of PCE, both related to superplasticizer dosage [%/0.01%bwob] (n 
40); green triangles represent mixtures investigated within this study that have

=
 

achieved similar flowing properties as PLC_ref. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 10. Tendency of superplasticizer efficiency in calcined clay blended 
cement pastes, decreasing with finer particle size, higher kaolinite content in 
raw clay and and more negative zeta potential of calcined clays in SCPS; with 
dosages required for similar flowing properties as for PLC_ref; respective dos-
ages are provided above the bars and stem from Table 10. 

and mineralogical properties of binder and calcined clay added 
respectively. A water demand of binder higher than 29 wt% is identified 
as critical parameter, as well as a fine particle size and strong negative 
zeta potential of calcined clays (< 2 mV). The physical parameters 
depend to a large extent on the 

−
mineralogical composition of the clay, as 

it not only influences the grindability but also the SSA, water demand 
and surface charge of the calcined clay. Both, the zeta potential and the 
SSA increases with more kaolinite in raw clay, where especially highly 
disordered kaolinite in raw clay contributes to a larger SSA and to a 
lesser extent to a higher water demand of the calcined clay. Muscovite is 
identified as further critical phase as it increases the water demand and 
the viscosity in a remarkable way. Smectite is an uncritical component 
after calcination, despite its troublemaking behavior in other contexts, 
like ceramics or in clay-bearing aggregates (freeze-thaw-resistance of 
concrete and loss in PCE efficiency). Quartz as impurity in clay can lower 
the SSA and water demand and is beneficial not only in terms of flowing 
behavior. The same holds for a glass phase possibly formed during 
calcination in the presence of calcite and smectite. This theory, however, 
is mainly based upon literature and needs to be verified in further 
investigations. 

The studied, industrial PCE-based superplasticizers can decrease the 
viscosity and flow resistance sufficiently. The performance increases 
with the anionic charge density of PCEs, as known for plain cement. 
HPEG-based PCE is insensitive towards the calcined clay added and 

interacts slightly better with calcined quartz-rich clays, while IPEG- 
based PCEs perform even better in the presence of phyllosilicates. 
Especially in combination with a vinyloxybutyl polyethylene glycol- 
based polymer, that is known to enhance early strength development, 
these PCEs are a promising solution to compensate known drawbacks of 
calcined clays. Based upon the original flowing properties, the need for 
superplasticizer increases with a higher particle fineness, as well as a 
higher kaolinite content and more negative zeta potential. While 
kaolinite and smectite do not interfere with the superplasticizers, 
muscovite has to be considered again as critical phase as the super-
plasticizer performance weakens in its presence. The adsorption of cal-
cium ions onto calcined clays and an along-going charge reversal, as 
well as the initial ettringite formation that is promoted in the presence of 
limestone as also of calcined clays, can favor the adsorption of anionic 
superplasticizers. For this reason, the authors recommend a delayed 
superplasticizer addition, that is common in concrete industry. Overall, 
however, calcined common clays with moderate kaolinite content are 
considered as attractive SCMs as they not only show pozzolanic prop-
erties but also require less superplasticizer as calcined kaolinite-rich 
clays for a proper workability. In a next step, the time-dependent 
flowability needs to be evaluated to find practicable solutions for con-
crete industry. 
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Table 10 
Overview of combinations that achieve similar flowability as PLC_ref (✓), have an insufficient dispersion (x) or contain too much superplasticizer or even tend to 
segregate (o); replacement level = 30 wt%, w/b = 0.50 (n.d. = not determined).  

Mixtures Similar flowing properties as for PLC_ref achieved with … 

0.05 
HPEG 

0.05 
IPEG1 

0.10 
IPEG1 

0.20 
IPEG1 

0.05 
IPEG2 

0.10 
IPEG2 

0.20 
IPEG2 

PLC_MURR ✓ ✓ o o ✓ 
PLC_AC ✓ ✓ o o ✓ 

o n.d. 
o o 

PLC_KUP x x ✓ n.d. x ✓ o 
PLC_RKUP x x ✓ o x o o 
PLC_FUP x x x ✓ x ✓ o  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cemconres.2022.106743. 
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[100] C. Schröfl, M. Gruber, J. Plank, Preferential adsorption of polycarboxylate 
superplasticizers on cement and silica fume in ultra-high performance concrete 
(UHPC), Cement Concrete Res 42 (2012) 1401–1408. 



Publications - Evaluation of zeta potential of calcined clays and time-dependent flowability of blended 
cement with customized polycarboxylate-based superplasticizers 

127 

7.4 Evaluation of zeta potential of calcined clays and time-dependent flowability of 
blended cement with customized polycarboxylate-based superplasticizers 

Peer-reviewed journal paper [Reprint] 

“Evaluation of zeta potential of calcined clays and time-dependent flowability of 

blended cement with customized polycarboxylate-based superplasticizers” 

Ricarda Sposito, Matthias Maier, Nancy Beuntner, Karl-Christian Thienel 

Construction and Building Materials 

Volume 308, 125061 (2021) 



Publications - Evaluation of zeta potential of calcined clays and time-dependent flowability of blended 
cement with customized polycarboxylate-based superplasticizers 

128 

unibw.de (K.-C. Thienel).  

https://doi.org/10.1016/j.conbuildmat.2021.125061 
Received 8 January 2021; Received in revised form 17 September 2021; Accepted 25 September 2021   

Evaluation of zeta potential of calcined clays and time-dependent 
flowability of blended cements with customized 
polycarboxylate-based superplasticizers 

Ricarda Sposito *, Matthias Maier, Nancy Beuntner, Karl-Christian Thienel 
Institute for Construction Materials, University of the Bundeswehr Munich, Werner-Heisenberg-Weg 39, Neubiberg, 85579, Germany  

A B S T R A C T

Workability of cementitious systems is often limited when blending them with calcined clays. The first part of the study compares for the first time results of zeta 
potential measurements on both, raw/calcined clays in water and synthetic cement pore solution as well as on a Portland limestone cement replaced by 30 wt% of 
calcined clay. This helps to identify critical parameters that reduce the workability, also over time. The second part evaluates the time-related flow behavior via mini 
slump test and rotational viscometer and, by using isothermal calorimetry, early hydration kinetics of different calcined common clays with two polycarboxylate- 
based (PCE) superplasticizers. The results reveal a high negative zeta potential resulting from high kaolinite content. A large specific surface area enhances floc-
culation and nucleation, while an increasing amount of phyllosilicates and soluble aluminum ions accelerate ettringite formation also with the addition of PCE. 
Tailor-made PCE, however, can compensate rapid loss in flowability and enable a sufficient workability period without affecting early strength development 
significantly for most calcined clay blended systems.   

1. Introduction

Cements blended with calcined kaolinitic clays and limestone came
into focus of concrete technology worldwide during the past decade. 
They yield outstanding synergetic performance towards hydration, 
mechanical and durability properties in search of promising supple-
mentary cementitious materials (SCM) for the future [1–7]. On the other 
hand, the desired addition of calcined kaolinitic clays goes along with 
certain obstacles as kaolinite-rich clays are not abundant available in the 
topsoil, especially in the northern hemisphere [8] and find applications 
in other industries as well [9]. For this reason, several researchers 
started to investigate further types of clays towards their suitability as 
SCM [10–14]. These clays are often dominated by 2:1 clay minerals and 
usually referred to as common clays [15]. 

Due to their physico-chemical properties, like a high negative zeta 
potential, specific surface area and water adsorption tendency, calcined 
clays lead to increased flocculation rates and decrease the workability of 
cementitious systems [16–18]. Depending on the replacement level and 
type of calcined clay added, high amounts of superplasticizer can be 
necessary for a proper dispersion of calcined clay blended systems. To 
the best knowledge of the authors, it is still under discussion which type 
of phyllosilicate as elementary component in clays is more critical when 

it comes to the dispersion efficiency of superplasticizers. Ferreiro et al. 
[19] have revealed that systems with calcined kaolinitic clay require
more superplasticizer than those with calcined smectitic clay, as
superplasticizers can intercalate into the amorphous structure of meta-
kaolin and reduce their efficiency hereby. Investigations on pure,
calcined phyllosilicates (so called metaphyllosilicates), however,
exhibited the tendency that calcined 2:1 phyllosilicates (metaillite,
metamuscovite) are more critical than calcined 1:1 phyllosilicate
(metakaolin) when it comes to the efficiency of superplasticizers
[16,17,20]. Recent results show that it depends on the type of PCE
polymer as well, which perform well with which type of calcined clay
[21]. Rapid slump loss is a known and often unfavored parameter of
calcined clay blended cements, also with the addition of common pol-
ycondensate- and PCE-based superplasticizers [20,22–24]. The addition
of lignosulfonate-based plasticizers can prevent rapid slump loss but
might lead to strong retardation as consequence of high dosages needed
[25]. From this point of view, the use of tailor-made PCE is required to
enable a proper workability over time without significantly affecting the
hydration process. Li and Plank [26] suggest the use of layered double
hydroxide nanocomposites that entrap PCE in the beginning and release
is stepwise for an extended dispersion. Tan et al. [27] propose in another
context the use of PCE with additional hydroxyethyl methacrylate, an
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ester group that decomposes into glycol and carboxyl groups in alkaline 
media. These carboxyl groups can adsorb subsequently onto cement 
particles and prolong the workability period. 

The zeta potential is seen as a remote effect of the surface charge of 
particles [28] and is usually a good indicator for the adsorption behavior 
of superplasticizers onto them [29,30]. So far, it is rather unclear to what 
extent the zeta potential of clays alters with their calcination and the 
along-going dehydroxylation of phyllosilicates. In their raw form, 
phyllosilicates exhibit an overall negative zeta potential that depends, 
among other things, on the pH value of the aqueous phase [28,31–36]. 
With a higher pH value, the zeta potential of clay minerals turns more 
negative [28,31,32,36]. Their zeta potential can turn positive in syn-
thetic cement pore solution (SCPS) or with the addition of Ca2+ ions [32] 
due to the adsorption of the latter onto negatively charged surfaces. 

Recent findings of the authors demonstrated that the zeta potential of 
individual metaphyllosilicates in distilled water remains strongly 
negative, whereas a calcined common clay has a small negative zeta 
potential close to 0 mV, all in all correlating well with the rheological 
properties of calcined clay-water suspensions [17]. From this point of 
view, the present study shall evaluate the zeta potential of application- 
relevant common clays with a wide range of mineralogical composi-
tions, before and after calcination. 

Beside of their impact on rheology, calcined clays are known for their 
influence on the hydration behavior of cementitious systems. During 
early hydration, preferred ettringite and earlier AFm-Hc formation takes 
place controlled by chemical-mineralogically controlled processes of 
calcined clays [37–39]. Beside of the calcination and grinding process-
ing, the pozzolanic reactivity depends mainly on the amount and type of 
phyllosilicates present in clay [39,40]. With the addition of poly-
condensate- or PCE-based superplasticizers, the sulfate depletion and 
aluminate reaction can be even more promoted although the reason is 
still unclear [41–43]. The addition of superplasticizers to calcined clay 
blended cements usually leads to retardation effects, especially on sili-
cate (alite) reaction [16,41,42,44]. This has been also known from other 
cementitious systems [45–48]. Depending on the characteristics of 
calcined clay, they can compensate the retarding effects of super-
plasticizers, e.g. via additional nucleation sites, and lead to altered 
setting behavior [16]. 

Based upon this knowledge, this paper is divided into two parts of 
research. It evaluates the zeta potential of raw and calcined common 
clays in distilled water and highly alkaline SCPS, as well as the zeta 
potential of calcined clay blended cement over time. The time- 
dependent rheological behavior of the latter is discussed in combina-
tion with the early hydration kinetics and the findings from zeta po-
tential development of calcined clay blended cement paste. It aims to 
identify especially the influence of the zeta potential of calcined clays in 
combination with the mineralogy of clays onto the efficacy of tailor- 
made PCE during first 120 min after water addition, as well as effects 
of PCE on the first 24 h of hydration. 

2. Materials & methods

2.1. Binder components

A Portland limestone cement (PLC), CEM II/A-LL 32.5 R complying 
with DIN EN 197–1 [49], is replaced by 20 wt% of metaphyllosilicates in 
a first step: an industrial metakaolin (Mk), lab-scale calcined meta-
muscovite (Mu) and metaillite (Mi). These three materials and their 
processing as well as the PLC have been described extensively by the 
authors in [17]. For further tests, PLC is partially replaced by 30 wt% of 
four calcined common clays and a clay-rich mine tailing (Recycling 
Kaolin Upper Palatinate, short: RKUP [12]), respectively. A higher 
replacement level is possible due to further components in common 
clays and aimed for a clinker reduction as high as possible. The calcined 
common clays are designated according to its provider (MURR) or to 
their geological / geographical origin: Amaltheen clay (AC), Kaolin 

Upper Palatinate (KUP), Fireclay Upper Palatinate (FUP). A detailed 
description on the origin and the mineralogy of the raw AC, KUP, FUP 
and RKUP is published in [12,40]. The five latter materials are calcined 
at 800 ◦C in a lab muffle kiln and ground after cooling in a vibratory disc 
mill RS 200 (Retsch, Germany) at 700 min−1 for 10 min. Table 1 sum-
marizes the physical parameters of all solid materials used within this 
investigation program. The particle sizes of the calcined common clays 
have been measured by static laser diffraction, see details in [21]. 
Table 2 shows the mineralogical composition of raw MURR, AC, KUP, 
FUP and RKUP analyzed by Q-XRD. Table 3 provides the amorphous 
content and the calcined kaolinite content, as well as the amount of 
soluble silicon and aluminum ions of calcined clays, measured via ICP- 
OES after 20 h eluting in 10 wt% NaOH solution [50] as indicator for 
the pozzolanic activity of each calcined common clay. The amorphous 
content is determined on powder samples of calcined clays via X-ray 
diffraction by using a PANalytical Empyrean with Bragg-BrentanoHD 

and PIXcel1D linear detector. The quantification of amorphous phase is 
performed with external standard method according to [51] with zincite 
as standard material. The calcined kaolinite content is calculated based 
upon kaolinite content from raw clay (Table 2) and a proposal of Avet 
and Scrivener [1] that has been described extensively by Maier et al. 
[40]. 

2.2. Superplasticizers 

Two industrial superplasticizers are selected to investigate their time 
dependent effectiveness in calcined clay blended systems. Their struc-
tural formulae are provided in Fig. 1. An α-methallyl-ω-methoxy poly 
(ethylene glycol) ether type PCE (HPEG) with a moderate side chain 
length (nEO 66) is investigated. Its anionic charge density is 850 μeq/g 
in distilled 

=
water and its solid content is 50.0 wt%. The HPEG PCE 

showed promising results in dispersing challenging calcined clay 
blended systems in previous investigations [16,17,20,21,55]. In the 
further course of investigations, it is used as reference with a constant 
dosage of 0.05 %bwob (% active agent by weight of binder). At w/b
0.50, this dosage enables a proper initial dispersion of neat cement paste

=

and cement with calcined common clay TG. 
An isoprenyl oxy poly(ethylene glycol) ether type PCE (IPEG1) with 

acrylic acid as anchor group and short side chain (nEO < 25) is used. Its 
anionic charge density is 628 μeq/g in distilled water and its solid 
content is 29.0 wt%. It consists of two AA-IPEG polymers, where one 
anchor group has an additional ester group (hydroxyethyl methacry-
late). This type of PCE improves the slump retention over time [27] and 

Table 1 
Physical parameters of PLC, metaphyllosilicates and calcined common clays.  

Material Particle 
density 
[g/cm3]  
[52] 

BET 
[m2/g]  
[53] 

Water 
demand [wt 
%] [54] 

Particle size distribution 
d10 

[μm] 
d50 

[μm] 
d90 

[μm] 

PLC  
[17]  

3.09  1.7 – 2.3 13.1  46.0 

Mk [17]  2.61  17.8 56.9 / 57.8 / 3.0  14.8  76.2 

Mu [17]  2.79  11.8 9.3  19.2  45.7 

Mi [17]  2.72  94.6 

59.4  
79.8 / 83.2 / 
92.3  
67.7 / 69.7 / 
71.8  

2.7  6.8  61.9 

MURR  2.72  5.3 32.8 / 34.0 / 4.6  40.9  150.4 

AC  2.67  17.2 3.6  30.0  161.9 

KUP  2.70  6.6 

34.2  
28.3 / 30.8 / 
32.7  
40.4 / 47.4 / 
51.2  

6.4  26.7  86.9 

RKUP  2.63  7.9 2.2  12.0  81.0 

FUP  2.63  42.4 

35.1 / 38.9 / 
39.4  
43.6 / 44.5 / 
46.6  

2.8  16.1  56.3  
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shall counteract the rapid loss in workability known for calcined clay 
blended systems by decomposition of hydroxyethyl methacrylate into 
carboxyl and glycol groups in alkaline media. The dosage steps for 
IPEG1 are set at 0.05, 0.10 and 0.20 %bwob, where the dosage repre-
sents the solid content in PCE and the liquid part is subtracted from the 
mixing water. The PCE are added immediately with the water: water- 
PCE solutions (à 2 L) are prepared with the respective amount of 
superplasticizer in distilled water. 

2.3. Methods and nomenclature 

Zeta potential (ZP) of raw and calcined common clays is measured in 
distilled water. In addition, the ZP of metaphyllosilicates and common 
clays is measured in synthetic cement pore solution (SCPS). The mea-
surements shall reveal changes in ZP by calcination and differences 
between ZP in distilled water and SCPS. The SCPS contains 0.4 g/l Ca2+, 
7.1 g/l K+, 2.2 g/l Na+ and 8.3 g/l SO4

2- [56]. The powder material (m 

1.50) 
250 g) 

and 
is 
stirred 
added to 

manually 
375 g 

for 
distilled 

2 min. 
water 

The 
/ 
ZP 

SCPS 
of each 

(liquid-to-solid 
powder material

ratio=  
 
=
is

measured 7 times via electroacoustic spectrometer DT-310 (Dispersion 
Technology Instruments, USA), while being continuously stirred at 400 
rpm to prevent segregation effects. 

Time-dependent mini slump tests are conducted on cements with 20 
wt% metaphyllosilicates and with the addition of adjusted HPEG dosage 
over a period of 120 min. The required amount of HPEG has been 
evaluated for each system via mini slump test according to DIN EN 
1015–3 [57] by the Chair for Construction Chemistry, Technical Uni-
versity Munich (Germany). The exact procedure and the respective 
dosages are given in [17]. The homogenized binder (m 400 g) is added 
to the respective amount of water-PCE solution and 

=
mixed in a Hobart 

mixer (including 60 s stirring, 60 s rest, 120 s stirring). The first test 
takes place 5 min after water addition and is repeated after another 10 
min in intervals of 15 min. Between each measurement, the cement 
paste is covered with a damp cloth to prevent drying-up and mixed for 
another 60 s by hand before conducting the next mini slump test. For the 
evaluation of flowability, a slump flow of 26 cm is calculated as 100 % of 
flowability. A Vicat cone is used as equipment for mini slump test, where 
the bottom diameter (8 cm) represents 0 % of flowability. The time- 
dependent mini slump test provides a first evaluation of (rapid) slump 
loss and enables, in combination with further methods, a proper un-
derstanding of workability on cement paste level. 

The rotational viscometer, the coupled cooling unit (T 20 ◦C) and 
the mixing procedure for rheological measurements are 

=
described in 

[17]. Time-dependent rheological measurements are conducted at four 
times: 5, 30, 50 and 105 min after water addition. For the first 3 mea-
surements, the paste remains in the viscometer. After the third mea-
surement, it is filled into a cup and covered with a damp cloth, 
analogously to the sample for mini slump test. Two minutes before the 
last measurement begins, the sample is stirred up manually and filled 
back into the viscometer. Each measurement records the torque (Tv) at 
rotational speeds (v) of 120 revolutions per minute (min−1) for 10 min, 
followed by 80 rpm, 40 rpm and 20 min−1 for 2 min each. For each 
rotational speed, the median torque [Nmm] is calculated from data 
points once an equilibrium state is obtained. Based on proposals of Vikan 
et al. [58,59], the flow resistance [Nmm⋅min−1] is calculated as the area 
under the flow curve from 20 to 120 rpm following the trapezoidal 
method with 3 intervals (v1 = 120, v

. 
2 = 80 min−1, v3 = 40 min−1 and v4 

= 20 min−1), based on Equation (1)

FR
[
Nmm∙min−1] =

1
2

4∑

n=1
[(f(vn) + f(vn+1))∙(vn+1 − vn)] (1) 

The insert of the median torques [Nmm] at 20, 40, 80 and 120 min−1, 
as well as of the rotational speeds themselves [min−1] leads to the 
following, simplified term in Equation (2): 

FR
[
Nmm⋅min−1] = 10 T20 + 30 T40 + 40 T80 + 20 T120 (2)

The flow resistance, used as parameter for initial flowability, has 

R. Sposito et al.

Table 2 
Mineralogical composition of raw MURR, AC, KUP, FUP and RKUP (before 
calcination); the mineralogy of AC, KUP, FUP and RKUP is taken from [12]  

Phase [wt%] MURRraw ACraw KUPraw RKUPraw FUPraw 

Quartz 48 20 33 48 12 
Kaolinite 1 23 26 45 74 
Muscovite/illite 10 5 36* 3 3 
Illite-smectite – 32 – – 8 
Smectite 32 – – – – 
Chlorite 6 – – – 
Calcite 

4 
1 7 – – – 

Dolomite 1 – – – 
Feldspar 

< 1 
5 4 – – – 

Rutile 1 – 
Anatase – < 1 
Pyrite 

– < 1 
– 2 
– 1 – – 

Hematite – – – 
Goethite –  4 

< 1 
3 

1 
1 
– 
– 
– 

* identified as muscovite in[40]

Table 3 
Amorphous content, calcined kaolinite content and ion solubility of calcined 
common clays.  

Parameter MURR AC KUP RKUP FUP 

Amorphous phase [wt%] 27 49 37 39 84 
Calcined kaolinite content [wt%] 1 22 23 41 69 
Sisoluble [mmol/L] 1.2 2.7 3.3 5.0 11.4 
Alsoluble [mmol/L] 0.4 1.7 2.3 4.0 8.5 
Si/Al [-] 2.88 1.64 1.45 1.25 1.34  

Fig. 1. Structural formulae of HPEG and IPEG1.  
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previously shown good correlations with physical and mineralogical 
parameters of calcined clays [21]. It is of special interest for systems 
with negative, physically impossible yield stress, which has been 
detected by linear Bingham fit for superfluidized as well as shear- 
thickening/shear-thinning systems beforehand [16,17]. Supplemen-
tary data further provides the rheological analysis based on Bingham 
model modified by Yahia and Khayat [60], as well as with Herschel- 
Bulkley fit [61]. 

The zeta potential (ZP) and pH value is measured for selected 
blended cement paste over a total time of 2 h. The pore solution of PLC is 
set as ionic background. Therefore, 100 g of cement are mixed with 
distilled water (w/c 0.50) for 5 min by hand. The cement paste is 
poured into a Büchner 

=
funnel with a prewetted filter paper and the pore 

solution of the cement paste is extracted by vacuum process. Based on 
this extracted pore solution, the background is determined three times 
by the electroacoustic spectrometer described beforehand. Beside of the 
ionic background, the spectrometer considers initial particle density and 
mean particle size of the binder components. For the actual measure-

water 
ment, 

/ 
the 
water-PCE 

binder (m =
solution 

360 
for 

g) 
w/b 
and the 

0.50 are 
respective 

mixed for 
amount 

5 min 
of 

by 
distilled

hand. 
 

The paste is constantly stirred at 300 
=

rpm to avoid segregation during 
the entire measurement. The ZP is summarized for intervals of 5–21 min, 
30–46 min, 50–66 min and 105–121 min, which represent the times of 
the rheological measurements. During the course of very early hydra-
tion, the ionic background as well as the particle characteristics change. 
Changes in ZP indicate the adsorption of (super)plasticizers onto binder 
components on the one hand and the formation of hydration phases on 
the other. When the ZP becomes less negative or even positive, steric 
hinderance is assumed to be the main dispersion mechanism of a 
superplasticizer polymer, like it is known for PCE [62]. An absolute 
differentiation between adsorption-related and hydration-related 
change of ZP is hence impossible, but the trend in ZP is used for com-
parison in combination with rheological measurements and calorimetric 
studies. 

The first 24 h of hydration kinetics are observed by using isothermal 
calorimeter TAM Air (TA Instruments, Delaware/USA). The binder (m 

5 g) is homogenized for 30 s before mixing the paste for 60 s by hand. =
Each sample is transferred into a plastic ampoule and immediately af-
terwards into the calorimeter. For each system, the measurement is 
conducted at least twice to secure reproducibility. The resulting heat 
flow is averaged and related to 1 g of cement. The heat flow curves 
indicate, according to Bullard et al. [63], four stages of clinker reaction 
in cements: I) initial reaction, II) period of slow reaction, III) accelera-
tion period and IV) deceleration period. Within this paper, the focus is 
especially on the question how the addition of superplasticizer in 
varying amounts affects stages II and III of calcined clay blended ce-
ments. Cumulative heat of hydration is calculated by integration of heat 
flow over time and the multiplication by 3.6 to adjust the units. It is set 
at 0 J/g at the end of rest period. Cement paste samples are designated as 
PLC_30type of calcined clay_dosage and type of PCE, e.g. 
PLC_30AC_0.10IPEG1. 

3. Results and discussion

3.1. Zeta potential of used materials in water and SCPS

The zeta potential (ZP) of metaphyllosilicates in distilled water has 
been discussed in comparison with quartz powder and TG by the authors 
[17]. When measuring the ZP in SCPS, the ZP becomes more negative for 
the metaphyllosilicates. This is in compliance with literature, that an 
increasing pH value leads to a more negative ZP [36] as edge surfaces 
turn to be negatively charged [33,34]. In addition, the order of ZP 
changes for metaphyllosilicates: it is the least negative for meta-
muscovite (Mu) < metaillite (Mi) and the most negative for metakaolin 
(Mk), see Table 4. One possible reason, again derived from findings on 
clay minerals [36], is the tendency of the metaphyllosilicates to adsorb 

H+ ions: the lower the amount of H+ in solution, the lower is the 
negative ZP. With increasing water demand (Table 1), which is espe-
cially known for metamuscovite [64], the absolute value of negative ZP 
becomes smaller. However, this does not apply for common clays that 
contain further components beside of clay minerals. 

Before calcination, the ZP of common clays ranges between – 0.2 mV 
and – 10.2 mV (Table 4). KUP exhibits a low ZP at pH 4.4, which is 
related to its high content in muscovite (Table 2) and 

=
positively charged 

edge surfaces of muscovite at pH < 8 [65]. This is also the reason for a 
lower ZP of MURR. For RKUP, the high amount of quartz seems to 
compensate the strong negative ZP of kaolinite although the ZP of quartz 
is also negative in H2O due to deprotonation of SiO2 [66]. AC and FUP 
exhibit the highest, negative ZP values due to the high amount of 
phyllosilicates / kaolinite. It is impossible to compare the absolute 
values of ZP before and after calcination due to differences in pH value. 
However, by calcination, the sorting of ZP in H2O changes to MURR <
AC < KUP < RKUP < FUP according to their (calcined) kaolinite content 
(Table 2 and Table 3). The pH decreases for suspensions with kaolinite- 
rich clays and increases for suspensions with clays rich in 2:1 phyllosi-
licates, which fits with the pH values of Mk-H2O and Mu-H2O/Mi-H2O, 
respectively. However, in comparison with metaphyllosilicates, the ZP 
values are less negative in SCPS and for MURR even partially positive 
(Table 4). This indicates the adsorption of cations (Ca2+, Na+ and K+) 
from SCPS onto the calcined clay surface, which has also been observed 
for clay minerals [31,32]. The amorphous content of calcined clay does 
not indicate the trend of zeta potential (R2 0.728), see Fig. 2a. As
observed in distilled water, the absolute 

=
values increase with higher 

calcined kaolinite content (R2 0.923), see Fig. 2b. The present results
show more likely that both 

=
the pH value and the mineralogical 

composition, as known for clay minerals [32,33,36] and further mate-
rials [66], significantly affect the ZP of calcined clays and as conse-
quence their possibility to adsorb superplasticizers. 

3.2. Zeta potential and pH value of calcined clay blended cement paste 

Zeta potential (ZP) measurements are limited to PLC as plain cement 
sample, PLC_30AC with AC representing a calcined clay with medium 

Table 4 
Zeta potential ζ [mV] of metaphyllosilicates and raw / calcined common clays in 
distilled water and SCPS (l/s = 1.50) including the pH values of each suspension.  

Material Zeta potential [mV] at l/s = 1.50 … 
In H2O dest. In SCPS after calcination 
Before 
calcination 

After 
calcination 

ζØ ζmin ζmax 

Mk – − 47.3 
(pH =
11.1) 

−
46.4 

−
48.0 

Mu – 

− 17.4 [17] 
(pH = 4.5) 

− 52.0 [17] 
(pH = 8.3) 

− 9.5 
(pH =
12.3) 

− 8.3 −
10.3 

Mi – − 28.0 
(pH =
10.9) 

−
27.5 

−
28.5 

MURR − 5.1 
(pH = 6.8) 

− 1.1 
(pH =
12.2) 

− 1.6 + 0.4 

AC − 9.5 
(pH = 6.3) 

− 1.6 
(pH =
12.0) 

− 2.0 − 1.2 

KUP − 0.2 
(pH = 4.4) 

− 3.3 
(pH =
11.8) 

− 3.6 − 2.7 

RKUP − 5.6 
(pH = 7.1) 

− 4.0 
(pH =
12.0) 

− 4.5 − 3.3 

FUP − 10.2 
(pH = 5.8) 

− 21.4 [17] 
(pH = 9.7) 

− 1.4 
(pH = 10.9) 

− 2.7 
(pH = 9.2) 

− 5.4 
(pH = 5.1) 

− 7.5 
(pH = 4.5) 

− 8.8 
(pH = 5.1) 

− 7.5 
(pH =
10.8) 

− 7.9 − 7.3  
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kaolinite, yet high phyllosilicate content, and PLC_30FUP with kaolinite- 
rich FUP. PLC_30FUP exhibits the highest negative ZP which relates to 
the strong negative ZP of calcined clays (Table 4), followed by PLC_30AC 
and PLC (Fig. 3). It is known that a less negative or even positive zeta 
potential favors the adsorption of anionic superplasticizers [29,67]. 

With the addition of PCE, the initial ZP changes towards less negative 
values indicating an immediate adsorption and a dispersion effect via 
steric hindrance. In case of PLC, the change in ZP is more pronounced for 
0.05HPEG compared to 0.05IPEG1, which results from a longer side 
chain and a possible higher initial adsorption of HPEG (cf. section 2.2). 
The stepwise alteration of ZP by adsorption is shown for 0.05, 0.10 and 
0.20 %bwob IPEG1 in PLC and PLC_30AC. PLC_30AC shows the most 
significant change between reference and 0.20IPEG1, where the zeta 
potential even turns slightly positive. Schmid and Plank [68] recently 
showed that PCE can adsorb onto metaphyllosilicate particles, enhanced 
by the prior adsorption of Ca2+ of SCPS / clinker onto negatively 
charged particles. Li et al. [26,69] further found that calcined clays 
adsorb in SCPS even higher amounts of PCE than in ordinary Portland 
cement. This can also explain why the absolute gap in zeta potential 
between reference systems and systems with PCE is higher for calcined 
clay blended cements compared to PLC. A final judgement, which type 
of calcined clay adsorbs more PCE, however, is omitted here due to the 
limited data. Future investigations focus further on the ion and super-
plasticizer adsorption behavior of calcined common clays. 

Over time, the ZP of PLC changes only slightly, while the negative ZP 
of PLC_30AC diminishes linearly towards a less negative value (Fig. 4). 
Indicated by the most pronounced slope, PLC_30FUP yields the most 
extreme change from the most negative ZP to 0 mV after 105 min. This 
rapid change indicates a fast initial ettringite formation, when consid-
ering the specific surface area and the amount of soluble ions of the 

Fig. 4. Zeta potential [mV] of PLC, PLC_30AC and PLC_30FUP without and 
with 0.20 %bwob IPEG1 over time. 

calcined clays (Table 1 and Table 3, respectively). With the addition of 
0.20IPEG1 as well, PLC_30FUP shows the most significant change of ZP 
over time, which can explain both ettringite formation on the one hand 
and retarded adsorption of IPEG1 on the other hand as ZP of cement 
turns less negative with the adsorption of steric hindering PCE [47]. 
However, in combination with the flow resistance results (Fig. 6f), it is 
assumed that the significant change rather stems from strong, initial 
ettringite formation as a subsequent dispersion is not evident for this 
system. ZP of PLC_30AC remains rather constant and indicates a stronger 
retardation effect onto the latter system. The same holds for PLC, except 
of the jump in ZP from – 1.1 to 0.3 mV after 30 min, due to later 
adsorption of IPEG1, which enables 

+
a subsequent reduction in flow 

resistance (shown in Fig. 6a). Further data points with lower amounts of 
PCE reveal a similar trend in ZP (Table 5). 

Table 6 provides the corresponding pH values obtained during the 
time-related zeta potential measurements. It is commonly known that 
the zeta potential strongly depends on the pH value of the suspension, as 
shown e.g. in refs. [36,70,71]. Similar to the investigations in SCPS 
(Table 4), the pH value decreases with higher amounts of calcined 
kaolinite present in the cement blend. The initial measurements (after 5 
min) further demonstrate that the addition of usually acidic PCE (pH 4 
[72]) decreases the pH value of the cement pastes. This effect remains

≈
 

constant over time for PLC and PLC_AC, regardless of the PCE dosage. 
PLC_30FUP in contrast reveals a rapid increase in pH over the first 105 
min, which indicates, along-going with strong changes in zeta potential, 
faster ongoing hydration kinetics. Time-dependent changes in flow-
ability will be discussed in the following sections 3.3 and 3.4, as well as 
effects on early hydration in section 3.5. 

Fig. 2. Zeta potential of calcined clays (CC) in SCPS in correlation with a) the amorphous content and b) the calcined kaolinite content [wt%]  

Fig. 3. Zeta potential [mV] of PLC, PLC_30AC and PLC_30FUP without and 
with varying amounts of PCE (w/b = 0.50, 5 min after water addition). 

R. Sposito et al.
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3.3. Time dependent flowability of cement paste with metaphyllosilicates 

The following results reveal how the mostly negative zeta potential 
of calcined clays affects the initial and time dependent effectiveness of 
modern PCE superplasticizers. Fig. 5 presents the flowability with dos-
ages of HPEG adjusted for an initial slump of 26 cm (flowability 100 
%). PLC and the systems blended with metaphyllosilicate have a 

=
rapid 

decline in flowability and do not flow at all after 120 min. Especially 
PLC_20Mi has a fast decrease in flowability within the first 60 min, 
declining less rapidly afterwards. Mi and Mk show rapid loss in flow-
ability also in combination with ordinary Portland cement with either 
naphthalene sulfonated based superplasticizer or HPEG [20]. Up to now, 
the authors explain this with the high fineness and large SSA, especially 
of Mi, as well as due to a high water uptake of the materials. The 

Table 5 
Median, minimum and maximum zeta potential (ζØ, ζmin, ζmax) of PLC and PLC_30AC with 0.05HPEG and 0.05/0.10IPEG1 over time.   

Time [min] PLC PLC_30AC 
0.05HPEG 0.05IPEG1 0.10IPEG1 0.05IPEG1 0.10IPEG1 

ζØ 

[mV] 
5 − 1.8 − 2.5 1.7 − 1.9 − 0.6 
30 − 1.7 − 0.9 

−
0.1 − 1.8 − 0.6 

50 − 1.4 0.2 0.2 − 1.8 0.5 
105 − 1.0 

−
0.3 0.3 − 1.2 

−
0.1 

ζmin 

[mV] 
5 − 1.9 − 2.7 − 2.0 − 2.3 − 0.6 
30 − 1.8 − 1.5 − 0.6 − 2.0 − 0.6 
50 − 1.5 − 1.0 0.3 − 2.1 − 0.6 
105 − 1.0 − 0.8 

−
0.2 − 1.4 − 0.4 

ζmax 

[mV] 
5 − 1.4 2.2 1.1 − 1.7 − 0.5 
30 − 1.6 

−
1.1 

−
0.6 − 1.6 − 0.5 

50 − 1.2 1.0 0.5 − 1.5 0.4 
105 − 1.0 0.9 0.5 − 0.9 

−
0.4  

Table 6 
pH values [-] of PLC, PLC_30AC and PLC_30FUP without and with varying 
amounts of PCE after 5, 30, 50 and 105 min.  

System PCE pH [-] after … 
5 min 30 min 50 min 105 min 

PLC ref  12.6  12.6  12.6  12.6 
0.05HPEG  12.3  12.5  12.5  12.6 
0.05IPEG1  12.7  12.7  12.7  12.7 
0.10IPEG1  12.4  12.5  12.5  12.6 
0.20IPEG1  12.4  12.4  12.4  12.5 

PLC_30AC ref  12.2  12.2  12.1  12.1 
0.05IPEG1  12.0  12.0  12.0  12.1 
0.10IPEG1  12.2  12.2  12.3  12.3 
0.20IPEG1  11.7  11.8  11.8  11.9 

PLC_30FUP ref  11.9  12.1  12.2  12.4 
0.20IPEG1  11.8  12.1  12.2  12.4  

Fig. 5. Time dependent flowability for PLC systems with 20 wt% replacement 
by Mk, Mu, Mi and TG and the addition of adjusted dosage of HPEG. 

question arises whether calcined common clays do have a slower decline 
in flowability or – in reverse – which parameters do favor a rapid loss in 
flowability. Is it possible to face this problem with a suitable PCE 
superplasticizer? 

3.4. Time dependent flow resistance of calcined clay blended cement 
pastes 

Taking a look at Table 7, the area under the flow curve, expressed as 
initial flow resistance (FR) [Nmm min−1], is similar for PLC, 
PLC_30MURR and PLC_30AC. While the FR remains constant or even 
decreases for PLC and PLC_30MURR, respectively, it increases during 
the first 50 min slightly more rapidly for PLC_30AC. After 120 min, these 
systems have a similar FR again. PLC_30KUP, PLC_30RKUP and 
PLC_30FUP have a significantly higher initial FR that increases signifi-
cantly over time for PLC_30KUP and PLC_30FUP, while it remains con-
stant for PLC_30RKUP. When comparing the physical properties of these 
calcined clays in Table 1, this is due to the lower water demand of RKUP 
leading to a lower water adsorption onto these particles and therefore a 
longer workability. The initial FR (5 min after water addition) is dis-
cussed in detail in [21] and results from the kaolinite content of raw clay 
(Table 2), a large SSA and water demand of calcined clays (Table 1) and 
a strong negative zeta potential in alkaline milieu (Table 4). As assumed 
for mini slump test results, a significant increase in FR over time does 
also stem from a large SSA and water uptake by calcined clays [23,64]. 
As consequence, it is urgently necessary to find solutions how to prolong 
the workability of calcined clay blended systems. 

For each system and time interval, the reduction in FR is calculated 
by relating the FR with PCE to the FR without PCE, multiplied by 100 %. 
The addition of 0.05HPEG leads to higher initial reduction in FR (45.9 – 
60.8 %) compared to 0.05IPEG1 (23.5 – 50.2 %). It indicates a better 
initial adsorption of HPEG, which is related to its higher anionic charge 
density [30,73]. A further reduction in FR, compared to reference 
without PCE at the respective time, takes place for most of the systems 
(Fig. 6) with both 0.05HPEG and 0.05IPEG1, except for PLC_30FUP 
(Fig. 6f). IPEG1 can reduce the FR at later times more significantly 
compared to HPEG, which is in good agreement with the observations of 
Tan et al. [27]. In consequence, the calcined clay blended cements 

Table 7 
Time dependent flow resistance for (blended) cement paste without super-
plasticizer (w/b = 0.50).  

System Flow resistance without PCE [Nmm min−1] after … 
5 min 30 min 50 min 105 min 

PLC 1987 1859 1869 2414 
PLC_30MURR 2240 2260 2264 2642 
PLC_30AC 2067 2074 2124 2543 
PLC_30KUP 6723 7120 7288 8287 
PLC_30RKUP 7841 7805 7840 7900 
PLC_30FUP 8090 8825 9258 11,108  

R. Sposito et al.
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(except of PLC_30RKUP) have a similar reduction in FR of 43.2 – 62.6 % 
and 40.9 – 61.5 % after 105 min with 0.05HPEG or 0.05IPEG1, 
respectively. With higher dosages, the initial reduction in FR ranges 
between 57.5 and 71.2 % by 0.10IPEG1 and between 76.2 and 91.2 % by 
0.20IPEG1, where the PLC_30RKUP shows the highest, initial reduction 
(Fig. 6e). Over time, 0.10IPEG1 increases further the percentage 
reduction in FR for all systems except of PLC_30AC and PLC_30FUP. 
With 0.20IPEG1, it is possible to increase it for PLC_30AC after 105 min 
(Fig. 6c) whereas for PLC_30FUP, the reduction in FR decreases rapidly 
also at this high dosage of IPEG (Fig. 6f). As consequence, the reduction 
in FR exhibits a wider range of 50.9 – 82.3 % (0.10IPEG1) as well as 65.8 
– 94.3 % (0.20IPEG1) after 105 min.

Table 8 compares the ability of a further reduction in FR by using
varying amounts of IPEG1 with both mineralogical and physical pa-
rameters of the clays. Systems with a replacement of 30 wt% by 
kaolinite-rich calcined clay (FUP) go along with no further reduction in 
FR when using the chosen dosages up to 0.20 %bwob. However, the 
table demonstrates that even systems with low-kaolinite clays (23 wt%) 
can cause slight difficulties in maintaining their workability over time 
and the retarded fluidification comes to pass only at higher dosages, 
while calcined clays with a comparable amount of kaolinite or even 
higher do not have these problems. Hence, this parameter cannot be the 
sole reason for a rapid loss in workability from the mineralogical point of 

view. Rather it is related to the total content of phyllosilicates, including 
kaolinite, illite, smectite, illite–smectite mixed-layer, muscovite and 
chlorite, in clays. While IPEG1 is able to further reduce the flow resis-
tance compared to reference systems for clays with a content in phyl-
losilicates < 62 wt%, it starts to struggle with 66 wt%. Vice versa this 
means, by using the example of RKUP (Table 2), that even clays with 45 
wt% of kaolinite do not cause severe problems, when using a proper 
PCE, if the other phases in clay, e.g. high amounts of quartz, favor a good 
workability over time. Further it is in this context worth to consider the 
pH value of cement paste / pore solution, which becomes smaller with 
AC and even more pronounced with kaolinite-rich FUP (Table 6), as the 
decomposition of hydroxyethyl methacrylate in IPEG1 into carboxyl 
groups (that subsequently adsorb onto positively charged surfaces) and 
glycol groups is mainly driven by strongly alkaline media. 

Regarding the physical parameters, that are closely connected to the 
mineralogical composition, the water demand according to Puntke [54] 
does not represent an indicator if a further reduction in FR is possible 
with IPEG1. The SSA – determined by BET method - of a calcined 
common clay can give a hint on it: calcined clays with low SSA (here <
7.9 m2/g) are not as challenging as calcined clays with a higher SSA, 
where not even 0.20IPEG1 can maintain or further increase the reduc-
tion in FR (Table 8). In summary this means, that both inner and outer 
parameters need to be considered when aiming for a proper, long 

Fig. 6. Time dependent reduction in flow resistance (FR) for a) PLC, b) PLC_30MURR, c) PLC_30AC, d) PLC_30KUP, e) PLC_30RKUP and f) PLC_30FUP systems.  
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workability of complex calcined clay blends: how much phyllosilicates 
does the raw clay contain and, in a next step, what about the zeta po-
tential, the water demand and the specific surface area of the calcined 
clay? Although the outer parameters, e.g. water-to-binder ratio and 
replacement level, remain mostly constant within this study, they should 
not be left unmentioned as they are crucial for the necessary amount of 
superplasticizer [55,74]. 

Furthermore, flow resistance and respective ZP of (blended) cement 
paste show overall a moderate correlation 5 min after water addition, 
while it is excellent (R2 0.993) e.g. within PLC_30AC system with
varying amounts of PCE (

=
Fig. 7). The more negative the ZP is, the higher 

is in general the initial flow resistance. This is explained by I) hetero-
geneous ZP of reference systems and its components, leading to higher 
flocculation rates [24] and by II) lower immediate superplasticizer 
adsorption, depending on type and dosage of PCE. After 105 min, the ZP 
of several systems decreases or even turns positive without significant 
changes in FR, related to a combination of subsequent superplasticizer 
adsorption (which leads to a further reduction in FR) and initial 
ettringite formation, a positively charged hydrate phase [30]. According 
to Jakob et al. [75], ettringite formation has the main influence on time- 
dependent rheology during very early hydration. For the systems with 
30 wt% FUP, however, both the ZP and FR change drastically, indicating 
a strong initial ettringite formation that a) dominates the development 
of ZP and b) increases the FR. 

The results show that with the right combination of calcined clay and 
dosage of PCE with hydroxyethyl methacrylate can extend the 

workability over the two hours observed. Critical parameters, that have 
been identified, are a high content in phyllosilicates as well as a large 
SSA – both affecting not only the interaction with superplasticizers [21] 
but also their reactivity, contributing as filler effect during very early 
age [76,77]. 

3.5. Early hydration kinetics of a Portland limestone cement with calcined 
common clays and superplasticizers 

The final section of this paper presents the effects of superplasticizer 
on the further course of very early hydration. The replacement of cement 
by 30 wt% AC or FUP slightly prolongs rest period tQ,min but results in 
higher heat values Qmin at this time, see Fig. 8 and Fig. 9. The acceler-
ation period is significantly shortened and the maximum heat, desig-
nated as Qmax,2 as for plain cements usually two maxima do occur and 
this peak refers to the “sulfate depletion peak”, is more pronounced for 
PLC_30AC and PLC_30FUP compared to PLC. These results are related to 
the filler effect [78] and contribution of AC and FUP already during very 
early hydration and are in good agreement with [37,79]. Scherb et al. 
[37] describe a continuous ettringite formation ongoing in parallel with
silicate reaction in calcined clay blended systems during acceleration
period. The significant differences between PLC_30AC and PLC_30FUP
are due to their differences in specific surface area and amount of soluble
Al and Si ions (Table 1) as previously stated by Maier et al. [40].
Furthermore, as shown in Fig. 8c, the sharp peak of PLC_30FUP indicates
rapid sulfate depletion, which could be addressed with further sulfate
addition as described by Zunino and Scrivener [78].

The rest period is prolonged with the addition of PCE (Fig. 9). It is 
noticeable that the effect regardless of type and dosage of PCE on 
PLC_30FUP is minor, while it is most significant for PLC. With the 
addition of 0.05HPEG, acceleration period exhibits partially higher 
values and Qmax,2 occurs earlier, particularly for PLC_30AC (Fig. 8b). An 
accelerated dissolution of gypsum / aluminate reaction going along with 
HPEG has been observed also for other calcined clay blended systems 
[41] and is well known for PCE in plain systems [80,81]. The addition of
IPEG1, on contrary, prolongs rest and acceleration period significantly
for PLC and PLC_30AC and lowers the heat flow during acceleration
period. This effect leads to higher Qmax,2 values with increasing dosage
of IPEG1 in PLC systems, while there is rather only a shift in time for
PLC_30AC. These merging effects have been observed by several authors
[44,82,83] and are explained by a non-linear retardation (faster on- 
going reactions after initial retardation [82]). On contrary, PLC_30FUP
systems hardly show any shifts in time (neither tQ,min nor tQmax,2) but
Qmax,2 values decrease from 10.4 mW/gcement (ref) to 8.3 mW/gcement 
with 0.20IPEG1. The minor shift of significant reactions during the first
24 h of heat flow fits well with the rapid increase in flow resistance and

Table 8 
Time dependent reduction in flow resistance (FR) compared to references without PCE depending on kaolinite / phyllosilicate content in raw clay, on water demand 
and BET SSA of calcined clays as well as on the dosage of IPEG1 (x = constant further reduction; ● = partial further reduction; ○ = no further reduction).  

Kaolinite in raw clay [wt%] Further reduction in FR over time with … %bwob 
IPEG1  

Phyllosilicates in raw clay [wt%] Further reduction in FR over time with … %bwob 
IPEG1 

0.05 0.10 0.20 0.05 0.10 0.20 

1 x x x  47 / 48 x x x 
23 ○ ● x  
26 x x –  62 x x – 
45 x x x  66 ○ ● x 
74 ○ ○ ○  85 ○ ○ ○          

Water demand [wt%] Further reduction in FR over time with … %bwob 
IPEG1  

BET SSA [m2/g] Further reduction in FR over time ... %bwob IPEG1 

0.05 0.10 0.20 0.05 0.10 0.20 

28.3 ○ ● x  x x x 
32.8 – 40.4 x x x  ○ ● x 
43.6 ○ ○ ○  

< 7.9 
17.2 
42.4 ○ ○ ○  

Fig. 7. Correlation of zeta potential and flow resistance of PLC, PLC_30AC and 
PLC_30FUP without and with the addition of varying amount of PCE, 5 and 105 
min after water addition (w/b = 0.50, T = 20 ◦C). 
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Fig. 9. Significant times during heat flow: tQ,min as end of rest period and tQ, 

max2 where the maximum heat occurs. 

the strong changes in zeta potential despite the addition of 0.20IPEG1 
(Fig. 7). This is in good agreement with findings of Meng et al. [84] who 
revealed good correlations of yield stress after 70 min and occurrence of 
maximum heat for cementitious systems with silica fume and PCE. 

The heat of hydration after 24 h ranges between 137 and 152 J/ 
gcement for PLC and is slightly higher for PLC_30AC and PLC_30FUP with 
151–166 J/gcement and 155–165 J/gcement, respectively. Hence, at least 
90 % of reference heat are reached at this time, despite the use of 
superplasticizer. The present results show that moderate to highly 
reactive calcined clays do compensate retardation effects induced by 
high amounts of PCE, which are often required for proper workability. 
PCE polymers with specific properties that enable a sufficiently long 
workability period do not necessarily affect the setting times and early 
strength development. 

4. Conclusion

This study compares for the first time differences in zeta potential of
raw and calcined common clays with a wide range of mineralogical 
compositions. Further, the time dependent flow resistance of calcined 
clay blended cement pastes was studied by rheological experiments. The 
dispersion capability over time was evaluated for a HPEG-based and an 
IPEG-based PCE, where the latter possesses additional hydroxyethyl 
methacrylate in its anchor group, which offers a solution for longer 
workability for most of the calcined common clays investigated. In 
addition, their zeta potential and hydration kinetics were observed for 
the first two and 24 h of hydration, respectively. Based on these results, 
the following new remarks were found:  

• The zeta potential of clays changes by their calcination and tends to 
smaller negative values. Common clays have here, compared to pure 
phyllosilicates, a significantly less negative zeta potential. Future 
studies should follow, that evaluate the changes in surface charge 
characteristics of phyllosilicates during their dehydroxylation pro-
cess as well as the reasons for significant differences between phyl-
losilicates and common clays regarding their zeta potential.  

• Compared to zeta potential of calcined clays in distilled water, their 
zeta potential turns less negative, partially even positive in synthetic 
cement pore solution (SCPS), which is explained by a higher pH and 
the adsorption of cations from the SCPS onto calcined clays. With 
increasing kaolinite content in raw clay, the pH decreases and the 
zeta potential increases towards more negative values in both raw 
and calcined clays.  

• The trend in zeta potential is also transferable to calcined clay 
blended cements, where the impact of calcined clays with small zeta 
potential is minor on flow resistance and superplasticizer demand. 
This is of special interest for concrete industry, as common clays are 
abundant worldwide and can be used in large amounts to reduce the 
clinker content in concrete. Pronounced changes in zeta potential of 
calcined clay blended cement paste towards positive values lead to 
the conclusion that a rapidly increasing flow resistance is caused not 
only by the physical interaction of the particles in blended paste, but 
also by a strong initial ettringite formation in the presence of highly 
reactive calcined clays during very early age. In future in-
vestigations, this can be verified by using X-ray diffractometry on 
stopped cement paste samples.  

• The total amount of phyllosilicates in clay needs to be considered as 
well in terms of workability, as a high content can interfere with a 
proper dispersion of PCE over time. Further, a larger specific surface 
area of calcined clay is revealed as critical parameter in terms of 
time-related flow behavior, while the influence of kaolinite content 
and water demand is minor in this case.  

• Calorimetric measurements reveal only minor retardation effects 
caused by superplasticizers for these systems. Plain Portland lime-
stone cement, on contrary, shows a more pronounced, non-linear 
retardation. After 24 h of hydration, main reactions are complete 
for the systems investigated and heat of hydration is 90 % related 
to reference, despite of the use of superplasticizer. 

≥
In combination 

with a sufficient workability period, this enables the practical use of 
calcined common clays even with higher dosages of superplasticizer 
that are often required for proper workability. 
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10.1 

Lignosulfonates in Cementitious Systems Blended with Calcined Clays 

Ricarda Sposito, Isabel Dürr, and Karl-Christian Thienel 

Synopsis: Calcined clays play an important role when it comes to efficient supplementary cementitious materials 
(SCM) required in future. The substitution of clinker by calcined clays requires the application of water reducing 
agents to ensure a good workability of concrete due to high specific surface area and water demand of calcined 
clays. The interaction of two calcined clays with two lignosulfonate-based plasticizers was investigated in cement 
paste with respect to their dispersing and setting behavior. A good correlation was obtained between higher 
substitution rates and higher required plasticizer dosages when the same dispersing effects are aimed at as for 
ordinary Portland cement. These high dosages result in significant retardation effects in hydration behavior. When 
same dosages are used for all investigated systems and workability effects are disregarded, the retardation impact 
on cementitious systems with aluminum-rich calcined clays is less than for pure cement paste. If dosages are 
optimized regarding workability and setting behavior, lignosulfonates are a suitable plasticizer for cementitious 
systems with calcined clays. 

Keywords: calcined clays, calorimetry, hydration kinetics, lignosulfonates, plasticizer, setting behavior 
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INTRODUCTION 
The demand for ecologically optimized concrete is increasing significantly due to economic growth and high CO2 
emissions by cement industry, causing around 5  % of total anthropogenic CO2 emissions worldwide [1]. Globally 
insufficient supply of long-time established supplementary cementitious materials (SCM) and an increasing 
demand for binders make sustainable innovations essential for the future [2]. Calcined clays come more and more 
into focus as a promising alternative because of worldwide deposits of suitable clays and significantly lower CO2 
emissions during the calcination process compared to clinker production [3]. One side effect of calcined clays is 
their high water demand and higher specific surface area as compared to cements, depending on the mineralogical 
composition of the individual clay. 
Therefore (super) plasticizers are often used for investigations of mortars and concretes containing calcined clays 
to ensure workability but without respecting their influence in detail. Lignosulfonates (LS) are commonly used 
plasticizers since the 1930s. It is known that they influence reaction kinetics and setting behavior of cementitious 
systems, while affecting hydration kinetics of clinker phases, especially of C3A [4-9]. Additionally, the more LS 
is used in cementitious system, the more pronounced is the impact on C3S hydration [5, 8]. The initial dissolution 
of C3S is retarded [9] and formation of calcium hydroxide is both delayed and decreased [8]. Due to competitive 
behavior of gypsum and LS for interaction with C3A, first ettringite formation was delayed in a pure C3A-gypsum 
system [9], while in systems with ordinary Portland cement it was even accelerated but the second C3A hydration 
/ ettringite formation was retarded [8]. The interaction of LS with clinker phases and the competitive behavior 
with sulfates as setting controlling agents result in an altered setting behavior. Time of addition, dosage and type 
of LS can also affect setting and rheological behavior of cementitious systems [9, 10].  
The main objective of this study was gaining a fundamental understanding of the interaction between calcined 
clays and lignosulfonate-based plasticizers in cementitious systems. Especially differences in physical and 
chemical properties of calcined clays and of lignosulfonates should be investigated in detail. 

EXPERIMENTAL INVESTIGATION 
Materials 
An ordinary Portland cement (OPC) CEM I 42.5 R, complying with the European standard DIN EN 197-1 [11], 
was used as cement and partly substituted by 20 w% of calcined clays. Two different calcined clays were 
investigated. The first calcined clay is an industrially-used metakaolin (Mk) from the USA. The other clay is an 
Amaltheen mixed-layer clay originating from southern Germany [12, 13]. It contains in its natural form different 
phyllosilicates (25 w% kaolinite and 45 w% 2:1 clay minerals, e.g. illite and muscovite) and 30 w% inert 
components (e.g. quartz, feldspar, calcite, sulfates). Preliminary investigations revealed that pozzolanic activity 
of this calcined mixed-layer clay (CT) is highest when calcination temperatures ranges between 700 and 800 °C 
(1292 and 1472 °F) [12]. The calcination procedure is described in detail in [12, 13]. After calcination at 750 °C 
(1382 °F) for 30 minutes, the CT was ground in an industrial roller mill. Table 1 gives the chemical 
characterization of the test materials. Table 2 contains the physical parameters of all binders. Water demand was 
determined according to DIN EN 196-3 [14] for cement and according to Puntke [15] for calcined clays. 
Borregaard LignoTech, Norway provided as plasticizers two softwood-based, purified lignosulfonates in powder 
form: one magnesium-lignosulfonate (Mg-LS) and one sodium-lignosulfonate (Na-LS). The producer provided 
information about the chemical properties of both LS (see Table 3). 

Methods 
The flowability of cement paste was determined by “mini slump test” according to DIN EN 1015-3 [16]. In a first 
step, w/b ratio was set for neat cement paste without any calcined clay or lignosulfonate to achieve a spread flow 
of 18 ± 0.5 cm (7.1 ± 0.2 in.). To compare the dispersion effects of lignosulfonates but also the influence of 
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calcined clays, the dosages of Mg-LS and Na-LS were adjusted to get a spread flow of 26 ± 0.5 cm (10.2 ± 0.2 in.) 
for cement pastes without and with 20 w% calcined clay as SCM. Slump loss behavior was determined over a 
time of 135 minutes for the mix designs with w/b ratio and plasticizer dosages determined beforehand. The “mini 
slump test” was repeated at 15-minutes intervals with the same material which was placed back in a cup and 
covered by a moist cloth after each test to prevent drying-up of the (blended) cement paste. 
For investigating the hydration kinetics, the specific heat flow was measured at constant temperature of 25 °C 
(77 °F) by using an isothermal calorimeter TAM Air (TA Instruments, Delaware/USA). The pastes were mixed 
by hand for approximately 90 seconds outside of the calorimeter in a temperature controlled room at 25 °C (77 °F) 
to prevent an external, thermal influence on hydration kinetics. Specific heat flow was calculated over time and 
related to the mass content of cement in hardened cement paste. Setting time was determined according to 
ASTM C1679-13[17] as the moment when half the maximum of the main hydration peak is reached.  
Furthermore, early setting behavior and hardening of mortar was measured by an ultrasonic unit Vikasonic 
(Schleibinger, Buchbach/Germany) with integrated datalogger. Since measurements on cement paste with LS 
were not reliable, mortars with 40 vol% of quartz powder and 60 vol% of cement paste were mixed. Compared to 
measurements with Vicat apparatus according to DIN EN 196-3 [14] deviation error is in general reduced from 
34 % on average to only 18 % when ultrasound method is applied. In order to eliminate external influences, the 
equipment was stored in climate chamber (20 °C, 68 °F/65 % r.h.) during measurements. Young’s modulus was 
calculated based on the density of mortar and continuously recorded speed of ultrasound and used for the 
subsequent discussion as an indicator for setting progress. 

EXPERIMENTAL RESULTS AND DISCUSSION 
Determination of w/b ratio and dosage of plasticizer 
The w/b ratio for the required spread flow was set at 0.45 for the reference cement paste made with OPC only. 
The evaluated dosages of solid LS powder [% by weight of binder, % bwob] which were necessary to reach a 
spread flow of 26 ± 0.5 cm (10.2 ± 0.2 in.) at w/b ratio of 0.45 are given in Table 4. The dispersing effects of Mg-
LS and Na-LS are similar for OPC only (0.15/0.16 % bwob) and OPC_20CT (0.45/0.47 % bwob) but differ 
significantly for OPC_20Mk (0.69 % bwob Mg-LS < 0.82 % bwob Na-LS). The higher demand of LS in systems 
blended with calcined clays, especially with Mk, results from the high specific surface area (SSA) of calcined clay 
particles. The combined SSA of the binder originates from the individual SSA of cement and of calcined clay 
according to their percentage of weight in binder systems. To prove a certain linearity between combined SSA 
and required dosage, the dosages of LS were adjusted for additional substitution rates (10 w% and 30 w%) as 
shown in Fig. 1 and Fig. 2. It is obvious that the required dosage increases with higher substitution rates and the 
linearity is given within one OPC-calcined clay system but is not valid for combined SSA. A further reason for 
these high LS dosages can be the substitution by mass instead of volume. As the densities of CT and Mk are lower 
than the density of cement, the total binder volume increases as more OPC is replaced by calcined clay. As the 
particle densities of CT and Mk are similar, thus this cannot be the reason for partially significantly differing 
dosages. Considering the water demand of the (blended) binder material, the required dosage vs. combined water 
demand is shown in Fig. 3. Beside good correlations within one binder system (OPC_CT and OPC_Mk), it is 
remarkable that systems depending on plasticizer show especially for Na-LS (R² = 0.9837) also good correlations 
(for Mg-LS: R² = 0.8862). In general, type and substitution rate of binder has a main influence on the dispersing 
effect of LS. 

Slump loss behavior over time 
With the acquired dosages taken from the preceding tests, the dispersion behavior of cement pastes with both LS 
was evaluated over a period of 135 minutes (see Fig. 4). Pastes with OPC only (OPC_Mg-LS, OPC_Na-LS) and 
OPC_20CT_Na-LS exhibit a rapid decrease of spread flow, especially during the first 45 minutes. Spread flow of 
OPC_20CT_Mg-LS is nearly constant within the first hour and decreases only slightly until the end of 
measurements at 135 minutes (here the trend is in parallel with OPC_20CT_Na-LS but on a higher level due to 
reduced slump loss during the first hour). In the beginning, cement pastes with metakaolin and LS have the same 
dispersing behavior as OPC_20CT_Mg-LS but between 45 and 120 minutes spread flow increases compared to 
initial spread flow. It seems that LS is adsorbed and interacts in another, still unknown manner on Mk compared 
to cement and also to CT which can be explained by the high SSA of Mk. There might be a depot effect for Mk 
which leads to a delayed release and dispersing impact of LS on the blended cement paste. Another possible 
reason is the high dosage used for systems with Mk which can result in an adsorption plateau as described for 
cementitious systems by Colombo et al. [18]. An accompanying effect of a high LS dosage is a retarding effect 
as seen in isothermal calorimetry and ultrasound measurements (see Fig. 7 and Fig. 10).  

Hydration kinetics 
Compared to OPC system without LS, OPC_LS systems with 0.14 % bwob Mg-LS or 0.15 % bwob Na-LS have 
prolonged induction periods but simultaneous acceleration periods resulting in a retardation of approximately 
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3 hours for the main silicious peaks which occur after 12 hours for OPC and after 15 hours for both OPC_LS 
systems (see Fig. 5). The intensity of the silicate peaks is similar for all the systems ranging from 2.37 mW/gcement 
for OPC_Na-LS to 2.47 mw/gcement for OPC. For OPC_LS systems, the sulfate depletion peak which indicates the 
aluminate reaction and the formation of ettringite is less retarded than the main peak and slightly increased 
compared to OPC. A third peak, indicating the formation of mono phases according to Hesse [19], is not detectable 
for OPC but indicated for both OPC_LS. OPC_Mg-LS and OPC_Na-LS exhibit similar heat flow curves during 
the observed 48 hours, hence there is no significant influence of lignosulfonate type (Mg/Na) at comparable 
dosages. 
For OPC_20CT systems, the induction period is also extended due to LS which inhibits the silicate reaction (see 
Fig. 6), as already stated e.g. by [9]. The aluminate reaction, which is represented by the main peak in the heat 
flow curve of OPC_20CT, is significantly more affected. This reaction is influenced to a huge extend by 
aluminum-rich SCM like calcined clays as previously published e.g. in [20]. For OPC_20CT, this peak appears 
after about 20 hours, hence two hours after the aluminate peak of OPC. The induction period is slightly shorter 
for OPC_20CT_LS systems as compared to OPC_LS but the retardation of the aluminate reaction is more 
pronounced (~ 2.5 hours) for comparable dosages (0.14 % bwob Mg-LS / 0.15 % bwob Na-LS). By applying the 
dosages generated from mini slump test (0.45 % bwob Mg-LS / 0.47 % bwob Na-LS), the induction periods are 
extremely extended which results in a total retardation of approximately 12 hours. This effect leads to an overlay 
of the silicate and aluminate reactions at about 32 hours. 
Induction period is shortened when metakaolin is part of the binder in cementitious systems. Both, silicate and 
aluminate reactions are more promoted for cementitious systems blended with metakaolin due to its high content 
of soluble Al2O3 and its mineralogical structure [20]. This is indicated in isothermal calorimetry by a significantly 
higher heat flow maximum (6.60 mW/gcement) at earlier hydration time (13 h) for OPC_20Mk. Fig. 7 reveals a 
significant influence of LS when added to OPC_20Mk systems: the more LS is used, the more the induction period 
is prolonged and the more silicate and aluminate reactions are retarded and become less incisive. As already 
described for OPC_20CT, higher dosages of lignosulfonates (e.g. 0.82 % bwob Na-LS) result in an overlapping 
of silicate and aluminate reactions for OPC_20Mk as well. Compared to OPC_20CT, this effect occurs even with 
higher dosages 5 – 6 hours earlier for OPC_20Mk_LS at about 26 / 27 hours. As the dosage of Mg-LS is less than 
the one of Na-LS it is not surprising that the aluminate peak of OPC_20Mk_Mg-LS is still higher and less retarded 
than the peak of OPC_20Mk_Na-LS. 
Overall, the influence of LS is stronger in cementitious systems with calcined clays than in pure cement systems. 
As the dosage is related to the weight of binder (% bwob) and considering a replacement of OPC by 20 w% 
calcined clay, more LS should be available for the remaining cement particles in the system unless there is an 
intercalation effect of LS in calcined clay particles. 
Setting times calculated according to ASTM C1679-13 [17] are given in Table 5 for the reference systems and 
those with 0.14 % bwob Mg-LS / 0.15 % bwob Na-LS. Compared to OPC only, setting time of OPC_20CT occurs 
later while OPC_20Mk yields an accelerated setting behavior. When LS is used in cementitious system 
(OPC_LS), setting time is retarded for up to 2.3 hours. In blended systems however, it is difficult to calculate the 
setting time from the heat flow curve due to overlay effects. Nonetheless, retardation effect is minimized when 
same dosages are used as for OPC only. Especially for OPC_20Mk_LS, the setting time occurs to be only 
marginally later (≤ 1 hour) than without LS. This observed effect leads to similar setting time for OPC_20CT_LS 
as well as for OPC_LS and even retardation can be eliminated partially. 

Setting behavior and microstructure of blended cementitious systems 
Fig. 8 to Fig. 10 both show the development of Young’s modulus of (blended) cementitious systems. All curves 
were smoothed by a Savitzky-Golay filter and with a third order polynomial to reduce external oscillation effects 
caused during measurement. 
The development of Young’s modulus with time exhibits for OPC only an inflexion point after about 7 hours of 
hydration leading to a continuous increase up to 21.2 GPa after 48 hours. The initialization of increase fits well 
with onset of initial setting (after 7.4 hours) according to ASTM 1679-13 measured from isothermal calorimetry. 
OPC_Mg-LS has similar behavior during the first seven hours, followed by a linear increase of Young’s modulus 
to 17.5 GPa at 22 hours. Afterwards the curve rises less significantly up to 24.6 GPa after 48 hours and is 16 % 
higher than for OPC only. Between the first three and nine hours of hydration, Young’s modulus is marginally 
higher for OPC_Na-LS than for OPC and OPC_Mg-LS but still in same range considering measurement accuracy. 
Until 18 hours, OPC_Na-LS behaves in a similar way to OPC_Mg-LS. After 23 hours of hydration, Young’s 
modulus of OPC_Na-LS is higher than of OPC_Mg-LS and reaches 26.9 GPa at 48 hours. The higher values of 
Young’s modulus for systems with LS correlate well with the second and third peaks of the heat flow curves 
indicating an additional formation of ettringite and a transformation of ettringite into mono phases. In general, the 
influence of small dosages of LS (0.14 % bwob Mg-LS / 0.15 % bwob Na-LS) seems negligible on setting time 
when the initialization of the increase is considered as commencement of initial setting. 
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Young’s modulus for OPC_20CT is constant during the first 6.5 hours of hydration, indicating a commencement 
of setting at this time, and the value increased continuously to 18.5 GPa after 48 hours. For OPC_20CT, it is about 
13 % less than for OPC which can be explained by the pozzolanic reaction of CT [20]. Young’s modulus develops 
similarly for both OPC_20CT_LS systems which is ascribed to similar dosages of both LS. However, 
OPC_20CT_Na-LS is less retarded than OPC_20CT_Mg-LS which is compensated after about 42 hours. After 
48 hours, the values for Young’s modulus of both OPC_20CT_LS are identical (17.2 GPa) and about 7 % less 
than OPC_20CT without LS. Ultrasound measurements prove a strong retardation effect induced by higher 
dosages of LS. A significant increase of Young’s modulus does not start until 20 hours of hydration, the time 
when induction period ends in isothermal calorimetry (see Fig. 6). It seems that determination of setting according 
to ASTM 1679-13 is suitable only to a limited extent when it comes to systems with LS. At the same time it is 
difficult to determine setting time of OPC_20CT_LS by ultrasonic measurement. 
The modulus of elasticity of OPC_20Mk increases exponentially during the first 13 hours of hydration to 10 GPa 
which indicates early setting. Subsequently the development of Young’s modulus slows down and results with 
20 GPa on a level between OPC and OPC_20CT system after 48 hours. The prolonged induction period of 
OPC_20Mk_Mg-LS measured by isothermal calorimetry (Fig. 7) is also observed during ultrasonic measurement 
and indicated by stagnation of Young’s modulus until 16 hours. The main increase of the stiffness values takes 
place between 16 and 28 hours which correlates also well with the main peak of heat flow curve. Until 48 hours, 
OPC_20Mk_Mg-LS reaches a value of 15 GPa, hence 25 % less than OPC_20Mk. The increase of Young’s 
modulus is slower due to longer induction period for OPC_20Mk_Mg-LS than for OPC_20Mk only but the 
development is similar when a stiffness value of 10 GPa is reached. Contrary to calorimetric investigations and 
even if more Na-LS is necessary to disperse OPC_20Mk, the retardation effect of OPC_20Mk_Na-LS is less 
compared to OPC_20Mk_Mg-LS. Its Young’s modulus starts to increase immediately, even though slowly until 
16 hours – the end of induction period according to heat flow curve (see Fig. 7). Again, the main increase is 
measured until a value of 10 GPa is reached (at 25 hours) but further development of the modulus of elasticity is 
steeper compared to OPC_20Mk and OPC_20Mk_Mg-LS. After 48 hours, this development results in a value 
between the other two OPC_20Mk systems (18.4 GPa) but indicating that it might exceed the Young’s modulus 
of OPC_20Mk. As already observed by isothermal calorimetry, hydration kinetics and setting behavior of systems 
with Mk are less retarded than systems with CT even if higher dosages of LS are used. 

SUMMARY AND CONCLUSIONS 
The dispersion behavior of lignosulfonate-based plasticizers in cement paste blended with two types of calcined 
clays and their influence on reaction mechanisms of cementitious systems was investigated. Based on the 
experiments the following conclusions can be drawn: 

1. Higher dosages of LS are required for systems with calcined clays. The adsorption and intercalation
behavior of LS on and in calcined clay particles should be investigated. It is necessary to get a
fundamental understanding about why high dosages of LS are required for systems with calcined clays
since specific surface area and water demand were confirmed to be not the only reasons for required high
dosages.

2. A longer workability can be guaranteed by using LS in cement-calcined clays systems due to higher
dosages, a possible depot effect and the retarding impact of LS.

3. Retarding effects concerning especially silicate reaction but also aluminate reaction depend mainly on
dosage of LS. However, in cement-calcined clays systems retardation can be less significant than in pure
cement systems. It is desirable to investigate the hydration kinetics by in-situ x-ray diffraction. This
method helps to identify the formation of hydration products during early hydration and complements
findings from isothermal calorimetry.

4. Delayed setting needs to be considered in the context of standardization work. If setting times are in the
range required by standards, LS are a sustainable option for concretes with alternative SCM like calcined
clays.
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TABLES AND FIGURES 
Table 1- Chemical analysis of test materials (–  = not measured items; * information provided by producer) 

Oxides / Parameters OPC* Mk CT 
SiO2, w% 20.1 54.6 45.4 

Al2O3, w% 5.4 40.1 20.5 
CaO, w% 60.7 < 0.1 5.0 

Fe2O3, w% 2.9 1.8 6.9 
MgO, w% 1.8 0.2 2.3 
SO3, w% 3.4 < 0.1 1.7 
TiO2, w% 0.3 1.4 0.0 
Na2O, w% - 0.3 0.5 
K2O, w% - 0.3 3.5 
Na2Oequ 0.65 0.50 2.47 

LOI, w% 1.80 1.03 0.02 
Soluble Al-ions in alkaline solution after 20 h, w% - 14.25 0.76 
Soluble Si-ions in alkaline solution after 20 h, w% - 15.65 1.39 
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Table 2- Physical parameters of test materials 

Parameters OPC Mk CT 

Particle density, g/cm³ (lb/in³) 3.14 (0.113) 2.61 (0.094) 2.63 (0.095) 
BET SSA, m²/g (in²/lb) 1.2 (843,690) 17.8 (12,514,742) 3.9 (2,741,993) 

Water demand, w% 28.0 64.5/64.8/66.2 42.1/45.8/46.4 
d10, µm (in.) 3.5 (0.13*10-3) 3.0 (0.12*10-3) 4.0 (0.16*10-3) 
d50, µm (in.) 16.0 (0.63*10-3) 14.8 (0.58*10-3) 13.2 (0.52*10-3) 
d90, µm (in.) 55.0 (2.16*10-3) 76.2 (3.00 *10-3) 37.0 (1.46*10-3) 

Table 3- Molar masses (Mw, Mn) and chemical composition of Na-LS and Mg-LS** 

Mw Mn SO4
2- Ca2+ Mg2+ Na+ COOH Total 

sugar 
g/mol (lb/mol) w% on dry mass 

Mg-LS 23,400 (51.6) 4,500 (9.9) 1.1 < 0.1 2.5 < 0.1 6.0 3.5 
Na-LS 35,600 (78.5) 2,400 (5.3) 2.2 0.3 < 0.1 8.5 8.4 1.3° 

** information provided by Borregaard LignoTech, Norway 
° reduced sugars (total sugar content was not analyzed due to very low sugar content) 

Table 4- Dosages in % by weight of binder (% bwob) of lignosulfonates for a spread flow of 26 ± 0.5 cm 
(10.2 ± 0.2 in.) 

Binder systems Mg-LS, % bwob Na-LS, % bwob 
100 w% cement (OPC) 0.14 0.15 

80 w% cement, 20 w% CT (OPC_20CT) 0.45 0.47 
80 w% cement, 20 w% Mk (OPC_20Mk) 0.69 0.82 

Table 5- Setting times of (blended) cementitious systems measured by isothermal calorimetry and analyzed 
according to ASTM C1679-13 [17] 

Binder systems Setting time [h] 
(1) 

Without LS 
(2) 

0.14%bwob 
Mg-LS 

retardation 
Δ [(2) – (1)] 

(3) 
0.15%bwob 

Na-LS 

retardation 
Δ [(3) – (1)] 

OPC 7.4 9.6 2.2 9.7 2.3 
OPC_20CT 8.3 9.1 0.8 9.3 1.0 
OPC_20Mk 6.1 6.9 0.8 7.0 0.9 

Fig. 1 - Required dosage of LS depending on combined specific surface area (SSA) of the (blended) binder and 
on varying substitution rate of calcined clays (0 w% to 30 w%) 
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Fig. 2 - Required dosage of LS depending on substitution rate of calcined clays (0 w% to 30 w%) 

Fig. 3 - Required dosage of LS depending on combined water demand of the (blended) binder and on varying 
substitution rate of calcined clays (0 w% to 30 w%) 

Fig. 4 – Time dependent slump loss behavior for blended cement pastes with LS 
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Fig. 5 – Heat flow of neat cement paste with and without LS 

Fig. 6 – Heat flow of cement paste blended with calcined mixed-layer clay at different LS and dosages 

Fig. 7 – Heat flow of cement paste blended with metakaolin at different LS and dosages 
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Fig. 8 – Development of Young’s modulus for neat OPC mortar with quartz powder and different LS 

Fig. 9 – Development of Young’s modulus for mortar blended with calcined mixed-layer clay and different LS 

Fig. 10 – Development of Young’s modulus for mortar blended with metakaolin and different LS 
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An Approach to the Rheological Behavior of Cementitious Systems Blended with Calcined 
Clays and Superplasticizers 

Ricarda Sposito, Marlene Schmid, Johann Plank and Karl-Christian Thienel 

Synopsis: Calcined clays represent a promising future supplementary cementitious material (SCM) 

because of the worldwide availability of suitable clays and low material-related CO2 emissions 

during calcination. The application of superplasticizers is inevitable for a secured workability of 

cementitious systems with calcined clays due to their specific chemophysical properties. For their 

prospective use as SCM, a sound knowledge is elementary about the interaction of calcined clays 

with superplasticizers depending on clay and polymer structure. An ordinary Portland cement is 

replaced by 20 wt% of calcined clays. Four different calcined materials are used: one calcined clay 

mixture, industrial metakaolin, a metaillite and a metamuscovite. One polycondensate and one 

polycarboxylate-based polymer, both industrial products, are chosen as superplasticizers. The 

required dosages are adjusted by the same slump flow, so a similar dispersing behavior for all 

systems is given immediately after water addition. Over a period of two hours after water addition, 

the rheological behavior is evaluated via mini slump test and by rotational viscometer. The impact 

of different velocities during measurements with the viscometer provides further information 

related to the viscosity of these systems.  

Keywords: calcined clays, superplasticizers, rheology, viscosity, workability 
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INTRODUCTION 

Calcined clays as potential supplementary cementitious material (SCM) come strongly into focus of 

research [1-3]. Especially calcined clay mixtures with different phyllosilicates and further minerals 

are interesting as future SCM as they are available worldwide in sufficient quantities. The 

suitability of calcined clays as SCM is usually evaluated by their pozzolanic reactivity, e.g. in [2, 4-

6]. For a look at the suitability in its entirety, the impact of calcined clays on the workability of 

cementitious systems needs to be considered as well. The influence on workability starts with the 

mineralogical composition of the raw clay. He et al. described already in 1995 that the water 

demand depends on type of clay mineral: montmorillonite > mica > non-expandable clays [7]. The 

specific surface area (SSA) [7, 8] and the water adsorption behavior [9] decrease due to a smaller 

contribution of interlayer surface area in the following order: montmorillonite > illite > kaolinite. 

The calcination has further influence on the properties of calcined clays. The degree of 

dehydroxylation is often a parameter for the optimum calcination temperature of clays, which leads 

to significant changes in mineralogical and physical properties. Again, the type of clay mineral has 

main impact on mineralogical changes. Kaolinite, the best known 1:1 phyllosilicate, transforms to 

structural disordered (amorphous) metakaolin by dehydroxylation [10]. Illite and mica, both 2:1 

phyllosilicates, keep a crystalline structure also after complete dehydroxylation [10, 11]. The 

dehydroxylation goes along with a decrease of SSA which is according to He et al. [11] due to the 

agglomeration of the particles and – at even higher temperatures – due to first sintering effects.  

Less superplasticizer is needed with increasing calcination temperature due to the reduced SSA 

[12]. One reason is the reduced intercalation effect of polycarboxylate ether (PCE) superplasticizer 

into clay minerals [13-15] by the dehydroxylation of clay mineral interlayers. Furthermore, the 

surface charge of clays before and after calcination should be considered as main parameter for the 

adsorption of superplasticizers. Schmid et al. assume heterogeneous surface charges of calcined 
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clay mixtures due to their different components leading to good overall adsorption behavior of 

superplasticizers [16].  

Current research focuses on three different types of clay mixtures: kaolinite-rich, kaolinite-poor and 

illitic clay mixtures [5, 6, 17-22]. However, in clay mixtures a complete dehydroxylation of all 

phyllosilicates is unrealistic [23, 24] as each phyllosilicate has a different ideal temperature for 

dehydroxylation, e.g. ~ 550 °C for kaolinite [25] and ~ 930 °C for illite [11]. The calcination 

temperature needs to be evaluated by the best possible degree of dehydroxylation, a high solubility 

of reactive aluminum and silicon ions but also by considering the increasing energy demand and 

costs of calcination at higher temperatures.  

Cement paste blended with metakaolin exhibits both thixotropic and dilatant flow behavior where 

the dilatant behavior predominates with increased content of metakaolin and leads to a higher 

viscosity [26]. According to Vance et al. [27] a higher SSA but also the agglomeration potential, 

which leads to an increased water demand, of metakaolin are reasons for a reduced workability of 

blended mortar which is characterized by higher yield stress and plastic viscosity. Calcined 

muscovite (a common phyllosilicate in clay mixtures) leads to a shear-thickening behavior of 

cementitious systems which is more pronounced with increasing amount of superplasticizer and 

reduced at higher water/binder ratios due to less binder in suspension [28]. The addition of illitic 

calcined clay results also in a decreased workability due to loss of packing and increased SSA 

compared to pure cement systems [19]. 

Cementitious systems blended with metakaolin [29, 30] or calcined marl [31] are known for their 

higher superplasticizer demand compared to plain cement systems. Schmid et al. [16, 32, 33] 

investigated for the first time the interaction of various PCE-based superplasticizers with a calcined 

clay mixture. Anionic PCE polymers can adsorb on this calcined clay mixture due to its 

heterogeneous surface charge [32]. The investigations revealed an increasing amount of water 

needed for initial consistency (spread of 18 cm), however for an equal dispersion to a spread of 
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26 cm the dosage of amphoteric superplasticizers (polymers holding both anionic and cationic 

functionalities) is equal [16] or even lower [33] for systems with 20 wt% calcined clay mixture than 

for neat cement paste. When it comes to the type of calcined clay, systems with calcined kaolinitic 

clay require more superplasticizers than those with calcined 2:1 clay (montmorillonite) [34]. 

Ferreiro et al. explain this phenomenon by the adsorption behavior of superplasticizers into the 

amorphous structure of metakaolin, which prevents the superplasticizer from dispersing, whereas 

polymers can adsorb onto 2:1 clay particles and avoid the intercalation into their pseudo-laminar 

structure [34].  

 

EXPERIMENTAL PROGRAM 

Materials and nomenclature 

An ordinary Portland cement ( ) CEM I 42.5 R, complying with the European standard 

DIN EN 197-1 [35], is used. Its main mineralogical components are 61.6 wt% C3S, 18.2 wt% C2S, 

5.8 wt% C3A, 9.0 wt% C4AF and 3.2 wt% sulfate carrier. An Amaltheen clay mixture ( ) 

originating from southern Germany is chosen. Its processing is described in detail in [21, 36]. It 

contains in its natural form different phyllosilicates (25 wt% kaolinite and 45 wt% 2:1 clay minerals, 

e.g. illite and muscovite) and 30 wt% inert components (e.g. quartz, feldspar, calcite, sulfates). For 

a better understanding of the individual impact of its components on the rheological behavior of 

cementitious systems, three calcined phyllosilicates are investigated: an industrially-used 

metakaolin ( ), metaillite ( ) and metamuscovite ( ). The latter are calcined as powder in a 

laboratory muffle kiln at 770 °C (1418 °F) (Mi) and at 800 °C (1472 °F) (Mu). Muscovite is not a 

clay but for simplification all calcined materials are designated as “calcined clays” in the following 

text. Table 1 gives the chemical analysis of the calcined clays. Table 2 contains the physical 

parameters of all binder components. Water demand is determined according to DIN EN 196-3 [37] 

for cement and for blended systems with 20 wt% of calcined clays. 
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Two industrial superplasticizers are selected to investigate their dispersing effectiveness in calcined 

clay blended cementitious systems. As representative for polycondensates, the calcium salt of a 

naphthalene sulfonate formaldehyde polycondensate ( ) with a solid content of 40.0 wt% is 

used. An -methallyl- -methoxy poly(ethylene glycol) ether type PCE ( ) with a relatively 

long side chain (nEO = 66) and high anionic charge density is investigated as representative for 

polycarboxylate-based superplasticizers of the newest generation. Its solid content is 50.0 wt%. The 

structural formulae of the superplasticizers are shown in Figure 1. Cement paste samples are 

designated as  

Methods 

The flowability of cement paste is determined by “mini slump test” according to DIN EN 1015-3 

[38] at a constant water-to-binder ratio of 0.50. The dosages of active agent in superplasticizers 

[% by weight of binder, %bwob] are adjusted to get a spread flow of 26 ± 0.5 cm (10.2 ± 0.2 in.) for 

cement pastes without and with 20 wt% calcined clay as SCM. This procedure permits a 

comparison of the dispersion effects of the two superplasticizers but also the influence of calcined 

clays. 

Slump loss behavior is determined over a time of 120 minutes for the mix designs determined 

beforehand. For the time-dependent test, the homogenized binder (mbinder = 400 g (0.882 lb)) is 

added to differing amounts of stock solutions (based on distilled water with a constant w/b ratio of 

0.50 including the necessary amount of superplasticizer). After stirring the blended paste manually 

for 60 seconds, a rest of 60 seconds and further stirring for another 120 seconds, the paste is filled 

into a Vicat cone (bottom diameter = 8 cm (3.15 in.)) on a slightly wetted glass plate. The cone is 

lifted and when the blended paste stops flowing, the spread is measured twice perpendicular to each 

other and averaged. This test takes place for the first time five minutes after water addition and is 

repeated after another ten minutes in intervals of 15 minutes. Between the measurements, the 

blended paste is stored in a covered vessel to prevent its drying-up and is mixed for another 60 
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seconds before repeating the slump test. For the evaluation of flowability, a slump flow of 26 cm 

(10.2 in.) is set as 100 % of flowability and the bottom diameter of Vicat cone as 0 % of flowability. 

For viscosity measurements, blended cement paste with mbinder = 600 g (1.323 lb) is mixed 

according to DIN EN 196-3 [37]. The time dependent torque, yield stress and viscosity of blended 

cement paste are measured with rotational viscometer Viskomat NT (Schleibinger, Germany) with a 

water-based circulatory cooling unit set at a temperature of 20 °C (68 °F) to prevent external 

temperature influences. The measurements start five minutes after water addition. For the torque 

development over time, a constant velocity of 80 revolutions per minute (rpm) is set.  

To determine the relative viscosity and yield stress, another measurement with different velocities is 

conducted. The velocity starts at 120 rpm for ten minutes and slows down to 80 rpm  40 rpm  

20 rpm for two minutes each. Rheological parameters are analyzed according to Bingham equation 

[39, 40]:  

T = g + Nh 

With  

.

T torque ≈  shear stress τ 

Relative yield stress (y-intercept of flow curve) g ≈ dynamic yield stress τ0 

Velocity N ≈ shear rate γ  

Relative viscosity (slope of flow curve) h ≈ viscosity η.  

EXPERIMENTAL RESULTS AND DISCUSSION 

Dispersing effectiveness of superplasticizers depending on binder system 

Mini slump tests reveal that increased superplasticizer dosages are required for same dispersion 

effects when cement is replaced by calcined clays (Figure 2). The results show up that the PCE 

polymer (HPEG) is more effective than the polycondensate (NSF) in blended cementitious systems 

as already described in [29, 41, 42]. The dispersing with NSF requires at least twice as much 

polymer in systems with calcined clays compared to pure cement system (0.21 %bwob NSF). The 
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most critical systems are C_20Mi with 0.95 %bwob NSF and C_20Mu with even 1.50 %bwob NSF 

required for a spread flow of 26 cm (10.2 in.). When HPEG PCE is used as superplasticizer, again 

C_20Mi has high demand of the polymer (0.37 %bwob). C_20Mu reveals a significantly better 

compatibility and requires 0.16 %bwob HPEG only. This dosage is even less than for the system 

C_20Mk (0.19 %bwob). Nonetheless, the dispersion of C_20Mu by NSF and by HPEG is subject to 

strong fluctuations leading to a broader span of spread when using the same amount of 

superplasticizer (results of three repeatings are shown in Figure 2). Furthermore, the applicability of 

mini slump test for systems with metamuscovite should be reconsidered as they reveal thixotropic 

behavior as already described by Schmid et al. in [28]. C_20TG needs only marginally higher 

dosage of HPEG (Δ 0.02 %bwob) compared to reference. Although the clay mixture contains ~ 

11 wt% illite and 30 wt% muscovite in its raw form [32], the binder system with calcined clay 

mixture is easily to disperse which might be due to high quartz content (16.2 wt%) present in TG. 

According to Kameda & Morisaki [43], an increased quartz content can lead to lower viscosity and 

yield stress of clay-quartz suspensions. TG exhibits furthermore the lowest specific surface area 

(SSA) and water demand of calcined clays investigated (Table 2). 

For a better understanding of the dosage of superplasticizer required for an adequate dispersion, it is 

necessary to take also a closer look on the physical parameters of the investigated binder systems. 

According to Sakai et al. [44] and Yamada [45], the SSA of cement particles is an indicator – 

although not the only one – for the demand of superplasticizer. As already mentioned, another 

important parameter for workability is the water demand of binders [46]. The total surface area 

(TSA), determined as product of density and SSA by Bentz et al. [47], and the combined water 

demand of the binder are shown in Figure 3. The values are calculated from the individual 

parameters of cement and of calcined clay according to their mass fraction in binder systems 

(100 wt% cement or 80 wt% cement and 20 wt% calcined clay).  
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There is a certain correlation between the TSA and the dosages determined with HPEG. This can 

explain especially the low dosage of HPEG needed for C_20Mu (0.16 %bwob) with 

TSAMu = 7.9 m²/cm³ and the high dosage of HPEG required for C_20Mi (0.37 %bwob) as Mi has a 

TSA of 54 m²/cm³. The high TSA of Mi again results on the one hand from its mineralogical 

composition, as also described by Herrmann and Rickert [48] but also from high grinding fineness 

(Table 2) which is subject of further research. For systems with NSF, there also seems to exist a 

certain correlation even though C_20Mu requires the highest dosage of NSF (1.50 %bwob) despite 

its relatively low combined TSA. On the other hand, it is not surprising that C_20Mu requires this 

amount of NSF respecting its high combined water demand (34.2 wt%) as water adsorbed by 

calcined clays needs to be compensated by the addition of more superplasticizer. All in all, a good 

correlation can be observed between combined water demand of different binder systems and 

required dosages of NSF and HPEG as already described for lignosulfonates in calcined clay 

blended systems [49]. The type of polymer is especially decisive in case of C_Mu systems as they 

are incompatible with NSF polycondensate but show very good performance in combination with 

HPEG PCE despite the high water demand of Mu. 

Time dependent flow behavior of cementitious systems with calcined clays 

The systems with calcined phyllosilicates C_Mk, C_Mu and C_Mi exhibit no flowability at all as 

long as no superplasticizer is added. Hence, there are no mini slump tests on reference systems over 

time. The flowability of blended cement paste can be an adequate indicator for the workability of 

concretes. When NSF polycondensate is used, flowability of C_0.21NSF declines during the first 

45 minutes after water addition and stays constant until 120 minutes (Figure 4) whereas 

C_0.05HPEG has a slow and constant decrease of flowability during the whole 120 minutes (Figure 

5). The systems with calcined phyllosilicates behave differently with superplasticizers: C_20Mk 

and C_20Mi loose significantly their flowability during the first 120 minutes. The effect is less 

pronounced for C_20Mk_0.68NSF (Figure 4) than for C_20Mk_0.19HPEG (Figure 5) and similar 
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for both C_20Mi systems. C_20Mi reveals 10 % (with 0.95 %bwob NSF) and 20 % (with 

0.37 %bwob HPEG) remaining flowability after only 75 minutes. The fast stiffening process of 

C_20Mi can again be due to the high fineness of Mi (d50 = 6.8 µm (0.27*10-3 in.)) and its high SSA 

and a resulting filler/nucleation effect for first hydrate products, as known e.g. for limestone but 

also for calcined clays [50, 51]. Flowability of C_20Mu slightly increases with the addition of 

1.50 %bwob NSF (Figure 4). This holds also for the blended paste made with 0.16 %bwob HPEG 

(Figure 5). C_20TG exhibits with both the addition of NSF (Figure 4) and HPEG (Figure 5) only a 

slow decrease of flowability and a similar flow behavior as pure cement system. 

The findings of time dependent mini slump tests are consistent with rheological measurements over 

time. Viscosity of C_20Mk increases linearly with the addition of NSF and HPEG. In the beginning, 

the torque is lower and increases slower for C_20Mk_0.68NSF (Figure 6) than for 

C_20Mk_0.19HPEG (Figure 7) and stays < 20 Nmm (0.18 lbf*in.) until minute 120. 

C_20TG_0.40NSF has the same torque as C_20Mk_0.68NSF for the first 45 minutes and remains 

lower afterwards for the rest of the measurement. C_20TG_0.07HPEG shows up a similar viscosity 

behavior as C_20TG_0.40NSF. C_20Mi yields constant torque for 45 minutes with 0.95 %bwob 

NSF (Figure 6) and for 35 minutes with 0.37 %bwob HPEG (Figure 7). After this period, 

C_20Mi_0.95NSF exhibits a linear increase of torque resulting in the highest torque of all NSF 

systems after 90 minutes (Figure 6). C_20Mi_0.37HPEG shows up an asymptotic increase of torque, 

which is also the highest of all HPEG systems after ~ 80 minutes. These moments fit well with loss 

of flowability measured by time dependent mini slump tests (Figure 4 and Figure 5). C_20Mu 

systems reveal opposite torque behavior: high torques are observed at the beginning of the 

measurements, both with NSF and HPEG, which decrease rapidly during the first 15 minutes and 

keep asymptotically decreasing until the end of the measurements (Figure 6 and Figure 7). This 

agrees with the gain in flowability of C_20Mu_1.50NSF (Figure 4) and C_20Mu_0.16HPEG 
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(Figure 5) and thixotropic behavior, that had been already observed for metamuscovite in [28], over 

time [52].  

The flowability of systems with calcined clays tends to decrease faster with the addition of HPEG 

compared to NSF while the opposite is observed and known from literature for pure cement systems 

[53, 54]. Until now, there is no reasonable explanation on this phenomenon and the findings need to 

be expanded with further superplasticizers. However, the results fit well with observations on 

hydration kinetics where NSF has a more pronounced retarding effect compared to HPEG [55]. 

Physical parameters of the calcined clays seem to dominate the flow behavior and should be 

considered not only when it comes to the demand of superplasticizer but also regarding to the 

required workability periods for placing concrete. 

Influence of calcined clays and superplasticizers on the viscosity of blended cement pastes 

The systems without superplasticizer reveal at w/b ratio of 0.50 the following classification 

regarding their yield stresses: C_20Mu  C_20Mk > C_20Mi  C_20TG > C [56]. The use of 

calcined clays increase yield stress whereby the influence of Mu is significant and the impact of TG 

the least. Reference system C and C_20TG exhibit flow behavior of Bingham fluids with linear 

shear rates [40] and C_20Mk and C_20Mi are classified as fluids according to the Herschel-Bulkley 

model with non-linear shear rates. Due to high initial torque (> 500 Nmm) (4.43 lbf*in.), it is not 

even possible to measure the system C_20Mu. According to Moulin et al. [46], the high water 

demand of metakaolin is one reason for an increased yield stress. Further possible reasons could be 

a higher volume of binder at same mass due to the lower density compared to cement [57], its 

higher specific surface area [27] and an increased tendency to flocculation of metakaolin particles 

which might lead to thixotropic behavior [46]. These findings can be transferred to the systems with 

the other calcined clays investigated. The higher density of Mi compared to Mk (Table 2) might be 

the reason why C_20Mi has lower yield stress than C_20Mk despite the higher water demand and 

SSA of Mi. The interparticular interactions of binders i.e. van der Waals forces and repulsive 
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double layer forces (indicated by zeta potential) are also commonly known to influence the 

rheology of cementitious systems [58, 59]. So far, zeta potential of calcined clays was hardly 

considered when it comes to the understanding of their rheological behavior while there are several 

findings on the zeta potential of calcined clay blended systems with superplasticizers [16, 32, 48]. 

The addition of superplasticizer reduced the shear stress significantly and in both cases, with NSF 

(Figure 8) as well as with HPEG (Figure 9), torques of blended cement pastes are < 20 Nmm 

(0.18 lbf*in.) apart from C_20Mu systems. This is not surprising since all systems investigated here 

have been adjusted to similar dispersion by mini slump test (Figure 2). Pure cement system 

C_0.05HPEG shows rheological characteristics of a Newtonian fluid with relative yield stress close 

to 0 and linear relation between shear rate and shear stress (R² ~ 1). C_0.21NSF remains a Bingham 

fluid as its relative yield stress was > 1 and R² value is also ~ 1 (Table 3). C_20Mk and C_20Mi 

become both with the addition of NSF and HPEG also Bingham fluids. C_20TG reveals slightly 

negative yield stress with the addition of superplasticizers (Table 3) which means that C_20TG has 

self-flowing properties when fluidized by superplasticizers and is classified as Newtonian fluid [40]. 

Again, C_20Mu systems show up a particular behavior: Adding superplasticizers can reduce the 

viscosity at least to such an extent that rheological measurements become possible at all. 

Nonetheless, the median torques increase significantly to up to 205 Nmm (1.81 lbf*in.) at 120 rpm 

with 1.50 %bwob NSF (Figure 8) and less pronounced (107 Nmm, 0.95 lbf*in.) with 

0.16 %bwob HPEG (Figure 9). This agrees with the time dependent rheological measurements of 

C_20Mu systems in Figure 6 and Figure 7 on the one hand and fluctuating slump values with same 

superplasticizer dosages on the other hand (Figure 2). While the addition of different 

superplasticizers has no significant impact on the rheology of the other calcined clay blended 

systems, C_20Mu is more sensitive against the type of superplasticizer. Both C_20Mu systems with 

NSF and HPEG exhibit negative yield stresses (Table 3). C_20Mu_1.50NSF exhibits Newtonian 

fluid behavior (R² ~ 1) while C_20Mu_0.16HPEG reveals shear-thickening properties (R²  1). 
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The latter findings are consistent with observations that lower w/b ratios and the addition of a 

MPEG PCE with long side-chain (Figure 1) lead to shear-thickening behavior of cementitious 

systems with metamuscovite [28]. As the investigated HPEG polymer has also a quite long side-

chain, the assumption of the authors [28] that the more pronounced steric effect promotes shear-

thickening behavior of metamuscovite systems can be demonstrated again. 

SUMMARY AND CONCLUSIONS 

Cementitious systems blended with calcined clays require more superplasticizer than pure 

cement systems to achieve the same workability. Investigations could prove higher 

effectiveness of HPEG PCE compared to polycondensate NSF. Especially cementitious 

systems with metamuscovite seem to be incompatible with NSF while dispersion is good 

with HPEG PCE. 

Systems with metaillite demand for high amounts of superplasticizers due to high grinding 

fineness and specific surface area. Further measurements on the same calcined phyllosilicate 

yet with different physical parameters will be executed to investigate this influence on 

dispersion. The calcined clay mixture reveals the lowest demand for superplasticizer due to 

its physical properties similar to cement and heterogeneous surface charge making it even 

more attractive for concrete technology. 

Slump loss of blended systems is slightly accelerated for HPEG PCE compared to NSF. 

This is contrary to observations with pure cement systems that usually exhibit longer 

workability frames with PCE than with polycondensates. These findings need to be 

examined with further polymers.  

Additionally interparticular interactions need to be considered in further investigations to 

understand the rheology of cementitious systems with calcined clays. Systems with calcined 

phyllosilicates tend to exhibit thixotropic / shear-thickening behavior. These effects are not 
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observed for the calcined clay mixture investigated which might be due to its high quartz 

content. 
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TABLES AND FIGURES 
 
Table 1- Chemical analysis of calcined clays 

Oxides / Parameters Mk Mu Mi TG 
SiO2, wt% 54.6 47.5 49.5 53.2 

Al2O3, wt% 40.1 32.8 21.3 22.2 
CaO, wt% < 0.1 0.2 6.9 6.5 

Fe2O3, wt% 1.8 5.1 6.6 8.0 
MgO, wt% 0.2 0.1 2.9 2.7 
SO3, wt% 0.1 0.1 0.1 2.0 
TiO2, wt% 1.4 0.8 0.7 1.0 
Na2O, wt% 0.3 0.6 0.3 0.4 
K2O, wt% 0.3 12.1 6.3 3.3 
Na2Oequ 0.50 8.56 4.44 2.57 

Soluble Al-ions in 
alkaline solution after 

20 h, wt% 
14.25 0.26 1.55 1.09 

Soluble Si-ions in 
alkaline solution after 

20 h, wt% 
15.65 0.51 4.02 1.80 

 
Table 2- Physical parameters of test materials 

Parameters C Mk Mu Mi TG 

Particle density, 
g/cm³ (lb/in³) 3.17 (0.113) 2.61 (0.094) 2.79 (0.101) 2.72 (0.098) 2.63 (0.095) 

BET SSA, m²/g 
(in²/lb) 

1.0 
(703,070) 

17.8 
(12,514,742) 

11.8 
(8,296,221) 

94.6 
(66,510,000) 

3.9 
(2,750,000) 

Water demand, 
wt%  28.9 34.5 55.4 38.6 30.5 

d10, µm (in.) 4.1 
(0.16*10-3) 

3.0 
(0.12*10-3) 

9.3 
(0.37*10-3) 

2.7 
(0.11*10-3) 

4.0 
(0.16*10-3) 

d50, µm (in.) 15.8 
(0.62*10-3) 

14.8 
(0.58*10-3) 

19.2 
(0.76*10-3) 

6.8 
(0.27*10-3) 

13.2 
(0.52*10-3) 

d90, µm (in.) 46.0 
(1.81*10-3) 

76.2 
(3.00 *10-3) 

45.7 
(1.80*10-3) 

61.9 
(2.44*10-3) 

37.0 
(1.46*10-3) 
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Table 3-Viscosity parameters of blended cement pastes with superplasticizers: relative viscosity, 
relative yield stress and R²

Systems
Relative viscosity, 

Nmm*min 
(lbf*in.*min)

Relative yield stress, 
Nmm (lbf*in.) R² [-] 

C_0.21NSF 0.05 (0.42*10-3) 4.64 (41.10*10-3) 0.98
C_0.05HPEG 0.05 (0.47*10-3) 0.14 (1.28*10-3) 0.99

C_20Mk_0.68NSF 0.05 (0.43*10-3) 1.52 (13.45*10-3) 0.99
C_20Mk_0.19HPEG 0.07 (0.60*10-3) 5.88 (52.04*10-3) 0.99

C_20Mu_1.50NSF 1.76 (15.60*10-3) -7.76 (-68.68*10-3) 0.95
C_20Mu_0.16HPEG 1.09 (9.68*10-3) -26.52 (-234.73*10-3) 0.72

C_20Mi_0.95NSF 0.12 (1.10*10-3) 1.54 (13.66*10-3) 0.99
C_20Mi_0.37HPEG 0.13 (1.18*10-3) 0.82 (7.28*10-3) 0.94

C_20TG_0.40NSF 0.07 (0.62*10-3) -0.13 (-1.15*10-3) 1.00
C_20TG_0.07HPEG 0.09 (0.76*10-3) -0.34 (-3.01*10-3) 0.99

Figure 1-Structural formulae of investigated polycondensate polymer NSF (left) and 

polycarboxylate-based polymer HPEG (right)

SP-349: 11th ACI/RILEM International Conference on Cementitious Materials and Alternative Binders for Sustainable Concrete

681



Publications - An approach to the rheological behavior of cementitious systems blended with calcined 
clays and superplasticizers 

174 

 
Figure 2-Spread of blended systems with adjusted dosage of superplasticizer (1 cm = 0.39 in.) 
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Figure 3-Correlation between required superplasticizer dosages and physical parameters of binders 

(1 m²/cm³ = 176.39 ft²/in³ ;1 m²/g = 305.15 ft2/oz) 
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Figure 4-Time dependent flowability of blended cement paste with NSF superplasticizer 

 

 
Figure 5- Time dependent flowability of blended cement paste with HPEG superplasticizer 

 

SP-349: 11th ACI/RILEM International Conference on Cementitious Materials and Alternative Binders for Sustainable Concrete

683



Publications - An approach to the rheological behavior of cementitious systems blended with calcined 
clays and superplasticizers 

176 

 
Figure 6- Time dependent torque for blended cement paste with NSF superplasticizer 

 

 
Figure 7- Time dependent torque for blended cement paste with HPEG superplasticizer 
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Figure 8-Median torques of blended cement paste with NSF superplasticizer at different velocities 

 

 

 
Figure 9- Median torques of blended cement paste with HPEG superplasticizer at different 

velocities 
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7.7 Feasability study on PCE based superplasticizers in calcined clay blended ce-
ments with focus on the type of phyllosilicate 

Conference paper [Reprint] 

“Feasability study on PCE based superplasticizers in calcined clay blended cements 

with focus on the type of phyllosilicate” 

Ricarda Sposito, Matthias Maier, Nancy Beuntner, Karl-Christian Thienel 

ACI SP 354: 13th International Conference on Superplasticizers and Other Chemical Ad-

mixtures in Concrete (formerly CANMET) 

Milan, Italy, 6th – 8th June 2022, pp. 233 - 246 
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SP-354: Superplasticizers and Other Chemical Admixtures in Concrete—Conference Proceedings

Feasibility study on PCE based superplasticizers in calcined clay blended cements with focus on the type 
of phyllosilicate

Ricarda Sposito, Matthias Maier, Nancy Beuntner and Karl-Christian Thienel

Synopsis: The use of calcined clays as clinker replacement requires the addition of effective superplasticizers. 
Phyllosilicates in clays are known for their contribution on the pozzolanic reactivity after calcination. Previous 
investigations on single components of clays identified metaphases of phyllosilicates as the challenging 
minerals, whereas quartz can promote a proper workability and effectiveness of superplasticizers. It is still under 
discussion which type of calcined phyllosilicate (1:1 or 2:1), namely metakaolin or metamuscovite / metaillite is 
more challenging regarding their interaction with superplasticizers. A comparison of these single phyllosilicates 
among each other and with calcined clays relevant for cement industry is limited due to physical properties 
differing too significantly. 
The study focuses on the question whether calcined clays with 1:1 or 2:1 phyllosilicates interact better with 
polycarboxylate ether based superplasticizers (PCEs) in cementitious systems under the consideration of their 
physical properties. Five calcined common clays originating from German clay pits are used. The clays differ 
significantly in their mineralogical composition before calcination, especially regarding their amount of 
kaolinite, muscovite and quartz. A Portland limestone cement is replaced by 30 % by weight of calcined clay. 
Two PCEs are used that exhibited good compatibilities with calcined clays in investigations beforehand. 
Measurements with a rotational viscometer determine the flow resistance each 5, 30, 50 and 105 minutes after 
water addition. In combination with the adsorption behavior analyzed via zeta potential measurements, the 
results give a fundamental knowledge about the efficiency of superplasticizer depending on type of calcined 
clay.

Keywords: calcined clays, flow resistance, hydration kinetics, superplasticizers, workability
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INTRODUCTION 
The cement research community focusses on calcined clays for several years now due to an increasing demand 
for supplementary cementitious materials (SCM) and a reduced availability of well-established SCM. 
Metakaolin, especially in combination with limestone, represents the mostly investigated calcined clay, as it is 
an important constituent of LC³ binders [1]. Further soil materials, e.g. illitic clays, are abundant worldwide and 
do show pozzolanic properties after calcination as well [2-4]. The addition of calcined clays affects significantly 
rheological properties of cementitious systems, by increasing the yield stress, viscosity and thixotropy. Muzenda 
et al. [5] observed a 15 times higher static yield stress in calcined clay limestone blended cements compared to 
ordinary Portland cement. The main contribution was related to the calcined clay. In the presence of 30 wt% 
calcined clay, plastic viscosity and dynamic yield stress increased by up to 700 % and 800 %, respectively. The 
thixotropy was eight times higher than for the reference system due to high water adsorption at 2 minutes of 
resting time. Shear-thickening behavior was observed by Schmid et al. [6] and, as consequence for their 
modified rheological behavior, calcined blended cements require the use of suitable superplasticizers. Cement 
paste blended with 20 wt% metamuscovite showed higher apparent viscosity with increasing rotational speed at 
w/b = 0.50 and in the presence of 0.30/0.35 % of MPEG-based PCE. At w/b = 0.65, the blended cement paste 
showed shear-thinning behavior even without or < 0.10 % of this PCE, due to sufficiently available water to 
disperse the particles. Ng and Justnes [7] used the flow resistance, which represents the area under the 
descending flow curve, to describe the rheological behavior of cement paste with calcined marl. The flow 
resistance increased by 150 % with 20 wt% calcined marl compared to plain cement, which was related to the 
high water adsorption of calcined marl. In the presence of 0.2 % PCE, the flow resistance was more than halved 
although the PCE performance was weaker than in neat cement. The authors attributed this to the intercalation 
of (long) poly(ethylene oxide) side chains of PCE into remaining interlayers of smectite, which was present in 
marl.  
It is still under discussion, to what extent the mineralogical composition of clays does affect the demand for 
superplasticizer. Beigh et al. [8] revealed more challenging rheological properties for a coarse calcined clay with 
residual kaolinite in comparison to a finer calcined kaolinitic clay that has been fully dehydroxylated. The 
authors related the observed effects to intercalation of conventional PCEs into kaolinite structure. Intercalation 
is well known for swelling clay minerals like montmorillonite [9]. In comparison, Lei and Plank [10] found that 
PCEs adsorb only onto the surface of kaolin and muscovite. It is unclear what happens to clay minerals, that are 
sensitive towards intercalation, when their dehydroxylation is completed. Further, neither the adsorption 
mechanism of superplasticizers onto calcined clays nor the interaction with different clay components are fully 
understood so far. Schmid and Plank [11] recently investigated the adsorption behavior of PCEs onto different 
calcined phyllosilicates. The authors found that metakaolin sorbs larger amounts of PCEs than calcined 2:1 
phyllosilicates do, when its surface is fully covered with Ca2+. This phenomenon was related to the more 
negative surface charge of metakaolin, which requires more Ca2+ for charge reversal and PCE sorption, as 
consequence. Lorentz et al. [12] revealed a decreasing positive zeta potential of blended cement with increasing 
kaolin content. Complementing to these findings, the authors [13] found that a higher kaolinite content in clay 
leads to a more negative zeta potential value of calcined clays in synthetic cement pore solution. Ferreiro et al.
[14] stated that kaolinite-rich clays require more superplasticizer than smectitic clays. The authors explained it 
by the entrapping of the superplasticizer polymer into the amorphous structure of metakaolin, while 
superplasticizers adsorb only at the edges of calcined 2:1 phyllosilicates. A higher superplasticizer efficiency 
was identified for cements blended with metakaolin compared to metaillite and metamuscovite [15]. Calcined 
common clays with further components (e.g. quartz) often have a lower water demand and require less 
superplasticizer in concrete than, for instance, metakaolin. In addition to the water demand, further parameters, 
such as particle size, specific surface area and surface charge of cementitious materials, were identified as 
indicators for rheological behavior and superplasticizer demand [15-17]. This leads to the assumption that the 
mineralogical composition of clays plays a key role towards the rheological behavior and the demand for 
superplasticizer. The results, however, did also show that it is impossible to transfer the findings from pure 
materials to common clays as physical parameters vary significantly [12, 15]. Rapid slump loss and strong 
increase in shear stress are both often observed when calcined clays are used [18, 19]. For 3D printing, this 
phenomenon, which is related to enhanced particle flocculation and water adsorption, is beneficial as it enables 
a good buildability. For conventional ready-mix concrete, however, it can cause significant problems if the 
period of workability is limited. Li et al. [20] found that the addition of Na-gluconate does not compensate rapid 
slump loss at a replacement level of 30 % by weight (wt%). The authors proposed instead the combination of 
conventional PCEs with Ca-Al-PCE-LDH nanocomposite, which can even increase the flowability in the first 
time and extends the workability by 60 to 90 minutes even at a replacement level of 40 wt%. The PCE, which is 
located between the inorganic layers of the Ca-Al-LDH, is gradually released into pore solution and replaced by 
sulfate ions [20]. This study presents the interaction of five calcined clay blended Portland limestone cements
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with two IPEG-based PCEs, where one of them contains hydroxyethyl methacrylate (HEMA) in its anchor 
group. The initial flow resistance is compared with the physical parameters of the binder / calcined clays and 
with the mineralogical composition of the raw clay, respectively. The reduction in flow resistance is observed 
over a period of two hours, including selected zeta potential tests of calcined clay blended cements to discuss the 
adsorption behavior.

RESEARCH SIGNIFICANCE
Calcined clays represent a promising future SCM that possesses challenging properties at the same time. The 
mineralogical composition of clays depends on their geological origin and differs significantly from region to 
region. As a result of their specific physical and mineralogical properties, the addition of calcined clays leads to 
modified flowing properties of cementitious systems. For this reason, four common clays and one kaolinite-rich 
mine tailing have been investigated after calcination towards their interaction with two IPEG-based PCEs. The 
study offers a better understanding of how to handle complex calcined clay blended systems, an option on how 
to avoid rapid slump retention and proposes polymers that are suitable for a proper dispersion.

EXPERIMENTAL PROGRAM
Materials and nomenclature
Four calcined common clays (designated as: AC, FUP, KUP, MURR) and one kaolinite-rich mine tailing
(RKUP) were chosen to replace a Portland limestone cement (PLC) by 30 wt%. The mineralogical composition
of PLC is given in Table 1. The raw clays differed significantly in their mineralogy (Table 2) and were
characterized intensively before and after calcination by Maier et al. [4]. They were thermally treated in charges 
of 300 g in a lab-scale muffle kiln for 60 minutes at 800 °C. At the chosen temperature, a complete 
dehydroxylation of the phyllosilicates, that are present in these clays, is usually achieved [21-25] and no new 
crystalline phases form yet [26, 27]. Table 3 provides the physical parameters of all powder materials: particle 
density was determined via Helium pycnometer Pycnomatic ATC (ThermoFisher Scientific) [28] and BET 
specific surface area via N2 adsorption with SA-9601 MP (Horiba Instruments Inc.) [29]. The water demand of
PLC was evaluated according to DIN EN 196-3 to achieve standard stiffness [30]. The water demand of
calcined clays was determined by Puntke method [31]. The particle size distribution of calcined clays was
analyzed via static laser light diffraction by Bettersizer S3 Plus (3P Instruments). Here, the diameter at 10, 50 
and 90 % passing (d10, d50, d90) are provided. The zeta potential of calcined clays in synthetic cement pore 
solution (SCPS) was investigated at a SCPS-to-calcined clay ratio of 1.50. The detailed experimental setup is 
described in [13]. The ion composition of SCPS was 0.4 g/l Ca2+, 7.1 g/l K+, 2.2 g/l Na+, 8.3 g/l SO4

2- [32]. The
solubility of Si and Al ions was evaluated by eluting the calcined clays in 400 ml of 10 wt% NaOH solution for 
20 h according to Surana and Joshi [33]. The amount of soluble Si and Al ions was measured in filtered, 
acidified solution (pH = 1) via inductively coupled plasma optical emission spectrometry, using Varian ICP-
OES 720 ES.

Table 1. Mineralogical composition of PLC
C3S C2S C3A C4AF CaCO3 Sulfate 

carrier
CaMg(CO3)2 MgO CaOfree Ca(OH)2 Quartz

wt%
48.7 14.4 5.4 6.9 15.6 4.2 2.3 0.8 0.2 1.2 0.4

Table 2. Mineralogical composition of raw clays
Phase, wt% MURRraw ACraw KUPraw RKUPraw FUPraw

Quartz 48.1 20.0 33.2 47.7 12.6
Kaolinite 1.0 22.6 25.7 45.0 70.6
Muscovite/Illite 9.6 4.7 36.1 3.1 12.9
Illite-Smectite - 31.8 - - -
Smectite 31.5 - - - -
Chlorite 3.7 5.6 - - -
Calcite 0.9 7.4 - - -
Dolomite 0.2 1.1 - - -
Feldspar 5.1 3.8 - - 1.2
Rutile/Anatase - 2.2 0.7 0.4 2.7
Pyrite - 0.9 - - -
Hematite - - - 0.4 -
Goethite - - 4.3 3.3 -
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Table 3. Physical parameters of Portland limestone cement (PLC) and calcined clays and Al-/Si-solubility 
of calcined clays

Parameter PLC MURR AC KUP RKUP FUP
Particle density, g/cm³ 3.07 2.72 2.67 2.70 2.63 2.63
BET surface area, m²/g 1.8 5.3 17.2 6.6 7.9 42.4
Water demand, wt% 26.6 32.8 28.3 40.4 35.1 43.6
d10, μm - 4.6 3.6 6.4 2.2 2.8
d50, μm - 40.9 30.0 26.7 12.0 16.1
d90, μm - 150.4 161.9 86.9 81.0 56.3
Zeta potential, mV - - 1.3 - 1.6 - 3.3 - 4.0 - 7.5
Si, mmol/l - 1.17 2.74 3.28 4.98 11.39
Al, mmol/l - 0.41 1.67 2.26 4.00 8.52
Si/Al ratio, - - 2.88 1.64 1.45 1.25 1.34

Two industrial PCEs were used at a dosage of 0.10 % by weight of binder (%bwob) to investigate their 
effectiveness in calcined clay blended cement paste. Selected tests were conducted with 0.20 %bwob PCE. The 
dosage represented the amount of active agent in the respective PCE. Both superplasticizers were isoprenyl oxy 
poly(ethylene glycol) ether (IPEG) type PCEs and had acrylic acid (AA) as anchor groups. Details on their 
properties are given in Table 4. IPEG1 consisted of two IPEG-AA polymers, where one anchor group had an 
additional ester group, hydroxyethyl methacrylate (HEMA), that should enable a prolonged workability by 
alkali-related charge release (Figure 1). IPEG2 had an IPEG-AA, as well as a vinyloxybutyl polyethylene glycol 
(VOBPEG)-AA polymer (Figure 2). The proportions of the different polymers were under disclosure.

Table 4. Properties of PCE-based superplasticizers (anionic charge density has been measured by the 
Chair for Construction Chemistry of TU Munich; further parameters are provided by the supplier)

PCE Solid 
content,
wt%

MN, g/mol MW, g/mol PDI [-] Anionic charge
density in H2O dest., 
[μeq/g]

nEO [-]

IPEG1 28.7 ~ 19,500 ~ 27,500 1.4 628 24
IPEG2 38.6 ~ 19,000 ~ 26,000 1.4 1,390 31

Figure 1. Chemical structure of IPEG1

Figure 2. Chemical structure of IPEG2
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Methods
For rheological measurements, cement paste (mbinder = 600 g, water-to-binder ratio (w/b) = 0.5) was mixed 
according to DIN EN 196-3 [30]. A rotational viscometer Viskomat NT (Schleibinger, Germany) was used in 
combination with a coupled cooling unit, that ensured a constant temperature of T = 20 °C. Time-dependent 
rheological measurements were conducted for four times: 5, 30, 50 and 105 minutes after water addition. For the 
first three measurements, the cement paste remained in the viscometer. Afterwards, the cement paste was filled 
into a cup and covered with a damp cloth to prevent drying up. Two minutes before the last measurement began, 
the sample was stirred up manually and filled back into the rotational viscometer. Each measurement recorded 
the torque at a rotational speed of 120 revolutions per minute (rpm) for 10 minutes, followed by 80 rpm, 40 rpm 
and 20 rpm for 2 minutes each. The flow resistance was calculated as the area under the flow curve by using the 
trapezoidal method as proposed by Vikan et al. [34, 35].
For calcined clay blended cement paste, the zeta potential and pH values were both continuously observed over 
a period of 120 minutes. The pore solution of PLC was set as ionic background. Therefore, m = 100 g of cement 
were mixed with distilled water at w/b = 0.50 for 5 minutes by hand. The cement paste was poured into a 
Büchner funnel with a prewetted filter paper. The pore solution was extracted of the cement paste by vacuum 
process. Based on this extracted pore solution, the background was determined three times by electroacoustic 
spectrometer DT-310 (Dispersion Technology Instruments, USA). Beside of the ionic background, the 
spectrometer considers the particle density and mean particle size of the binder components. For the actual 
measurement, the binder (m = 360 g) and the respective amount of distilled water / water-PCE solution for w/b 
= 0.50 were mixed for 3 minutes by hand and the measurement started at 5 minutes after water addition. The 
paste was constantly stirred at 300 rpm to avoid segregation. The zeta potential was summarized for the 
intervals of 5-21, 30-46, 50-66 and 105-121 minutes, respectively, and compared with the flow resistance at 
these time intervals. Changes in zeta potential indicated the adsorption of PCE onto binder components on the 
one hand and the formation of very early hydrate phases on the other hand.

EXPERIMENTAL RESULTS AND DISCUSSION

Influence of physical and mineralogical parameters of clays on the initial dispersion by IPEG-PCE based 
superplasticizers
Table 5 shows the initial flow resistance of systems without superplasticizer and with 0.10 %bwob of IPEG1 
and IPEG2, respectively. The addition of IPEG1 and IPEG2 reveals significant differences between these PCEs, 
where IPEG2 shows a better initial dispersion behavior than IPEG1 (Figure 3). This is related to the higher 
anionic charge density of IPEG2 compared to IPEG1 (Table 4), which generally leads to a better adsorption 
onto binder particles [36, 37]. This effect was also observed for calcined clay blended systems e.g., in [15, 38, 
39]. However, IPEG1 does also reduce the flow resistance by at least 58 %, when using 0.10 %bwob. The 
ranges for IPEG1 and IPEG2 are between 58 – 71 % and 73 – 89 %, respectively, and depend to a large extent 
on the individual binder system. The highest reduction in flow resistance is achieved for PLC_RKUP system 
that exhibits a high flow resistance without superplasticizer, but an excellent reduction with the addition of both 
PCEs. This brings up the question to what extent physical and mineralogical properties of calcined clays 
influence the efficiency of superplasticizers?

Table 5. Initial flow resistance of used systems
System Initial flow resistance, Nmm/min

PLC PLC_AC PLC_FUP PLC_RKUP PLC_KUP PLC_MURR
Reference 1975 1987 8090 7841 6723 2240
0.10IPEG1 738 673 3084 2256 2859 859
0.10IPEG2 443 524 608 877 1559 608
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Figure 3. Reduction in initial flow resistance with addition of PCE (5 minutes after water addition)

In previous publications, good correlations were identified between total surface area (TSA), water demand and 
zeta potential values of blended cements with their demand for superplasticizer [15, 38]. The results at hand 
show that the TSA is not a reliable indicator for the prediction of flow resistance as there is a significant
increase in flow resistance but also a higher efficiency of PCEs for TSA > 10 m²/cm³ (Figure 4a). As observed 
in [15], some binder systems fall out of line. Here, PLC_AC systems show a low flow resistance despite a high
TSA (17.6 m²/cm³). For the same calcined Amaltheen clay, a BET specific surface area of 4 - 5 m2/g was 
observed when calcined at 750 °C [15, 40]. This is related to the structural breakdown of 2:1 phyllosilicates, that 
leads to a significant decrease in BET specific surface area, which remains constant over a larger range for 
kaolinite after dehydroxylation [41]. Beuntner and Thienel [42] found a BET of 20 m2/g for calcination 
temperatures at 600 °C and a decrease to 5 m2/g when surpassing the dehydroxylation temperature according to 
thermogravimetric measurements. It is hence possible that the BET of AC (17.2 m2/g) is related to a still intact 
crystalline structure despite a complete dehydroxylation. This leads to a high TSA, but nonetheless to a lower 
flow resistance than for most of the other calcined clay blended cements. A water demand of the reference 
systems that is lower than 29 wt% causes a low flow resistance, while the latter increases significantly with 
higher water demand (Figure 4b). With the addition of 0.10 %bwob PCE, the reduction in flow resistance is less 
significant for the systems with low water demand. This is related to a sufficient quantity of water in these 
mixtures, that are able to flow and do require less superplasticizer at a w/b = 0.50. Systems with higher water 
demand and TSA, however, need more PCE to decrease their flow resistance significantly. The gaps of flow 
resistance, as observed for both, combined TSA and water demand, do also fit with the d50 value as well as with 
zeta potential value of calcined clay in SCPS. The flow resistance of systems without PCEs correlates very well 
with the average particle diameter as the flow resistance decreases significantly with coarser particles (d50 value
> 30 μm) (Figure 4c). Calcined clays with zeta potential values more negative than - 2 mV tend to increase the
flow resistance significantly (Figure 4d). The flow resistance (flocculation) increases as the negatively charged
calcined clay particles adsorb onto positively charged aluminate hydrates [36, 37] or do adsorb cations released
from clinker phases. Here, a more negative zeta potential value of calcined clay enhances the effect of Ca2+ ions
to function as a kind of adhesive between the calcined clay particles and therefore leads to a higher flow
resistance. If cations released from clinker phases can adsorb onto negatively charged calcined clay sites as
shown in [43], these turn into less negatively or even positively charged surface sites [13, 44] and may be
available for subsequent PCE adsorption. Schmid and Plank [11] showed that metaphyllosilicates adsorb
different amounts of Ca2+ per m² BET specific surface area (metamuscovite >> metamontmorillonite >
metakaolin >> metaillite). However, only metakaolin revealed a higher amount of sorbed PCE when a saturation
by Ca2+ was obtained. With the addition of 0.10 %bwob PCE, the tendency of flow resistance with respect to
water demand and zeta potential values remains the same as for reference systems. However, the differences
between the binder systems diminish significantly. Attempts to correlate the reduction in flow resistance [%] by
adding IPEG PCE with the above-mentioned physical parameters did not yield proper linear nor other
correlations.
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Figure 4. Correlations between a) TSA, b) water demand of blended binder, c) average particle sizes of 
calcined clays and d) zeta potential of calcined clays in SCPS and flow resistance after 5 minutes 

All investigated calcined clays have been ground according to the same procedure but nevertheless they differ 
significantly in their particle size distribution. The grindability depends to a large extent on the mineralogy of 
the clays. Quartz in clays / shales, for instance, can lead to bimodal or even trimodal distributions [3] and is 
enriched in the coarser particle section [45]. Contrary to the previous assumption of the authors [15, 38], the 
amount of quartz in clay does not indicate the effect on flow resistance (Figure 5a). The amount and type of 
phyllosilicates in the clay is much more decisive. Here similar observations are made as for the physical 
parameters: for a kaolinite content > 25 wt% in raw clay, the flow resistance without superplasticizer increases
significantly and hereby the superplasticizer efficiency when PCEs are used (Figure 5b). The authors recently 
revealed that calcined kaolinite-rich clays possess a higher fraction of particles with d = 4.5 µm up to 10 µm 
[17]. On the contrary, clays rich in 2:1 phyllosilicates (> 37 wt%) lead to lower flow resistance of calcined clay 
blended systems (Figure 5c). Hence, it is crucial to state that the “lower efficiency” of PCEs for binders with 
calcined 2:1 phyllosilicates-dominated clays stems from a lower demand for superplasticizers itself. It should 
also be mentioned that the raw clays of those systems with high flow resistance (PLC_RKUP, PLC_FUP, 
PLC_KUP) contain mainly illite or muscovite, while those rich in illite-smectite interstratifications
(PLC_MURR and PLC_AC) go along with a lower flow resistance. To a certain extent, it confirms earlier 
results where both calcined illite and muscovite caused severe changes in rheological behavior, indicated by 
higher torque and viscosity values [6, 15, 18, 38]. It further agrees with findings of Ferreiro et al. [14], where
calcined illite-smectite clays required lower superplasticizer dosages than calcined kaolinite clays. Another side 
effect might be the presence of calcite beside of illite-smectite and smectite in raw AC (Table 2). According to 
Danner et al. [46], a glass phase is formed during the calcination of calcite-containing clays, which significantly 
improves their pozzolanic activity. This possibly formed glass phase might be also the reason for the 
comparable low specific surface area of AC despite its high content in phyllosilicates. As consequence, this can 
favor a low flow resistance, as known e.g., for spherical shaped, glassy fly ashes. Overall, these results show 
how important it is to consider not solely the kaolinite content but the whole, often very complex mineralogical 
composition of clays.

Figure 5. Correlations of content in a) quartz, b) kaolinite and c) 2:1 phyllosilicate in raw clays with 
initial flow resistance
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Time dependent flow resistance and zeta potential of calcined clay blended cement paste
For PLC, the addition of IPEG PCE leads to a significant decrease in flow resistance over two hours. With 
IPEG1, the flow resistance is further lowered due to the decomposition of HEMA into carboxyl and glycol 
groups. This charge release in alkaline environment has been observed already by Tan et al. [47]. The increase 
in flow resistance is only marginal with IPEG2. Especially after 105 minutes, the flow resistance of PLC is still 
low enough to ensure a proper workability. The negative zeta potential value is reduced, which indicates an 
initial adsorption onto PLC that increases with more IPEG-based PCE added. Within the first 30 minutes after 
water addition, the zeta potential values change more significantly with IPEG PCE. This indicates either a 
further adsorption of PCE or an enhanced initial formation of ettringite, which is known for its positive zeta 
potential [37]. After 30 minutes, the zeta potential values remain stable for dosages of 0.10 and 0.20 %bwob, 
which explains the constant flow resistance with IPEG PCE and indicates the end of initial ettringite formation. 
While the flow resistance of PLC_ref increases significantly between 50 and 105 minutes, its zeta potential 
value does hardly change during this period. It is possible that an equilibrium of negatively and positively 
charged surfaces of clinker and hydrate phases offsets significant changes in zeta potential.

Figure 6. Time dependent zeta potential and flow resistance for PLC systems including reference and 
varying dosages of IPEG1/2 (note that the zeta potential of PLC_0.10IPEG2 was not determined) 

Depending on the type of calcined clay added, the flow resistance can sharply increase during the first two hours 
observed (Figure 7 to Figure 9). For PLC_AC and PLC_FUP, the references without PCE show significant 
changes in both flow resistance and zeta potential values. The time-dependent changes compared to PLC 
(Figure 6) are related to an enhanced ettringite formation by the addition of calcined clays, which was observed 
during very early hydration [48-50]. The addition of IPEG PCEs does in parts counteract the changes in both 
flow resistance and zeta potential values. As also observed for PLC, the zeta potential diminishes from strong 
negative values to positive zeta potential values or at least smaller negative values, 5 minutes after water 
addition. The positive zeta potential value of PLC_AC with 0.20 %bwob IPEG PCE indicates an immediate 
saturation of binder surface by anionic PCE. These findings agree with those of Pardo et al. [43] who revealed 
similar interactions of calcined clays with superplasticizers. The addition of IPEG1 to PLC_AC indicates a 
slightly better initial adsorption, but a less pronounced subsequent dispersion in comparison to PLC system. As 
neither flow resistance nor zeta potential hardly change over time, IPEG1 hinders at least a continuous, small 
increase in flow resistance as observed with IPEG2 (Figure 7). The fluctuation of zeta potential values around 
0 mV with 0.20 %bwob IPEG2 demonstrates ongoing complex adsorption mechanisms, not only between 
clinker and calcined clay particles as well as hydrate phases, but also with the superplasticizer. 
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Figure 7. Time dependent zeta potential and flow resistance for PLC_AC systems including reference and 
0.20 %bwob IPEG1/2

PLC_FUP requires 0.20 %bwob PCE to achieve a proper workability as previous investigations of the authors 
showed [17]. The flow resistance increases with PCEs as strongly as without PCE, even with the addition of 
0.20 %bwob IPEG1 (Figure 8). Hence, a subsequent dispersion by the adsorption of additional carboxyl groups,
that stem from the decomposition of HEMA in IPEG1, is not possible for this system. One possible reason is the 
strong negative zeta potential value of FUP in alkaline environment (- 7.5 mV) that results from a high kaolinite 
content in raw clay (Table 2) [13]. Further, the ettringite formation is enhanced during very early hydration due 
to the extraordinary high specific surface area of FUP and additional nucleation sites as consequence [51].
Although ettringite exhibits a positive zeta potential value and enables usually a good adsorption of anionic 
superplasticizers [37], this effect seems to diminish for PLC_FUP. Furthermore, FUP exhibits the highest water 
demand of all calcined clays used (Table 3) and the authors cannot exclude the entrapping of PCE into FUP 
leading to rapid loss in superplasticizer efficiency, as assumed e.g. by Beigh et al. [8]. Beside of the parameters 
described, a further reason might be a lower pH value in PLC_FUP (pH = 11.9 after 5 minutes in reference)
compared to PLC (pH = 12.6) and PLC_AC (pH = 12.2) systems [13]. This could hinder the originally alkali-
related decomposition of HEMA and therefore a subsequent dispersion by IPEG1. This lower pH value was 
already observed for calcined clays with increasing kaolinite content in SCPS, which was related to a higher 
adsorption of OH- ions [13].

SP-354: Superplasticizers and Other Chemical Admixtures in Concrete—Conference Proceedings

Figure 8. Time dependent zeta potential and flow resistance for PLC_FUP systems including reference 
and 0.20 %bwob IPEG1/2; note different scale factor for flow resistance compared to Figure 6 and 

Figure 7

PLC_RKUP, PLC_KUP and PLC_MURR do also show a proper reduction in flow resistance with the addition 
of 0.10 %bwob IPEG PCE during the first two hours (Figure 9). The influence of different PCE dosages was 
recently published by the authors in [17]. Therefore, they omit the differences between 0.10 and 0.20 %bwob for 
these blended cements here. With IPEG1, the flow resistance of PLC_RKUP decreases even slightly further 
over time, which results in a similar flow resistance with IPEG1 and IPEG2 after 105 minutes. Despite the high 
metakaolinite content, the RKUP-SCPS solution showed a pH value of 12, which is related to the high quartz
content. Preliminary investigations [52] showed that quartz-SCPS and metakaolin-SCPS solutions have an 
initial pH value of 13.0 and 11.0, respectively, at a liquid-to-solid ratio of 1.0. 
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Hence, it is assumed that also the pH value of PLC_RKUP is high enough to ensure a subsequent decomposition 
of HEMA and the dispersion by additional carboxyl groups. In PLC_KUP, the subsequent dispersion by 
0.10 %bwob IPEG1 is not achieved, but the increase in flow resistance is slowed down compared to the 
reference. In general, the system with the calcined muscovite-rich clay KUP is more sensitive towards the type 
of PCE and shows a lower reduction in flow resistance compared to the other calcined clays. PLC_MURR has a 
low flow resistance even without the addition of PCE, and dosages beyond 0.05 wt% indicated saturation effects 
[17]. Hence, the initial flow resistance is slightly higher with IPEG1 compared to IPEG2, but both values are in 
a similar range. Regardless of the reference flow resistance, the flow resistance of most of the calcined clay 
blended cements remains stable or decreases even more with IPEG1 over time. IPEG2, instead, has a better 
initial dispersion performance and the flow resistance increases only slightly in its presence. This knowledge is 
crucial for the practical application of calcined clays as SCM to ensure an often desired, sufficiently long 
workability. 

Figure 9. Time dependent flow resistance for PLC_RKUP, PLC_KUP and PLC_MURR without and with 
0.10% IPEG PCE; note different scale factor for flow resistance compared to Figure 6 to Figure 8

CONCLUSION

 Thresholds for total surface area and water demand of binder are identified to estimate the influence of
calcined clays on flow resistance of blended cement paste. The same holds for the particle size
distribution and zeta potential of calcined clays, as well as the complex mineralogical composition of
common clays. The quartz content is found not to be a reliable indicator. Moreover, the content in
kaolinite and 2:1 phyllosilicates is decisive for the rheological behavior of calcined clay blended
cements. Calcined kaolinite-rich clays require more superplasticizer as they cause a high flow
resistance. At the same time, they show a good interaction with IPEG-based PCEs. Muscovite perturbs
not only the flowability, but also the effectiveness of superplasticizers, while smectite does not cause
any trouble in terms of the rheological properties. However, this requires verification not solely by
investigating further paste, but also mortar and concrete samples.

 The PCE with higher anionic charge density (IPEG2) shows a better initial adsorption, which confirms
common knowledge from literature. The PCE with HEMA (IPEG1) enables a subsequent dispersion if
the blended cement paste provides a sufficiently high alkaline environment for the decomposition of
HEMA into carboxyl and glycol groups. The addition of calcined kaolinite-rich clays might lower the
pH value to such an extent that they reduce or even hinder the subsequent charge release. However,
further investigations are required in order to evaluate the adsorption behavior of PCEs onto calcined
clays individually, as e.g. by TOC method.

 Strong time-dependent changes in flow resistance and zeta potential values suggest an enhanced
flocculation rate and initial ettringite formation with the addition of calcined clays. Both IPEG-based
PCEs slow down the increase in flow resistance or lead even to a further decrease in flow resistance.
Smaller changes in zeta potential are related to a slower ongoing clinker reaction with the addition of
PCEs.

 The current findings confirm that a properly chosen superplasticizer can enable a sufficiently long
water retention, which is often a problem in calcined clay blended systems. Nonetheless, each calcined
clay requires an individual solution as the mineralogical and physical properties vary significantly.
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1. INTRODUCTION

Calcined clays as potential supplementary cementitious material (SCM) come strongly into focus of 
research (Antoni 2013, Beuntner 2017, Tironi et al. 2014). Especially calcined mixed layer clays with 
different phyllosilicates and further minerals are interesting as future SCM as they are available in 
sufficient quantities worldwide. Calcined clays have a pozzolanic impact on clinker reaction kinetics 
already during early hydration (Beuntner 2017, Danner et al. 2012, Scherb et al. 2018). Beside further 
CO2 savings (Cancio Díaz et al. 2017), the addition of limestone is known to have good synergy effects 
with calcined clays in cementitious systems (Antoni et al. 2015, Martirena Hernández & Scrivener 2015, 
Tironi et al. 2017, Vance et al. 2013). The mineralogy of clay has according to Hermann & Rickert (2015) 
a significant impact on the specific surface area and hence on the required dosages of superplasticizers. 
Calcined clays exhibit a high specific surface area and water demand and require the use of 
superplasticizers in concrete (Thienel & Beuntner 2018).  

There is a wide range of observations when it comes to the influence of superplasticizers on the 
hydration kinetics of ordinary Portland cement. According to Prince et al. (2002), polynaphthalene 
sulfonate superplasticizers retard the hydration of C3A while Roncero et al. (2002) found out that both 
polycondensates and PCE polymers accelerate the reaction of C3A, the formation of ettringite and the 
dissolution of gypsum. Sakai et al. (2006) also observed an accelerated reaction of C3A but a lower rate 
of hydration due to the addition of different types of superplasticizers. These findings were also made 
by Lothenbach et al. (2007) investigating a PCE with OPC: the dissolution of C3S was strongly retarded 
during the first 30 h of hydration by adding PCE. Investigations on the interaction of calcined clays and 
lignosulfonates revealed that dosages required for equal dispersion effects exceed dosage limits and 
lead to strong retardation effects (Sposito et al. 2018). Polycondensates retard the aluminate clinker 
reaction and formation of ettringite (Zaribaf & Kurtis 2018), but also accelerate pozzolanic reaction of 
metakaolin compared to PCE (Ahn et al. 2015). According to Ng & Justnes (2015) and Zaribaf & Kurtis 
(2018), PCE exhibit the highest dispersion effectiveness and the least influence on hydration kinetics. 
Taking this knowledge into account, the impact of diverse superplasticizers on the hydration behavior 
of cementitious systems blended with different types of cements and calcined clays is investigated. 

2. MATERIALS AND METHODS

2.1 Materials 
2.1.1 Cements 
One ordinary Portland cement (OPC) CEM I 42.5 R and one Portland limestone cement (PLC) 
CEM II/A-LL 32.5 R, complying with (DIN EN 197-1 2011), are used. Their mineral phase contents are 
given in Table 1 and the physical parameters are listed in Table 3.  

Table 1. Mineralogical analysis of cements (information provided by producer) 

Cement 
Mineral phase [wt%] 

C3S C2S C3A C4AF CaOfree Sulfates Calcite 

OPC 61.6 18.2 5.8 9.0 0.6 3.2 0.6 

PLC 48.9 15.2 5.1 8.1 0.1 4.0 14.4 

2.1.2 Calcined clays 
Three calcined phyllosilicates and one calcined mixed layer clay are investigated. The metakaolin (Mk) 
is an industrially used product, flash-calcined at 550 °C with 93 wt% amorphous content, 5 wt% quartz 
and traces of anatase and mica. Metaillite (Mi) and metamuscovite (Mu) are calcined for 60 min in a lab 
muffle kiln at 770 °C (Mi) and 800 °C (Mu). The temperatures were chosen according to dehydroxylation 
temperature obtained by DTG and by highest solubility of Al- and Si-ions in alkaline solution. Mi 
possesses 56.4 wt% amorphous content, 4.9 wt% calcite, 38.2 wt% illite and traces of portlandite and 
lime. Mu has 19.2 wt% amorphous phases and 80.8 wt% muscovite (high-temperature modification). 
The origin, the calcination procedure and the grinding process of the mixed layer clay (TG) are described 
in (Beuntner & Thienel 2017, Gmür et al. 2016). Its mineralogical composition is given in Table 2, the 
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solubility of Al and Si ions of calcined clays and the physical parameters of all binders are displayed in 
Table 3.  

Table 2. Mineralogical composition of calcined mixed layer clay (TG) 

Phase [wt%] 
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TG 16.2 2.2 0.6 4.6 0.4 6.0 6.3 0.6 1.1 1.6 60.8 

Table 3. Physical parameters of cements (OPC, PLC), metakaolin (Mk), metamuscovite (Mu), 
metaillite (Mi) and calcined mixed layer clay (TG) 

2.1.3 Superplasticizers 
Two industrial superplasticizers are selected to investigate their influence on the hydration behavior on 
calcined clay blended cementitious systems. As representative for polycondensates, the calcium salt of 
a β-naphthalene sulfonate formaldehyde polycondensate (abbreviation: NSF) with a solid content of 
40.0 wt% is used. As polycarboxylate-based superplasticizer, an α-methallyl-ω-methoxy poly(ethylene 
glycol) ether (HPEG) type PCE with a long side chain and a high anionic charge density (abbreviation: 
HPEG) is investigated. Its solid content is 50.0 wt%.  

The dosages of superplasticizers (Table 4) are adjusted for each binder system in cement paste for a 
constant spread of 26 cm ± 0.5 cm by a modified mini slump test according to (DIN EN 1015-3 2007). 

Parameter Method OPC PLC Mk Mu Mi TG 

Particle density 
[g/cm³] He-pycnometer 3.17 3.09 2.61 2.79 2.72 2.63 

Specific surface 
area [m²/g] 

(DIN ISO 9277 
2003) 1.0 1.7 17.8 11.8 94.6 3.9 

Water demand 
[wt%] 

(DIN EN 196-3 
2009) 28.9 28.2 34.5 55.4 38.6 30.5 

d10 [µm] 

(ISO 13320 
2009) 

4.1 2.3 3.0 9.3 2.7 4.0 

d50 [µm] 15.8 13.1 14.8 19.2 6.8 13.2 

d90 [µm] 46.0 46.0 76.2 45.7 61.9 37.0 

Si-ions solubility 
[wt%] Inductively 

coupled plasma 
optical emission 

spectrometry 
(ICP-OES) 

- - 15.65 0.51 4.02 1.80 

Al-ions solubility 
[wt%] - - 14.25 0.26 1.55 1.09 

Si/Al ratio [-] - - 1.10 1.93 2.59 1.65 
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All dosages represent the active agent as % by weight of binder (%bwob) and are constantly used for 
all methods. 

Table 4. Dosages of superplasticizers [%bwob] 

2.2 Methods 
The cements are constantly substituted by 20 wt% of calcined clays at a water-to-binder (w/b) ratio of 
0.50. The samples are designated as cement_substitution rate and type of calcined clay_dosage and 
type of superplasticizer. The hydration kinetics are determined by isothermal calorimetry with TAM Air 
(TA Instruments, Delaware/USA) and by in-situ X-ray diffraction (XRD) at 25 °C. The blended binder is 
homogenized for 30 seconds before the blended cement pastes are mixed for 60 seconds by hand for 
all methods. The samples are transferred into plastic ampoules for calorimetric measurements. The 
resulting heat flow is calculated to 1 g of cement [mW/gcement]. For in-situ XRD, the blended cement 
pastes are transferred into flat metal crucibles and covered by a Kapton film to prevent drying up of the 
fresh paste. The hydration behavior is observed by an X-ray diffractometer Empyrean (PANalytical, 
Almelo/Netherlands) with PIXcel1D detector and Bragg-BrentanoHD monochromator. Each measurement 
is in a range from 6 to 40 °2ϴ and takes 15 min. The XRD sample holder is connected to a temperature-
controlled device. The development of crystalline phases is illustrated by using isolines view of software 
Highscore Plus 4.7 (PANalytical, Almelo/Netherlands). The time-dependent appearance and 
disappearance of phases is determined by qualitative peak analysis of ettringite (hkl phase 110) (Goetz-
Neunhoeffer & Neubauer 2005), AFm-Hc (006) (Runcevski et al. 2012), gypsum (020) (Schofield et al. 
2000) and portlandite (001) (Busing & Levy 1957). The ettringite (110) is chosen as there are overlaying 
effects of ettringite (010) and the high temperature modification of muscovite (002) (Catti et al. 1989) in 
the systems with metamuscovite and superplasticizers. 

3. RESULTS AND DISCUSSION

3.1 Influence of superplasticizers on reaction kinetics during the first 48 hours of hydration 
A small peak after the maximum indicates the aluminate reaction (dissolution of C3A and strong 
precipitation of ettringite according to Hesse et al. (2011)) for OPC (Figure 1) while PLC exhibits a 
dominant peak due to aluminate reaction (Figure 2). The addition of calcined clays has a significant 
influence on the reaction kinetics. OPC/PLC_20Mi yield the highest peak intensities after only 8.2 h. The 
acceleration is attributed to the fineness and high specific surface area of Mi (see Table 3). The high 
main peaks of OPC/PLC_20Mk result from the high solubility of Al and Si ions of Mk (Table 3). The high 
main peak intensities for Mk and Mi systems both may result from overlaying silicate and aluminate 
reactions as described by Beuntner (2017) for Mk. Systems with Mu exhibit accelerated silicate reactions 
compared to systems with cement only despite the low solubility of ions and the comparably coarse 
granulometry of Mu (Table 3). OPC/PLC_20Mu show up broader shoulders and lower aluminate peak 
intensities compared to Mi and Mk systems, indicating still a significant pozzolanic contribution of Mu to 
hydration kinetics. In a less distinctive manner, the addition of 20 wt% TG to OPC does also slightly 
accelerate the reaction kinetics until the aluminate shoulder is reached due to its fineness compared to 
OPC. This effect does not apply to PLC systems as PLC and TG have a more similar fineness (Table 
3). While there is no significant peak detectable in the declining heat flow curve of OPC, OPC_20TG 
exhibits a broad shoulder at 23 h, which can be associated with the pozzolanic contribution of TG to 
aluminate reaction. The heat flow curves for PLC_20Mu, PLC_20TG and PLC are congruent during the 
first 10 h and differ later on in the appearance and intensity of the aluminate peak. Hence, a good 
synergy effect of PLC and 20 wt% TG can be confirmed. Scherb et al. (2018) attribute furthermore the 
decline of the main peak of systems with calcined clays and limestone to the formation of AFm 
hemicarboaluminate (AFm-Hc) phase. 

Superplasticizer OPC with PLC with 

- 20Mk 20Mu 20Mi 20TG - 20Mk 20Mu 20Mi 20TG 

NSF 0.21 0.68 1.50 0.95 0.40 0.24 0.77 1.50 0.97 0.50 

HPEG 0.05 0.19 0.16 0.37 0.07 0.06 0.20 0.16 0.40 0.08 
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Figure 1. Heat flow of OPC systems without 
superplasticizers 

Figure 2. Heat flow of PLC systems without 
superplasticizers 

Adding the polycondensate (NSF) has a retarding effect on the aluminate reaction by 1 h 
(OPC_0.21NSF/PLC_0.24NSF) which confirms findings of Prince et al. (2002). For systems with Mk, Mi 
or TG, the rest periods are prolonged by up to 1.7 h. Despite the high dosages of NSF in 
OPC_20Mi_0.95NSF and OPC_20Mk_0.68NSF and considering both the retarded end of rest period 
and occurrence of the aluminate peaks, the systems exhibit similar heat flow curves as OPC_20Mi/20Mk 
(Figure 3). The higher intensity of the main peak of OPC_20Mk_0.68NSF can be explained by 
overlapping chemo-mineralogical reactions and a boost of pozzolanic reactivity by polycondensates as 
already observed by Ahn et al. (2015). PLC_20Mi_0.97NSF shows up a general retardation of 1.5 h but 
a slightly higher intensity of the aluminate peak (Figure 4). Despite a lower dosage compared to 
PLC_20Mi_0.97NSF, PLC_20Mk_0.77NSF is more affected by NSF: the rest period is slightly more 
extended and the main peak is significantly less intense and occurs even 3.6 h later than without 
superplasticizer. Ten repeats of measurement were necessary for OPC/PLC_20Mu_1.50NSF due to 
bleeding during measurement. The averaging of the individual measurements shows a strong 
retardation of both the silicate and aluminate reaction. Although the systems with TG need the second 
lowest dosages of NSF, the superplasticizer has a certain influence on the reaction kinetics. Both 
systems are retarded by approximately 1 h compared to cement systems with NSF. Between 12 and 
20 h, OPC_20TG_0.40NSF exhibits a constant level of heat flow, which is elevated afterwards by further 
pozzolanic contribution of TG. As the maximum peak is higher for OPC_20TG_0.40NSF (Figure 3) and 
occurs slightly earlier compared to OPC_20TG (Figure 1) without superplasticizer, NSF might provide a 
little boost to pozzolanic reactivity at least in systems with ordinary Portland cement. The findings of Ahn 
et al. (2015) on the interaction of metakaolin and polycondensates hence are also applicable to the 
investigated calcined mixed layer clay with OPC. Similar findings hold less pronounced also for 
PLC_20TG_0.50NSF (Figure 4) compared to PLC_20TG (Figure 2). 

Figure 3. Heat flow of OPC_x_NSF systems Figure 4. Heat flow of PLC_x_NSF systems 

Using HPEG superplasticizer leads to a slightly prolonged rest period for OPC_0.05HPEG (Figure 5) 
and PLC_0.06HPEG (Figure 6). For pure cement systems, the retarding effect of HPEG on aluminate 



Publications - Early hydration behavior of blended cementitious systems containing calcined clays and 
superplasticizer 

199 

1515thth International Congress on the Chemistry of Cement International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019Prague, Czech Republic, September 16–20, 2019

reaction is also less than the impact of NSF confirming earlier findings (Ng & Justnes 2015, Zaribaf & 
Kurtis 2018). The rest periods are shorter for all systems with calcined clays when HPEG is used instead 
of NSF. OPC_20Mk_0.19HPEG and OPC_20Mi_0.37HPEG exhibit lower main peak intensities at 
similar times compared to systems with NSF. This effect goes along with broader shoulders on the left 
side of the peaks, which indicate earlier ongoing hydration processes (Figure 5). Although 
PLC_20Mi_0.40HPEG has the highest dosage of HPEG, the retardation of the main peak compared to 
PLC_20Mi is negligible whereas PLC_20Mk_0.20HPEG exhibits a retardation of 1.3 h compared to 
PLC_20Mk with half the amount of HPEG used. OPC_20Mu shows up only a slight retardation of main 
peak whereas the HPEG PCE even has an immense acceleration effect on reaction kinetics in 
PLC_20Mu_0.16HPEG, both resulting in significantly higher intensities compared to OPC/PLC_20Mu. 
At low dosages (0.16 %bwob) of HPEG, they exhibit better compatibilities than with 1.50 %bwob NSF. 
Systems with TG and HPEG reveal similar heat flow curves as systems with OPC only and especially 
with PLC only: the curves of OPC_0.05HPEG and OPC_20TG_0.07HPEG are congruent during the 
first 14 h until the aluminate part of the pozzolanic reaction of TG commences. Compared to the systems 
without superplasticizer and with NSF, the curves of the PLC_20TG_0.08HPEG and the 
PLC_0.06HPEG system almost coincide and differ only in the intensity of their main peaks.  

Figure 5. Heat flow of OPC_x_HPEG systems Figure 6. Heat flow of PLC_x_HPEG systems 

3.2 Influence of superplasticizers on formation of hydrate phases using the example of OPC 
and OPC-metamuscovite systems 

Results from in situ XRD are limited to OPC and OPC_20Mu systems as the latter are influenced the 
most by superplasticizers. All systems show up an immediate formation of ettringite. It goes along with 
dissolution of gypsum, which is completed earlier for OPC_0.21NSF and later for OPC_0.05HPEG 
compared to OPC (Figure 7). The latter finding fits with results from Jansen et al. (2012) where a PCE 
retarded the dissolution of gypsum. While there is no formation of AFm-Hc during the first 48 h of 
hydration in the OPC system, both superplasticizers precipitate the formation of AFm-Hc, which is 
detectable after 28 h (OPC_0.21NSF) and 36.5 h (OPC_0.05HPEG). The formation of portlandite (CH) 
starts between 4.5 and 5 h for all OPC systems. The main part of CH formation is completed after 10 h 
(OPC_0.21NSF) and 11.5 h (OPC) while it persists until 16.5 h for OPC_0.05HPEG. These results fit 
well with the maxima in the heat flow curves from calorimetric measurements. 

Gypsum is dissolved in OPC_20Mu earlier than in OPC as observed beforehand by Scherb et al. (2018). 
The dissolution of gypsum is accelerated further in OPC_20Mu_0.16HPEG (Figure 8) which explains 
the high intensity of its main peak in the heat flow curve in Figure 5. In OPC_20Mu_1.50NSF it takes 
24.5 h to dissolve the gypsum completely. Formation of AFm-Hc starts after 20 h (OPC_20Mu) and 15 h 
(OPC_20Mu_0.16HPEG), while there is no AFm-Hc detectable in OPC_20Mu_1.50NSF during the first 
48 h. Portlandite (CH) is detectable after 3.25 h (OPC_20Mu) and 4.75 h (OPC_20Mu_0.16HPEG) and 
the main reaction takes place until 13.5 and 12.5 h respectively. In OPC_20Mu_1.50NSF, the (main) 
formation of CH is strongly retarded. It does not start before a time of 12.5 h (Figure 8) and continues 
until 26.5 h. These observations confirm the results of isothermal calorimetry where the rest period of 
OPC_20Mu_1.50NSF does not end before a time of 12.5 h (Figure 3). Not least due to its extremely 
high amount, NSF retards both aluminate and silicate reaction in the cement-Mu system. HPEG 
promotes the aluminate reaction and slightly retards the silicate reaction. Winnefeld (2012) reports both 
a stronger retardation with increasing amount of superplasticizer and a stronger retardation of PCE than 
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of naphthalene sulfonate superplasticizers if the same amount is used. As less HPEG is needed for the 
same dispersion effects, it concludes that the retardation is less as well. 

Figure 7. In situ X-ray plots from 9.5 to 18.5 °2ϴ for OPC systems 

Figure 8. In situ X-ray plots from 9.5 to 18.5 °2ϴ for OPC_20Mu systems 

4. CONCLUSION

The previous investigation program highlights the effect of superplasticizers on the hydration kinetics of 
cementitious systems containing calcined clays. The main influences are on the dissolution of gypsum 
as sulfate carrier as well as on the beginning of formation of portlandite and AFm-Hc. Investigated binder 
systems require in general higher dosages of polycondensate than of PCE, which lead partially to 
stronger retardation effects. Selected systems exhibit incompatibilities with NSF indicated by late 
formation of portlandite or dissolution of gypsum whereas the investigated HPEG PCE exhibits a 
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superior compatibility with calcined clay blended cementitious systems and has only minor or partially 
even boosting impact on the pozzolanic reaction kinetics, e.g. on the formation of AFm-Hc. Nonetheless 
also the addition of NSF can slightly accelerate hydration kinetics confirming earlier findings from 
literature. Commonly known synergy effects between Portland limestone cement and calcined clays 
hold also for systems dispersed with superplasticizers. 

Calcined mixed layer clays are particularly promising due to their mineralogical composition as they are 
capable to interact even with low dosages of superplasticizers thus resulting in good dispersing effects 
and exhibiting a similar hydration behavior as pure cement systems. In general, the influence of the 
amount of superplasticizer on the retardation of hydration increases non-linearly with increasing dosage 
and is compensated by the addition of calcined clays. In further studies, the demand for superplasticizers 
and the compensation of retarding effects by calcined clays should be considered in detail as there are 
- beside the mineralogy of calcined clays - several more parameters (e.g. grinding fineness) which affect
the hydration kinetics.
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9 Appendix 

9.1 Appendix A1: Supplementary data for clinkerfree investigations and materials 

Preliminary investigations1 showed the zeta potential of quartz powder (QP), calcined 

Amaltheen clay (TG) and metakaolin (Mk) depending on the water-to-solid ratio (w/s) (Figure 

A-1, left) and pH value (Figure A-1, right). 

 

Figure A-1. Zeta potential of pure materials in distilled water depending on w/s ratio (left) and 
pH value (right) 

 

Figure A-2 and Figure A-3 show the single and averaged zeta potential measurements of meta-

phyllosilicates as well as of raw and calcined common clays in distilled water and over a period 

of three hours. Table A-1 shows the single data points and standard deviation of the zeta 

potential of meta-phyllosilicates and calcined common clays as measured in SCPS. Figure A-

4 shows the torque curves of metaphyllosilicates dispersed in distilled water at w/s = 1.0 (left) 

and w/s = 1.5 (right). 

 

 
1 Sasse, T., Evaluierung des Zetapotentials von Zementersatzstoffen in Abhängigkeit ausgewählter 

Messparameter, in Fakultät für Bauingenieurwesen und Umweltwissenschaften, Institut für Werkstoffe 

des Bauwesens. 2019, Universität der Bundeswehr München: Neubiberg. p. 66 
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Figure A-2. Time dependent zeta potential of quartz powder and metaphyllosilicates in distilled 
water at w/s = 1.50 

 

Figure A-3. Zeta potential of raw clays (left) and calcined common clays (right) in distilled water 
at w/s = 1.50 

Table A-1. Zeta potential of metaphyllosilicates and calcined common clays in SCPS (w/s = 
1.50) 

Mixture #1 [mV] #2 [mV] #3 [mV] #4 [mV] #5 [mV] #6 [mV] #7 [mV] σ 
[mV] 

Mk_SCPS - 48.0 - 47.7 - 46.4 - 47.3 - 46.8 - 47.7 - 48.0 0.56 
Mu_SCPS - 8.3 - 9.8 - 10.3 - 8.7 - 9.5 - 10.0 - 9.4 0.66 
Mi_SCPS - 28.5 - 27.5 - 27.9 - 28.3 - 27.7 - 28.0 - 28.3 0.33 
AC800_SCPS - 1.2 - 1.5 - 1.4 - 1.9 - 1.4 - 2.0 - 1.8 0.28 
KUP800_SCPS - 2.8 - 2.7 - 3.5 - 3.2 - 3.6 - 3.4 - 3.6 0.35 
RKUP800_SCPS - 3.3 - 3.5 - 3.6 - 4.4 - 4.5 - 4.3 - 4.2 0.45 
FUP800_SCPS - 7.3 - 7.3 - 7.5 - 7.3 - 7.9 - 7.6 - 7.4 0.21 
MURR800_SCPS 0.4 - 1.1 - 1.2 - 1.6 - 1.4 - 1.4 - 1.3 0.62 

 

 

Figure A-4. Torque curves of TG/Mk/Mi_H suspensions at w/s = 1.00 (left) and of 
TG/Mk/Mu/Mi_H suspensions at w/s = 1.50 (right) 
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The influence of different ultrasound power (50W vs. 200 W) on dispersing two calcined 

common clays and as consequence on their particle size distribution (PSD) as measured by 

static laser scattering (SLS) is shown in Figure A-5. The difference in PSD of quartz-rich RKUP, 

although the coarse fraction (~ 100 µm) reduces with higher power. The PSD of FUP, which 

has a significantly higher kaolinite content in raw clay, changes significantly: with 200W, the 

fraction at ~ 25 µm reduces and the fraction at ~ 5 µm increases. 

 

Figure A-5. Influence of ultrasound (US) power dispersion on the particle size analysis of 
calcined common clays, using the calcined kaolinite-rich clays RKUP and FUP as 
example 

9.2 Appendix A2: Electroacoustic measurements of cementitious systems 

 

Figure A-6. Time-related zeta potential of OPC mixtures with 20 wt% Mk, Mu, Mi, TG and QP 
(w/b = 0.50) 
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Figure A-7. Time-related zeta potential of PLC* mixtures with various amounts and types of 

PCE (w/b = 0.50) 

 

 
Figure A-8. Time-related zeta potential of PLC*_30AC mixtures with various amounts and 

types of PCE (w/b = 0.50) 
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Figure A-9. Time-related zeta potential of PLC*_30FUP mixtures with various amounts and 

types of PCE (w/b = 0.50) 

 

9.3 Appendix A3: Rheological analysis of CCBC pastes by linear Bingham model 
and flow resistance 

This section of appendix includes the rheological parameters of CCBC mixtures with 

metaphyllosilicates and the calcined common clay TG. Results for mixtures with the other 

calcined common clays are provided in Appendix A7: Time-dependent rheological 

measurements. 

The following abbreviations are used in the tables of this section: 

Abbreviation Definition 

FR Flow resistance [Nmm/min] 

g Yield stress factor [Nmm] 

h Viscosity factor [Nmm·min] 

T Torque [Nmm] 

x Replacement level [wt%] and type of metaphyllosilicate/calcined common clay 

y Dosage [%bwob] and type of superplasticizer 
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Table A-2. Rheological parameters of OPC°_x_yLS mixtures (w/b = 0.45) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] x y 20 40 80 120 

- - 0.11 17.0 0.95 19.3 21.6 26.2 30.7 2504 
- 0.14Mg- 0.07 7.6 0.87 9.0 10.4 13.2 16.0 1249 
- 0.15Na- 0.06 9.4 0.80 10.9 12.0 14.4 16.7 1378 
20CT - 0.19 39.5 0.97 43.9 47.2 54.9 62.6 5299 
20CT 0.45Mg- 0.18 0.4 0.99 4.1 7.7 15.1 22.5 1328 
20CT 0.47Na- 0.17 3.2 0.99 6.7 10.1 17.1 24.0 1536 
20Mk - 0.20 115.9 0.65 120.3 124.2 131.9 139.7 12999 
20Mk 0.69Mg- 0.25 - 3.6 0.93 1.4 6.3 16.2 26.1 1375 
20Mk 0.82Na- 0.22 - 2.1 1.00 2.4 6.9 15.9 24.9 1364 

 

Table A-3. Rheological parameters of OPC_x reference mixtures (w/b = 0.50) 

Mixture 
x 

h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] 20 40 80 120 

- 0.08 6.4 0.99 8.2 9.5 12.4 15.9 1182 
10QP 0.09 4.5 0.99 6.5 7.8 10.9 15.0 1037 
20QP 0.07 3.5 0.99 5.3 6.2 8.8 12.2 839 
30QP 0.06 2.0 1.00 3.3 4.1 6.4 8.9 592 
10TG 0.10 8.1 0.98 10.4 12.1 15.5 20.4 1495 
20TG 0.14 17.7 0.95 20.7 23.3 27.8 34.4 2708 
30TG 0.19 21.3 0.86 26.0 29.1 34.5 44.8 3410 
10Mk 0.05 50.7 0.95 51.6 53.1 55.0 57.3 5455 
20Mk 0.06 169.3 0.77 169.8 172.0 174.5 176.0 17360 
30Mk - 0.19 321.0 0.77 317.6 312.8 305.9 298.0 30757 
5Mu 0.23 27.1 0.80 32.5 36.9 43.3 55.5 4275 
10Mu 0.30 95.0 0.39 101.4 110.8 112.2 132.5 11475 
20Mu2 0.45 230.9 - 239.2 258.6 250.0 286.4 25876 
30Mu3 0.58 366.6 - 377.0 406.4 387.8 440.5 40284 
10Mi 0.21 32.8 0.77 38.0 41.3 47.0 58.5 4670 
20Mi 0.17 102.7 0.35 111.6 106.3 109.8 124.4 11187 
30Mi 0.38 183.4 0.50 195.7 199.2 201.5 230.6 20605 

 

Table A-4. Rheological parameters of OPC_x_yNSF mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] x y 20 40 80 120 

- 0.21 0.05 4.6 0.98 5.7 6.4 8.4 10.4 795 
20QP 0.18 0.04 1.9 0.99 2.9 3.5 5.4 7.2 495 
20TG 0.40 0.07 - 0.1 1.00 1.5 2.6 5.2 8.3 467 
20Mk 0.68 0.05 1.5 0.99 2.7 3.3 5.3 7.4 485 
20Mu 1.50 1.76 - 7.8 0.95 28.4 63.3 131.5 205.1 11543 
20Mi 0.95 0.12 1.5 0.99 4.4 6.3 10.8 16.5 995 

 

 
2 Linear extrapolation based on OPC_5Mu and OPC_10Mu values 
3 Linear extrapolation based on OPC_5Mu and OPC_10Mu values 
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Table A-5. Rheological parameters of OPC_x_yHPEG mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] x y 20 40 80 120 

- 0.05 0.05 0.1 0.99 1.4 2.1 4.1 6.6 375 
- 0.20 0.03 - 0.5 0.99 0.3 0.7 2.0 3.7 182 
10QP 0.04 0.06 0.5 0.99 1.9 2.7 4.8 7.5 440 
20QP 0.04 0.05 0.1 0.99 1.3 2.0 3.8 6.1 349 
20QP 0.20 0.03 - 0.2 0.98 0.5 0.7 1.8 3.1 160 
30QP 0.04 0.04 - 0.2 0.99 0.8 1.3 2.8 4.7 254 
10TG 0.07 0.06 - 0.8 0.99 0.8 1.6 3.9 6.9 307 
20TG 0.07 0.09 - 0.3 0.99 1.7 2.9 6.0 10.0 484 
20TG 0.20 0.06 - 0.9 0.99 0.4 1.2 3.2 5.9 370 
30TG 0.07 0.10 - 1.3 0.98 1.3 2.7 6.2 11.4 462 
20Mk 0.19 0.07 5.9 0.99 7.6 8.3 10.8 14.1 988 
20Mk 0.20 0.05 7.0 0.95 8.2 8.6 10.6 12.7 1047 
10Mu 0.16 0.33 - 8.3 0.85 1.5 4.1 13.1 32.7 916 
20Mu 0.16 1.09 - 26.5 0.72 4.5 14.5 44.1 107.0 4384 
20Mu 0.20 0.83 - 23.3 0.70 2.2 7.5 27.1 79.0 2911 
10Mi 0.37 0.05 - 0.8 0.99 0.4 1.1 3.0 5.3 265 
20Mi 0.20 0.20 21.8 0.77 27.3 29.7 35.3 46.8 3510 
20Mi 0.37 0.13 0.8 0.94 4.5 5.7 9.9 17.0 953 
30Mi 0.37 0.44 79.8 0.62 91.9 97.1 108.6 134.1 10859 

 

Table A-6. Rheological parameters of OPC_x_yamphMPEG mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] x y 20 40 80 120 

- 0.06 0.05 1.9 0.97 3.4 3.6 5.9 8.6 550 
- 0.20 0.03 - 0.5 0.99 0.3 0.7 2.0 3.6 180 
20QP 0.04 0.05 0.7 0.99 1.9 2.4 4.2 6.4 386 
20TG 0.08 0.10 1.0 0.98 3.6 4.6 8.0 12.8 751 
20TG 0.20 0.06 - 0.9 0.99 0.4 1.2 3.3 5.9 289 
20Mk 0.19 0.07 11.8 0.79 14.4 14.0 15.9 20.7 1615 
20Mk 0.20 0.07 11.7 0.79 14.4 14.0 15.8 20.5 1603 
20Mu 0.20 1.98 - 30.2 0.72 19.6 48.6 116.7 215.5 10634 
20Mu 0.21 1.98 - 30.4 0.72 18.2 45.4 112.4 209.3 10224 
20Mi 0.20 0.22 42.2 0.78 48.3 50.7 56.7 69.3 5657 
20Mi 0.41 0.13 0.0 0.96 3.6 4.8 8.0 12.8 758 
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Table A-7. Rheological parameters of PLC_x reference mixtures (w/b = 0.50) 

Mixture 
x 

h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] 20 40 80 120 

- 0.10 9.5 0.98 11.9 13.3 16.9 21.6 1627 
10TG 0.11 13.7 0.98 16.2 17.9 21.5 26.7 2097 
20TG 0.15 19.2 0.91 22.6 25.1 29.7 36.9 2908 
30TG 0.16 22.3 0.95 25.6 28.7 33.7 41.1 3288 
10Mk 0.05 67.3 0.92 67.8 69.8 72.0 73.6 7123 
20Mk 0.24 77.5 0.85 81.8 87.7 96.5 106.0 9428 
30Mk - 0.32 397.2 0.66 391.3 381.5 375.8 357.8 37547 
5Mu 0.26 41.8 0.80 47.2 52.6 60.3 72.7 5916 
10Mu 0.43 107.8 0.77 113.7 128.1 141.5 158.9 13820 
20Mu4 0.77 239.8 - 246.9 279.2 303.9 331.2 29626 
30Mu5 1.11 371.8 - 379.7 430.1 466.3 503.7 45426 
10Mi 0.16 40.2 0.84 43.9 46.6 51.0 59.2 5060 
20Mi 0.20 86.3 0.67 92.4 93.7 99.0 110.9 9911 
30Mi 0.37 198.0 0.63 208.8 213.4 217.5 243.4 22059 

 

Table A-8. Rheological parameters of PLC_x_yNSF mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] x y 20 40 80 120 

- 0.24 0.03 5.6 0.85 6.3 6.9 8.5 9.7 805 
20TG 0.50 0.08 1.1 1.00 2.9 4.2 7.2 10.6 656 
20Mk 0.77 0.05 1.1 1.00 2.2 2.9 4.9 7.0 448 
20Mu 1.50 0.74 - 11.5 0.86 7.5 17.8 38.9 79.1 3750 
20Mi 0.97 0.12 3.6 0.99 6.6 8.2 12.7 18.6 1194 

 

Table A-9. Rheological parameters of PLC_x_yHPEG mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] x y 20 40 80 120 

- 0.06 0.05 1.5 0.99 2.9 3.6 5.5 8.1 519 
- 0.20 0.03 - 0.6 0.99 0.3 0.7 2.0 3.7 180 
20TG 0.08 0.09 2.5 0.98 4.8 5.9 9.1 13.5 860 
20TG 0.20 0.05 - 0.9 0.99 0.4 1.1 3.0 5.5 267 
20Mk 0.20 0.04 13.8 0.90 15.1 15.3 17.1 19.3 1681 
20Mu 0.16 1.15 - 10.4 0.74 21.0 32.8 67.3 130.0 6488 
20Mu 0.20 1.00 - 23.7 0.77 4.7 13.5 41.5 94.9 4008 
20Mi 0.20 0.23 41.4 0.66 47.6 50.5 56.5 68.9 5628 
20Mi 0.40 0.10 - 0.7 0.98 2.1 3.3 6.9 12.0 634 

 

 

 

 
4 Linear extrapolation based on PLC_5Mu and PLC_10Mu values 
5 Linear extrapolation based on PLC_5Mu and PLC_10Mu values 
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Table A-10. Rheological parameters of PLC_x_yamphMPEG mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] x y 20 40 80 120 

- 0.07 0.05 2.8 0.99 4.1 4.8 6.7 9.3 640 
- 0.20 0.03 - 0.5 1.00 0.3 0.7 2.0 3.6 179 
20TG 0.08 0.08 0.5 0.99 2.5 3.5 6.5 10.3 597 
20TG 0.20 0.05 - 0.8 0.99 0.4 1.0 2.9 5.2 253 
20Mk 0.20 0.07 17.2 0.79 21.0 22.2 21.6 26.0 2258 
20Mk 0.21 0.06 17.2 0.79 19.6 18.8 20.2 23.3 2034 
20Mu 0.18 2.04 45.7 0.76 85.6 135.4 193.5 291.8 18496 
20Mu 0.20 1.67 43.4 0.70 83.5 110.8 159.8 245.9 15469 
20Mi 0.20 0.28 61.2 0.68 69.0 72.1 79.2 95.7 7935 
20Mi 0.42 0.11 3.4 0.91 7.1 6.7 10.4 16.7 1021 

 

9.4 Appendix A4: Calculated efficiency of superplasticizers 

The reduction in yield stress factor, viscosity factor and torque by the addition of 

superplasticizer is expressed as efficiency, as published in the first and third journal paper. 

This section includes the calculated efficiency of all mixtures tested. The efficiency in OPC 

mixtures with w/b = 0.45 and w/b = 0.50 is shown in Table A-11 and Table A-12, respectively. 

For PLC mixtures, it is shown with metaphyllosilicates and TG in Table A-13 and with the other 

calcined common clays in Table A-14. 

The following abbreviations are used in the tables of this section: 

Abbreviation Definition 

g Yield stress factor [Nmm] 

h Viscosity factor [Nmm·min] 

T Torque [Nmm] 

g,red Reduction in yield stress factor 

h,red Reduction in viscosity factor 

T,red Reduction in torque 

 

Table A-11. Efficiency of superplasticizers in OPC°_x_y mixtures (w/b = 0.45) 

Mixture 
Difference in … [%] compared 

to reference mixture (0 %) 
Efficiency in … 

[%/0.01% bwob] 
g h T g,red h,red T,red Total 

OPC°_0.14Mg-LS 55.5 38.3 50.7 4.0 2.7 3.6 10.3 
OPC°_0.15Na-LS 44.9 46.4 44.7 3.0 3.1 3.0 9.1 
OPC°_20CT_ 
0.45Mg-LS 99.1 4.2 77.7 2.2 0.1 1.7 4.0 
OPC°_20CT_0.47Na-LS 91.9 9.9 73.4 1.9 0.2 1.6 3.7 
OPC°_20Mk_ 
0.69Mg-LS 103.1 - 24.6 90.7 1.5 (- 0.4) 1.3 2.8 
OPC°_20Mk_0.82Na-LS 101.9 - 13.5 90.6 1.2 (- 0.2) 1.1 2.3 
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Table A-12. Efficiency of superplasticizers in OPC_x_y mixtures (w/b = 0.50) 

Mixture 

Difference in … [%] 
compared to reference 

mixture (0 %) 
Efficiency in … [%/0.01% bwob] 

g h T g,red h,red T,red Total 
OPC_0.21NSF 27.5 39.8 32.4 1.3 1.9 1.5 4.7 
OPC_0.05HPEG 97.7 32.6 71.4 19.5 6.5 14.3 40.3 
OPC_0.20HPEG 108.6 55.4 87.0 5.4 2.8 4.3 12.5 
OPC_0.06amphMPEG 70.9 31.7 54.6 11.8 5.3 9.1 26.2 
OPC_0.20amphMPEG 108.4 56.3 87.3 5.4 2.8 4.4 12.6 
OPC_10QP_0.04HPEG 87.7 34.4 60.5 21.9 8.6 15.1 45.6 
OPC_20QP_0.18NSF 46.8 38.2 42.2 2.6 2.1 2.3 7.0 
OPC_20QP_0.04HPEG 96.3 31.2 62.4 24.1 7.8 15.6 47.5 
OPC_20QP_0.20HPEG 106.5 61.9 83.3 5.3 3.1 4.2 12.6 
OPC_20QP_ 
0.04amphMPEG 80.0 35.0 56.6 20.0 8.8 14.1 42.9 
OPC_30QP_0.04HPEG 110.8 29.2 62.0 27.7 7.3 15.5 50.5 
OPC_10TG_0.07HPEG 109.8 37.1 80.0 15.7 5.3 11.4 32.4 
OPC_20TG_0.40NSF 100.7 49.1 84.7 2.5 1.2 2.1 5.8 
OPC_20TG_0.07HPEG 101.9 37.7 82.1 14.6 5.4 11.7 31.7 
OPC_20TG_0.20HPEG 105.3 58.8 91.0 5.3 2.9 4.5 12.7 
OPC_20TG_ 
0.08amphMPEG 94.1 29.6 74.2 11.8 3.7 9.3 24.8 
OPC_20TG_ 
0.20amphMPEG 105.2 59.1 90.9 5.3 2.9 4.5 12.7 
OPC_30TG_0.07HPEG 106.0 45.9 85.5 15.1 6.6 12.2 33.9 
OPC_20Mk_0.68NSF 99.1 13.9 97.3 1.5 0.2 1.4 3.1 
OPC_20Mk_0.19HPEG 96.5 - 19.9 94.1 5.1 (- 1.1) 4.9 10.0 
OPC_20Mk_0.20HPEG 95.9 15.7 94.2 4.8 0.8 4.7 10.3 
OPC_20Mk_ 
0.19amphMPEG 93.0 - 27.5 90.6 4.9 (- 1.4) 4.8 9.7 
OPC_20Mk_ 
0.20amphMPEG 93.1 - 26.5 90.7 4.6 (- 1.3) 4.5 9.1 
OPC_10Mu_0.16HPEG 108.7 - 10.0 89.6 6.8 (- 0.6) 5.6 12.4 
OPC_20Mu_1.50NSF 103.4 - 294.4 59.9 0.7 (- 2.0) 0.4 1.1 
OPC_20Mu_0.16HPEG 111.5 - 144.8 84.4 7.0 (- 9.0) 5.3 12.3 
OPC_20Mu_0.20HPEG 110.1 - 86.7 89.4 5.5 (- 4.3) 4.5 10.0 
OPC_20Mu_ 
0.21amphMPEG 113.1 - 342.8 62.8 5.4 (- 16.3) 3.0 8.4 
OPC_20Mu_ 
0.20amphMPEG 113.2 - 343.4 64.2 5.7 (- 17.2) 3.2 8.9 
OPC_10Mi_0.37HPEG 102.5 75.9 93.9 2.8 2.0 2.5 7.3 
OPC_20Mi_0.95NSF 98.5 28.3 83.0 1.0 0.3 0.9 2.2 
OPC_20Mi_0.20HPEG 78.8 23.0 36.1 3.9 1.1 1.8 6.8 
OPC_20Mi_0.37HPEG 99.2 - 157.6 83.4 2.7 (- 4.3) 2.3 5.0 
OPC_20Mi_0.20amphMPEG 58.9 - 28.6 - 4.1 2.9 (- 1.4) (- 0.2) 2.9 
OPC_20Mi_0.41amphMPEG 100.0 22.5 86.9 2.4 0.5 2.1 5.1 
OPC_30Mi_0.37HPEG 56.5 - 17.0 48.1 1.5 (- 0.5) 1.3 2.8 
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Table A-13. Efficiency of superplasticizers in PLC_x_y mixtures (w/b = 0.50) 

Mixture 

Difference in … [%] 
compared to reference 

mixture (0 %) 
Efficiency in … [%/0.01% bwob] 

g h T g,red h,red T,red Total 
PLC_0.24NSF 40.8 66.0 50.0 1.7 2.7 2.1 6.5 
PLC_0.06HPEG 83.7 46.2 69.7 13.9 7.7 11.6 33.2 
PLC_0.20HPEG 106.0 65.0 90.7 5.3 3.2 4.5 13.0 
PLC_0.07amphMPEG 70.6 46.5 61.6 10.1 6.6 8.8 25.5 
PLC_0.20amphMPEG 105.4 66.2 90.8 5.3 3.3 4.5 13.1 
PLC_20TG_0.50NSF 94.2 45.9 79.4 1.9 0.9 1.6 4.4 
PLC_20TG_0.08HPEG 87.0 37.6 72.0 10.9 4.7 9.0 24.6 
PLC_20TG_0.20HPEG 104.8 63.5 92.2 5.2 3.2 4.6 13.0 
PLC_20TG_0.08amphMPEG 97.3 44.8 81.3 12.2 5.6 10.2 28.0 
PLC_20TG_0.20amphMPEG 104.2 66.0 92.6 5.2 3.3 4.6 13.1 
PLC_20Mk_0.77NSF 98.6 79.2 95.5 1.3 1.0 1.2 3.5 
PLC_20Mk_0.20HPEG 82.2 81.0 82.0 4.1 4.0 4.1 12.2 
PLC_20Mk_0.20amphMPEG 77.8 71.0 75.5 3.9 3.5 3.8 11.2 
PLC_20Mk_0.21amphMPEG 77.8 75.8 77.9 3.7 3.6 3.7 11.0 
PLC_20Mu_1.50NSF 104.8 2.9 88.5 0.7 0.0 0.6 1.3 
PLC_20Mu_0.16HPEG 104.3 - 50.3 79.6 6.5 (- 3.1) 5.0 11.5 
PLC_20Mu_0.20HPEG 109.9 - 30.5 87.7 5.5 (- 1.5) 4.4 9.9 
PLC_20Mu_0.18amphMPEG 80.9 - 165.3 41.3 4.5 (- 9.2) 2.3 6.8 
PLC_20Mu_0.20amphMPEG 81.9 - 117.4 49.9 4.1 (- 5.9) 2.5 6.6 
PLC_20Mi_0.97NSF 95.8 38.3 88.6 1.0 0.4 0.9 2.3 
PLC_20Mi_0.20HPEG 52.1 - 12.6 43.8 2.6 (- 0.6) 2.2 4.8 
PLC_20Mi_0.40HPEG 100.9 47.6 94.1 2.5 1.3 2.3 6.1 
PLC_20Mi_0.20amphMPEG 29.1 - 40.5 20.5 1.5 (- 2.0) 1.0 2.5 
PLC_20Mi_0.42amphMPEG 96.1 45.8 89.9 2.3 1.1 2.1 5.5 
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Table A-14. Efficiency of superplasticizers in PLC*_x_y mixtures (w/b = 0.50 if not noted oth-
erwise) 

Mixture 

Difference in … [%] 
compared to reference 

mixture (0 %) 
Efficiency in … [%/0.01% bwob] 

g h T g,red h,red T,red Total 
PLC*_0.05HPEG (w/b = 0.40) 60.9 11.5 47.6 12.2 2.3 9.5 24.0 
PLC*_0.05IPEG1 (w/b = 0.40) 33.6 - 23.1 18.5 6.2 (- 4.6) 3.7 9.9 
PLC*_0.05IPEG2 (w/b = 0.40) 61.8 0.0 45.1 12.4 0.0 9.0 21.4 
PLC*_0.05HPEG 65.9 13.2 47.7 13.2 3.3 9.5 26.0 
PLC*_0.05IPEG1 - 89.3 - 8.3 - 56.3 (- 17.9) (- 1.7) (- 11.3) 0.0 
PLC*_0.10IPEG1 86.1 25.0 74.7 8.6 2.5 6.5 17.6 
PLC*_0.20IPEG1 103.5 33.3 90.0 5.2 1.7 4.0 10.9 
PLC*_0.05IPEG2  75.9 33.3 60.5 15.2 6.7 12.1 34.0 
PLC*_0.10IPEG2 101.1 41.7 80.0 10.1 4.3 8.0 22.4 
PLC*_0.20IPEG2 104.5 66.7 89.3 5.2 3.3 4.5 13.0 
PLC*_30MURR_0.05HPEG 73.4 8.3 54.0 14.7 1.7 10.8 27.2 
PLC*_30MURR_0.05IPEG1 67.5 8.3 49.6 13.5 1.7 9.9 25.1 
PLC*_30MURR_0.10IPEG1 90.0 8.3 64.5 9.0 0.8 6.4 16.2 
PLC*_30MURR_0.20IPEG1 104.1 33.3 81.5 5.2 1.7 4.1 11.0 
PLC*_30MURR_0.05IPEG2 69.7 - 25.0 40.8 13.9 (- 5.0) 8.2 22.1 
PLC*_30MURR_0.10IPEG2 97.3 33.3 75.3 9.7 3.3 7.5 20.5 
PLC*_30AC_0.05HPEG 67.6 10.0 48.5 13.5 2.0 9.7 25.2 
PLC*_30AC_0.05IPEG1 68.9 10.0 52.1 13.8 2.0 10.4 26.2 
PLC*_30AC_0.10IPEG1 88.7 20.0 68.3 8.9 2.0 6.8 17.7 
PLC*_30AC_0.20IPEG1 99.8 40.0 82.0 5.0 2.0 4.1 11.1 
PLC*_30AC_0.05IPEG2 78.7 20.0 60.4 15.7 4.0 12.1 31.8 
PLC*_30AC_0.10IPEG2 92.6 40.0 75.5 9.3 4.0 7.5 20.8 
PLC*_30AC_0.20IPEG2 102.0 50.0 87.8 5.1 2.5 4.4 12.0 
PLC*_30KUP_0.05HPEG 
(w/b = 0.40) 16.2 - 14.7 10.8 3.2 (- 2.9) 2.2 5.4 
PLC*_30KUP_0.05IPEG1 
(w/b = 0.40) 29.2 - 17.6 20.5 5.8 (- 3.5) 4.1 9.9 
PLC*_30KUP_0.05IPEG2 
(w/b = 0.40) 6.5 1.5 4.7 1.3 0.3 0.9 2.5 
PLC*_30KUP_0.05HPEG 66.5 - 11.1 48.0 13.3 (- 2.2) 9.6 22.9 
PLC*_30KUP_0.05IPEG1 40.8 - 25.9 24.9 8.2 (- 5.2) 5.0 13.2 
PLC*_30KUP_0.10IPEG1 66.3 33.3 58.2 6.6 3.3 5.8 15.7 
PLC*_30KUP_0.05IPEG2 75.4 - 44.4 46.6 15.1 (- 8.9) 9.3 24.4 
PLC*_30KUP_0.10IPEG2 95.6 22.2 78.3 9.6 2.2 7.8 19.6 
PLC*_30KUP_0.20IPEG2 104.5 44.4 90.3 5.2 2.2 4.5 11.9 
PLC*_30RKUP_0.05HPEG 70.3 0.0 61.3 14.1 0.0 12.2 26.3 
PLC*_30RKUP_0.05IPEG1 46.8 - 17.6 38.2 9.3 (- 3.5) 7.6 16.9 
PLC*_30RKUP_0.10IPEG1 80.2 17.6 71.7 8.0 1.8 7.2 17.0 
PLC*_30RKUP_0.20IPEG1 98.5 47.1 91.7 4.9 2.3 4.6 11.8 
PLC*_30RKUP_0.05IPEG2 67.6 - 5.9 58.1 13.5 (- 1.2) 11.6 25.1 
PLC*_30RKUP_0.10IPEG2 96.6 41.2 89.3 9.7 4.1 8.9 22.7 
PLC*_30RKUP_0.20IPEG2 100.6 70.6 96.1 5.0 3.5 4.8 13.3 
PLC*_30FUP_0.05HPEG 52.9 13.3 48.5 10.6 2.7 9.7 23.0 
PLC*_30FUP_0.05IPEG1 45.2 26.7 42.9 9.0 5.3 8.6 22.9 
PLC*_30FUP_0.10IPEG1 64.9 33.3 61.7 6.5 3.3 6.2 16.0 
PLC*_30FUP_0.20IPEG1 89.1 33.3 82.6 4.5 1.7 4.1 10.3 
PLC*_30FUP_0.05IPEG2 61.0 26.7 57.4 12.2 5.3 11.5 29.0  
PLC*_30FUP_0.10IPEG2 80.7 26.7 74.4 8.0 2.7 7.4 18.1 
PLC*_30FUP_0.20IPEG2 93.7 46.7 88.1 4.7 2.3 4.4 11.4 
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9.5 Appendix A5: Comparison of linear Bingham fits with modified Bingham and Her-
schel-Bulkley fits applied to CCBC pastes 

Those mixtures, that show a R² value < 0.90 (0.95) with the linear Bingham fit, are analyzed 

with non-linear models, namely modified Bingham fit6 and Herschel-Bulkley fit7. The yield 

stress factor according to linear Bingham model is compared with parameters of modified 

Bingham fit in Table A-15 to Table A-19 and with parameters of Herschel-Bulkley fit in Table 

A-20 to Table A-24. The mixtures with metaphyllosilicates, QP and TG have been analyzed by 

using the whole torque curve with approximately 9,400 data points. Later on, the mixtures with 

calcined common clays have been analyzed by using the median torque at the chosen 

rotational speeds (v = 120, 80, 40 and 20 rpm). The use of these four data points, in turn, 

resulted in significantly higher R² values compared to the initial analysis. In order to compare 

all mixtures, this section includes the analysis of the above mentioned mixtures by considering 

also their median torques instead of the whole torque curve.  

The following abbreviations / symbols are used in the tables of this section: 

Abbreviation Definition 

c Second order term of the modified Bingham equation 

g Yield stress factor of the linear Bingham fit 

K Consistency factor according to Herschel-Bulkley fit 

µ Linear term of the modified Bingham equation 

n Consistency/flow index according to Herschel-Bulkley fit 

τ0 Yield stress according to modified Bingham or Herschel-Bulkley fit 

x Replacement level [wt%] and type of metaphyllosilicate/calcined common clay 

(plus dosage [%bwob] and type of superplasticizer if added) 

 

 

 

 

 

 

 
6 Yahia, A. and K.H. Khayat, Analytical models for estimating yield stress of high-performance 

pseudoplastic grout. Cement and Concrete Research, 2001. 31(5): p. 731-738. 
7 Hackley, V.A. and C.F. Ferraris, Guide to Rheological Nomenclature - Measurements in Ceramic 

Particulate Systems. 2001, National Institute of Standards and Technology (NIST): Gaithersburg, 
Maryland, USA. p. III, 29. 
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Table A-15. Comparison of linear Bingham and modified Bingham fits for OPC_x mixtures with 
R² < 0.90 for linear Bingham model equation (note: the whole flow curve was 
considered for these mixtures) 

Mixture 
x 

Yield stress factor  
according to  

linear Bingham fit 
Parameters derived from modified Bingham fit 

g [Nmm] R² [-] τ0 
[Nmm] 

µ 
[Nmm min] 

c 
[Nmm min²] R² [-] 

30TG 21.3 0.85 25.1 0.040 1.03·10-3 0.87 
20Mk 169.3 0.77 167.5 0.126 - 4.64·10-4 0.79 
20Mk_ 
0.19amphMPEG 11.8 0.79 15.5 - 0.073 9.73·10-4 0.85 

20Mk_ 
0.20amphMPEG 11.7 0.79 15.3 - 0.068 7.54·10-4 0.86 

30Mk 321.0 0.77 321.4 - 0.206 9.83·10-5 0.77 
5Mu 27.1 0.80 31.1 0.076 1.05·10-3 0.81 
10Mu 95.0 0.39 104.1 - 0.051 2.38·10-3 0.40 
10Mi 32.8 0.77 36.9 - 0.287 1.65·10-3 0.87 
20Mi 102.7 0.35 118.4 - 0.446 4.14·10-3 0.44 
20Mi_0.20HPEG 21.8 0.77 27.2 - 0.009 1.43·10-3 0.78 
20Mi_0.20amphMPEG 42.2 0.78 48.5 - 0.025 1.65·10-3 0.80 
30Mi 183.4 0.50 204.5 - 0.453 5.57·10-3 0.54 

 

Table A-16. Comparison of linear Bingham and modified Bingham fits for OPC_x mixtures 
(considers the median torques at 120, 80, 40 and 20 rpm) 

Mixture 
x 

Yield stress factor  
according to  

linear Bingham fit 
Parameters derived from modified Bingham fit 

g [Nmm] R² [-] τ0 
[Nmm] 

µ 
[Nmm min] 

c 
[Nmm min²] R² [-] 

30TG 21.6 0.97 25.1 0.043 1.00·10-3 1.00 
20Mk 162.2 0.59 153.9 0.429 - 2.42·10-3 0.92 
20Mk_ 
0.19amphMPEG 12.1 0.85 15.5 - 0.073 9.73·10-4 1.00 

20Mk_ 
0.20amphMPEG 12.0 0.88 15.3 - 0.068 7.54·10-4 1.00 

30Mk 321.0 1.00 321.4 - 0.206 1.00·10-4 1.00 
5Mu 27.5 0.98 31.0 0.082 1.00·10-3 0.99 
10Mu 96.2 0.88 103.5 - 0.023 2.10·10-3 0.92 
10Mi 33.2 0.97 32.3 0.033 1.20·10-3 0.99 
20Mi 104.1 0.59 118.5 - 0.449 4.17·10-3 0.99 
20Mi_0.20HPEG 22.3 0.96 27.1 - 0.007 1.41·10-3 1.00 
20Mi_0.20amphMPEG 42.8 0.95 48.4 - 0.022 1.63·10-3 1.00 
30Mi 185.6 0.80 204.3 - 0.436 5.40·10-3 0.97 
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Table A-17. Comparison of linear Bingham and modified Bingham fits for PLC mixtures with 
R² < 0.90 for linear Bingham model equation (note: the whole flow curve was 
considered for these mixtures) 

Mixture 
x 

Yield stress factor  
according to  

linear Bingham fit 
Parameters derived from modified Bingham fit 

g [Nmm] R² [-] τ0 
[Nmm] 

µ 
[Nmm min] 

c 
[Nmm min²] R² [-] 

0.24NSF 5.6 0.85 5.4 0.044 - 6.94·10-5 0.85 
20Mk 77.5 0.85 77.1 0.255 - 4.64·10-4 0.85 
20Mk_0.20amphMPEG 17.2 0.79 20.9 - 0.087 9.66·10-4 0.89 
20Mk_0.21amphMPEG 17.2 0.79 20.8 -0.080 8.97·10-4 0.88 
30Mk 397.2 0.66 392.6 - 0.141 - 1.22·10-3 0.66 
5Mu 41.7 0.80 44.4 0.150 7.09·10-4 0.80 
10Mu 107.7 0.77 104.6 0.552 - 8.36·10-4 0.77 
20Mu_ 
0.18amphMPEG 45.7 0.76 63.0 1.35 4.56·10-3 0.76 

10Mi 40.2 0.84 43.1 0.043 7.59·10-4 0.85 
20Mi 86.3 0.67 93.3 - 0.072 1.83·10-3 0.69 
20Mi_0.20HPEG 41.4 0.66 47.7 - 0.008 1.53·10-3 0.67 
20Mi_0.20amphMPEG 61.2 0.68 69.8 - 0.056 2.27·10-3 0.70 
30Mi 198.0 0.63 216.6 - 0.289 4.40·10-3 0.67 

 

Table A-18. Comparison of linear Bingham and modified Bingham fits for PLC mixtures 
(considers the median torques at 120, 80, 40 and 20 rpm) 

Mixture 
x 

Yield stress factor  
according to  

linear Bingham fit 
Parameters derived from modified Bingham fit 

g [Nmm] R² [-] τ0 
[Nmm] 

µ 
[Nmm min] 

c 
[Nmm min²] R² [-] 

0.24NSF 5.6 0.99 5.4 0.043 - 6.06·10-5 0.99 
20Mk 77.5 1.00 76.8 0.265 - 1.89·10-4 1.00 
20Mk_0.20amphMPEG 17.9 0.83 20.5 - 0.065 7.47·10-4 0.99 
20Mk_0.21amphMPEG 17.8 0.85 20.4 - 0.058 6.89·10-4 0.99 
30Mk 396.8 0.96 393.0 - 0.158 - 1.10·10-3 0.96 
5Mu 42.0 0.99 44.4 0.153 7.00·10-4 0.99 
10Mu 107.6 0.98 104.4 0.560 - 9.00·10-4 0.99 
20Mu_ 
0.18amphMPEG 47.6 0.99 61.3 1.422 4.00·10-3 0.99 

10Mi 40.5 0.98 43.0 0.047 7.00·10-4 1.00 
20Mi 87.0 0.93 93.2 - 0.070 1.81·10-3 1.00 
20Mi_0.20HPEG 42.3 0.96     
20Mi_0.20amphMPEG 62.0 0.94 69.7 - 0.052 2.23·10-3 1.00 
30Mi 199.7 0.86 214.3 - 0.273 4.30·10-3 0.97 

 



Appendix 

A16 

Table A-19. Comparison of linear Bingham and modified Bingham fits for PLC* mixtures with 
R² < 0.95 for Bingham model equation (considers the median torques at 120, 80, 
40 and 20 rpm) 

Mixture 
x 

Yield stress factor  
according to  

linear Bingham fit 
Parameters derived from modified Bingham fit 

g [Nmm] R² [-] τ0 
[Nmm] 

µ 
[Nmm min] 

c 
[Nmm min²] R² [-] 

0.05IPEG1 22.0 0.58 34.1 - 0.350 3.2·10-3 1.00 
30KUP 49.4 0.93 56.2 0.003 1.5·10-3 1.00 
30RKUP_0.05HPEG 19.8 0.94 24.9 - 0.030 1.3·10-3 0.99 
30RKUP_0.05IPEG1 35.6 0.94 41.7 - 0.035 1.6·10-3 0.99 
30RKUP_0.05IPEG2 21.7 0.94 27.3 - 0.045 1.5·10-3 0.99 
30FUP 71.4 0.94 76.2 - 0.038 1.2·10-3 0.99 
30FUP_0.05HPEG 33.6 0.94 37.8 - 0.037 1.1·10-3 1.00 
30FUP_0.05IPEG1 39.1 0.91 43.4 - 0.056 1.1·10-3 1.00 
30FUP_0.05IPEG2 27.8 0.92 31.8 - 0.053 1.1·10-3 1.00 
30FUP_0.10IPEG1 25.0 0.85 28.9 - 0.094 1.3·10-3 1.00 
30FUP_0.10IPEG2 13.9 0.90 18.5 - 0.069 1.2·10-3 0.99 

 

Table A-20. Comparison of linear Bingham and Herschel-Bulkley fits for OPC_x mixtures with 
R² < 0.90 for linear Bingham model equation (note: the whole flow curve was 
considered for these mixtures) 

Mixture 
x 

Yield stress factor  
according to 

linear Bingham fit 

Parameters according to  
Herschel-Bulkley equation 

g [Nmm] R² [-] τ0 [Nmm] K n R² [-] 
30TG 21.3 0.85 25.7 0.003 1.79 0.87 
20Mk 169.3 0.77 137.4 24.14 0.10 0.79 
20Mk_0.19amphMPEG 11.8 0.79 14.3 5.80E-7 3.39 0.85 
20Mk_0.20amphMPEG 11.7 0.79 14.1 7.58E-7 3.21 0.83 
30Mk 321.0 0.77 Not applicable 
5Mu 27.1 0.80 32.0 0.008 1.65 0.80 
10Mu 95.0 0.39 104.8 3.37E-5 2.84 0.41 
10Mi 32.8 0.77 37.8 0.003 1.87 0.81 
20Mi 102.7 0.35 108.3 1.01E-8 4.42 0.43 
20Mi_0.20HPEG 21.8 0.77 27.2 8.23E-4 2.10 0.78 
20Mi_0.20amphMPEG 42.2 0.78 48.3 5.73 2.19 0.80 
30Mi 183.4 0.50 196.3 3.72E-7 3.83 0.55 
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Table A-21. Comparison of linear Bingham and Herschel-Bulkley fits for OPC_x mixtures 
(considers the median torques at 120, 80, 40 and 20 rpm) 

Mixture 
x 

Yield stress factor  
according to 

linear Bingham fit 

Parameters according to  
Herschel-Bulkley equation 

g [Nmm] R² [-] τ0 [Nmm] K n R² [-] 
30TG 21.6 0.97 25.6 0.004 1.77 0.99 
20Mk 162.2 0.59 Not applicable8 
20Mk_0.19amphMPEG 12.1 0.85 14.3 6.05E-7 3.38 0.99 
20Mk_0.20amphMPEG 12.0 0.88 14.0 5.58E-7 3.29 1.00 
30Mk 321.0 1.00 Not applicable 
5Mu 27.5 0.98 31.9 0.01 1.63 0.99 
10Mu 96.2 0.88 104.6 6.49E-5 2.71 0.93 
10Mi 33.2 0.97 37.8 0.003 1.87 0.99 
20Mi 104.1 0.59 108.8 5.22E-12 6.00 0.92 
20Mi_0.20HPEG 22.3 0.96 27.2 8.77E-4 2.09 1.00 
20Mi_0.20amphMPEG 42.8 0.95 48.2 6.18E-4 2.18 1.00 
30Mi 185.6 0.80 197.3 9.78E-10 5.06 0.99 

 

Table A-22. Comparison of linear Bingham and Herschel-Bulkley fits for PLC mixtures with R² 
< 0.90 for linear Bingham model equation (note: the whole flow curve was 
considered for these mixtures) 

Mixture 
x 

Yield stress factor  
according to  

linear Bingham fit 

Parameters according to  
Herschel-Bulkley equation 

g [Nmm] R² [-] τ0 [Nmm] K n R² [-] 
0.24NSF 5.6 0.85 5.2 0.09 0.81 0.85 
20Mk 77.5 0.85 76.2 0.38 0.91 0.85 
20Mk_0.20amphMPEG 17.2 0.79 19.2 1.58E-8 4.21 0.90 
20Mk_0.21amphMPEG 17.2 0.79 19.2 1.47E-8 4.11 0.88 
30Mk 397.2 0.66 Not applicable 
5Mu 41.7 0.80 45.8 0.04 1.36 0.80 
10Mu 107.7 0.77 95.7 2.56 0.67 0.77 
20Mu_0.18amphMPEG 45.7 0.76 69.1 0.50 1.27 0.76 
10Mi 40.2 0.84 43.6 0.004 1.71 0.85 
20Mi 86.3 0.67 92.3 1.09E-4 2.52 0.69 
20Mi_0.20HPEG 41.4 0.66 47.8 8.92E-4 2.10 0.67 
20Mi_0.20amphMPEG 61.2 0.68 69.3 3.60E-4 2.34 0.70 
30Mi 198.0 0.63 210.6 8.63E-7 3.64 0.68 

 

 

 

 
8 Yield stress output is 0 Nmm, whereas K is in the range of yield stress value as derived from linear 
Bingham fit 
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Table A-23. Comparison of linear Bingham and Herschel-Bulkley fits for PLC mixtures 
(considers the median torques at 120, 80, 40 and 20 rpm) 

Mixture 
x 

Yield stress factor  
according to  

linear Bingham fit 

Parameters according to  
Herschel-Bulkley equation 

g [Nmm] R² [-] τ0 [Nmm] K n R² [-] 
0.24NSF 5.6 0.99 5.3 0.07 0.85 0.99 
20Mk 77.5 1.00 75.6 0.46 0.87 1.00 
20Mk_0.20amphMPEG 17.9 0.83 19.2 6.86E-8 3.74 0.97 
20Mk_0.21amphMPEG 17.8 0.85 19.1 7.04E-8 3.58 0.98 
30Mk 396.8 0.96 Not applicable 
5Mu 42.0 0.99 45.2 0.05 1.33 0.99 
10Mu 107.6 0.98 93.2 3.36 0.62 0.99 
20Mu_0.18amphMPEG 47.6 0.99 66.3 0.64 1.22 0.99 
10Mi 40.5 0.98 43.5 0.005 1.69 0.99 
20Mi 87.0 0.93 92.3 1.18E-4 2.50 1.00 
20Mi_0.20HPEG 42.3 0.96 47.5 0.001 2.04 1.00 
20Mi_0.20amphMPEG 62.0 0.94 69.2 3.95E-4 2.32 1.00 
30Mi 199.7 0.86 210.6 6.55E-7 3.70 0.99 

 

Table A-24. Comparison of linear Bingham and Herschel-Bulkley fits for PLC* mixtures with 
R² < 0.95 for Bingham model equation (considers the median torques at 120, 80, 
40 and 20 rpm) 

Mixture 
x 

Yield stress factor  
according to  

linear Bingham fit 

Parameters according to  
Herschel-Bulkley equation 

g [Nmm] R² [-] τ0 [Nmm] K n R² [-] 
0.05IPEG1 22.0 0.58 26.5 1.01E-12 6.76 0.94 
30KUP 49.4 0.93 56.4 0.001 2.05 1.00 
30RKUP_0.05HPEG 19.8 0.94 24.6 2.30E-4 2.33 1.00 
30RKUP_0.05IPEG1 35.6 0.94 41.5 2.39E-4 2.36 0.99 
30RKUP_0.05IPEG2 21.7 0.94 26.9 1.39E-4 2.44 1.00 
30FUP 71.4 0.94 75.7 1.11E-4 2.45 1.00 
30FUP_0.05HPEG 33.6 0.94 37.4 8.61E-5 2.47 1.00 
30FUP_0.05IPEG1 39.1 0.91 42.7 1.55E-5 2.80 1.00 
30FUP_0.05IPEG2 27.8 0.92 31.0 2.89E-5 2.66 1.00 
30FUP_0.10IPEG1 25.0 0.85 28.3 2.51 3.62 1.00 
30FUP_0.10IPEG2 13.9 0.90 17.3 2.99E-5 2.66 0.99 
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9.6 Appendix A6: Estimation of rheological and physical parameters 

Linear equations are derived for the viscosity factor, yield stress factor and flow resistance from 

measurements on reference mixtures with varying replacement levels (0 – 30 wt%) in order to 

estimate these parameters regardless of the replacement level used (Table A-25). 

Table A-25. Linear equations of reference mixtures for the relationship between replacement 
level (x) and viscosity factor, yield stress factor and flow resistance, based on the 
measured values with 0, (5), 10, 20 and 30 wt% replacement level 

Mixture 
Equation for 

viscosity factor 
[Nmm·min] 

Equation for 
yield stress factor 

[Nmm] 

Equation for 
flow resistance 

[Nmm/min] 

OPC_QP y = - 0.0017x + 0.11  
(R² = 0.98) 

y = 6.228x – 0.14  
(R² = 0.98) 

y = - 19.68x + 1208  
(R² = 0.99) 

OPC_Mk y = 0.0025x + 0.06  
(R² = 0.25) 

y = 10.6240x – 22.51  
(R² = 0.95) 

y = 1006.30x - 1406  
(R² = 0.96) 

OPC_Mu y = 0.0165x + 0.13  
(R² = 0.99) 

y = 11.6965x – 12.47  
(R² = 0.97) 

y = 1275.78x - 461  
(R² = 0.98) 

OPC_Mi y = 0.0077x + 0.10  
(R² = 0.74) 

y = 6.0093x – 8.81  
(R² = 0.96) 

y = 647.86x - 307  
(R² = 0.96) 

OPC_TG y = 0.0028x + 0.09  
(R² = 0.80) 

y = 0.5419x + 5.23  
(R² = 0.93) 

y = 78.97x + 1014  
(R² = 0.96) 

PLC_Mk y = 0.0085x + 0.05  
(R² = 0.78) 

y = 11.7342x – 38.14  
(R² = 0.74) 

y = 1100.59x - 2577  
(R² = 0.78) 

PLC_Mu y = 0.0336x + 0.10  
(R² = 1.00) 

y = 11.8533x – 4.02 
(R² = 0.98) 

y = 1436.02x + 183  
(R² = 0.99) 

PLC_Mi y = 0.0085x + 0.08  
(R² = 0.90) 

y = 6.1167x – 8.26  
(R² = 0.91) 

y = 661.41x - 256  
(R² = 0.91) 

PLC_TG y = 0.0022x + 0.097  
(R² = 0.93) 

y = 10.3048x - 15.07  
(R² = 0.94) 

y = 57.88x + 1612.3  
(R² = 0.97) 

 

In order to compare the estimated flow resistance with the actually measured flow resistance 

of CCBC pastes with calcined common clays, the mineralogical composition of these common 

clays is simplified by considering the main phases quartz, kaolinite, muscovite and illite (Table 

A-26). The common clay MURR is omitted here, as it contains significant amounts of smectite, 

which is not investigated as pure phase within this thesis. 

Table A-26. Simplified mineralogical composition of raw common clays and normalized amount 
of the (meta)phase present in CCBC at 30 wt% replacement level 

Common 
clay 

Normalized to 100 wt% in raw material 
[wt%] 

Normalized amount present in blended 
cement at 30 wt% replacement level 

[wt%] 

Quartz Kaolinite Muscovite Illite Quartz Meta- 
kaolinite 

Meta- 
muscovite 

Meta-
illite 

TG9 30 25 22.5 22.5 9 7.5 6.7 6.7 
AC 25 28.7 6.3 40 7.5 8.6 1.9 12 
KUP 34.7 27.4 37.9 - 10.4 8.2 11.4 - 
RKUP 50 46.9 3.1 - 15 14.1 0.9 - 
FUP 12.4 76.3 3.1 8.2 3.7 22.9 0.9 2.5 

 
9 based on Figure 13 in first journal paper (chapter 7.1) 
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Two approaches are proposed, how to estimate the flow resistance of pastes with calcined 

common clays from mixtures with pure phases (quartz powder and metaphyllosilicates). The 

first approach (I) requires the normalized amount of pure phases as present in raw clay, which 

is multiplied with the flow resistance of CCBC with this pure (meta)phase at a respective 

replacement level (taken from from Table A-3 and Table A-7). The second approach (II) uses 

the linear fits from Table A-25, depending on the cement (OPC/PLC) used, and considers the 

replacement level in the equation. The estimated flow resistance values are provided in Table 

A-27 and are compared with the measured flow resistance values in Figure A-10. 

I. The flow resistance values, as measured with x wt% replacement level10, are  
multiplied by the normalized wt% of the respective phase as present in raw clay: 

𝐹𝑅𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑,1 [
𝑁𝑚𝑚

𝑚𝑖𝑛
] =  

𝑚𝑄𝑧𝐹𝑅𝐶_𝑥𝑄𝑃 +  𝑚𝐾𝐹𝑅𝐶_𝑥𝑀𝑘 +  𝑚𝑀𝐹𝑅𝐶_𝑥𝑀𝑢 +  𝑚𝐼𝐹𝑅𝐶_𝑥𝑀𝑖

100 𝑤𝑡%
 

with 

mQz/K/M/I normalized amount of quartz (Qz), kaolinite (K), muscovite (M) 

and illite (I) as present in raw clay [wt%] 

FRC_xQP/Mk/Mu/Mi flow resistance measured for the respective CCBC [Nmm/min] 

with 

C = type of cement (OPC/PLC) 

x = replacement level [wt%] 

II. The normalized wt% of the mineral phase, as present in raw clay, is inserted into 
the respective linear equation and the replacement level is considered.  

For the OPC mixtures, the simplified equation is provided: 

𝐹𝑅𝑂𝑃𝐶.𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑,2 [
𝑁𝑚𝑚

𝑚𝑖𝑛
]

=  (− 19.68𝑚𝑄𝑧 +  1006.3𝑚𝐾 +  1275.78𝑚𝑀 +  647.86𝑚𝐼) ∗
𝑥

100 𝑤𝑡 %
− 966 

 

 

 

 
10 OPC_30QP values are used due to the absent flow resistance of PLC_30QP and PLC_30Mu values 
are extrapolated from PLC_5Mu and PLC_10Mu 
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For the PLC mixtures, the simplified equation is provided: 

𝐹𝑅𝑃𝐿𝐶,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑,2 [
𝑁𝑚𝑚

𝑚𝑖𝑛
]

=  (− 19.68𝑚𝑄𝑧 +  1100.59𝑚𝐾 +  1436.02𝑚𝑀 +  661.41𝑚𝐼) ∗
𝑥

100 𝑤𝑡 %
− 1442 

with 

mQz/K/M/I amount of quartz (Qz), kaolinite (K), muscovite (M) and illite (I) 

present in raw clay [wt%] 

x   replacement level [wt%] 

 

Table A-27. Estimated flow resistance for CCBC pastes (w/b = 0.50) 

Mixture 
Estimated flow resistance  
according to approach I 

[Nmm/min] 

Estimated flow resistance  
according to approach II 

[Nmm/min] 
OPC_10TG 5307 5819 
OPC_20TG 12930 12604 
OPC_30TG 21567 19389 
PLC_10TG 6340 5970 
PLC_20TG 11504 13381 
PLC_30TG 24748 20793 
PLC_30AC 22609 18537 
PLC_30KUP 27710 23728 
PLC_30RKUP 19314 15084 
PLC_30FUP 31939 26640 

 

 

Figure A-10. Comparison of measured and estimated flow resistance values of CCBC pastes 
with calcined common clays and varying replacement levels according to a) ap-
proach I and b) approach II 

The specific surface area as the water demand of calcined common clays are both estimated 

based on their mineralogical composition. The normalized amount of the pure phases, as 

present in raw clay, is taken from Table A-26 and multiplied with the determined values of the 
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pure phases. The specific surface area is determined with the BET method, and the water 

demand is determined according to the Puntke method. These values, such as the measured 

values of the calcined common clays, are provided in the first and third journal paper. For 

comparison, Table A-28 compares the estimated and measured specific surface area and 

water demand of calcined common clays. 

Table A-28. Estimated and measured specific surface area and water demand for calcined 
common clays 

Calcined  
common clay 

Specific surface area [m²/g] Water demand [wt%] 

Estimated as determined 
with BET method Estimated 

as determined 
according to 

Puntke method 
TG 28.5 3.9 53.1 42.1 
AC 43.8 17.2 53.2 28.3 
KUP 9.4 6.6 52.4 40.4 
RKUP 8.9 7.9 38.6 35.1 
FUP 21.7 42.4 53.8 43.6 

 

9.7 Appendix A7: Time-dependent rheological measurements 

The torque development over a period of 120 minutes at constant rotational speed is shown 

for mixtures with varying replacement levels (Figure A-11). Furthermore, the time-dependent 

torque curves of mixtures with NSF (Figure A-12), HPEG (Figure A-13) and amphMPEG 

(Figure A-14) have been enlarged for a better identification of the curves at torques < 20 Nmm 

(50 Nmm). Beside these measurements, the rheological analysis (linear Bingham fit, median 

torque and flow resistance) is provided for the PLC* mixtures with calcined common clays that 

have been measured at 5, 30, 50 and 105 minutes after water addition. Mixtures with w/b = 

0.40 are found in Table A-29 and Table A-30, those with w/b = 0.50 in Table A-31 to Table A-

36. 

The following abbreviations are used in the tables of this section: 

Abbreviation Definition 

FR Flow resistance [Nmm/min] 

g Yield stress factor [Nmm] 

h Viscosity factor [Nmm·min] 

T Torque [Nmm] 

x Replacement level [wt%] + metaphyllosilicate/calcined common clay 

y Dosage [%bwob] and type of superplasticizer 
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Figure A-11. Time-related torque of CCBC with varying replacement levels (left: OPC mixtures 
with 10 and 20 wt% Mu and 1.50 %bwob NSF or 0.16 %bwob HPEG, right: OPC 
mixtures with 10, 20 and 30 wt% Mi and 0.37 %bwob HPEG) 

 

Figure A-12. Time-related torque of CCBCs (a) including thixotropic OPC_20Mu mixture and 
(b) enlarged for torque range of 0 – 20 Nmm with NSF superplasticizer 

 

Figure A-13. Time-related torque of CCBCs (a) including thixotropic OPC_20Mu mixture and 
(b) enlarged for torque range of 0 – 20 Nmm with HPEG superplasticizer  



Appendix 

A24 

 

Figure A-14. Time-related torque of CCBCs (a) including thixotropic OPC_20Mu mixture and 
(b) enlarged for torque range of 0 – 50 Nmm with amphMPEG superplasticizer 

 

Table A-29. Rheological parameters of PLC*_y mixtures (w/b = 0.40) 

Mixture 
h g R² Median T [Nmm] at … [rpm] FR 

[Nmm/min] [Nmm·min] [Nmm] [-] 20 40 80 120 
ref         

5 min 0.26 42.0 0.80 47.9 52.7 60.0 73.2 5921 
30 min 0.21 45.8 0.94 49.9 54.7 61.7 71.0 6027 
50 min 0.18 48.4 0.99 51.5 56.2 62.7 69.8 6105 

105 min 0.19 48.4 0.97 51.9 56.8 63.3 71.4 6183 
         
0.05HPEG         

5 min 0.23 16.4 0.72 22.7 25.6 31.5 44.9 3153 
30 min 0.19 18.2 0.94 22.7 25.7 31.4 40.9 3071 
50 min 0.16 18.9 0.99 22.6 25.5 31.1 38.8 3011 

105 min 0.19 22.8 0.94 27.1 30.4 36.2 45.4 3539 
         
0.05IPEG1         

5 min 0.32 27.9 0.73 35.9 41.0 49.2 66.9 4895 
30 min 0.23 23.4 0.93 28.8 32.7 39.8 51.4 3889 
50 min 0.19 21.6 0.98 25.7 29.3 35.6 44.5 3452 

105 min 0.16 17.6 0.98 21.2 24.2 29.7 37.3 2875 
         
0.05IPEG2         

5 min 0.26 16.0 0.74 23.0 26.4 33.3 48.3 3321 
30 min 0.20 18.2 0.96 22.9 26.3 32.9 42.8 3190 
50 min 0.18 18.7 0.99 22.7 25.9 32.1 40.5 3101 

105 min 0.31 19.2 0.61 27.8 31.7 38.4 57.4 3912 
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Table A-30. Rheological parameters of PLC*_30KUP_y mixtures (w/b = 0.40) 

Mixture h 
[Nmm/min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] 20 40 80 120 

ref         
5 min 0.68 197.0 0.38 217.2 222.1 240.6 280.8 24076 

30 min 0.42 200.2 0.25 196.4 223.6 252.9 249.0 23769 
50 min 0.05 231.3 0.00 233.6 226.8 245.9 236.5 23708 

105 min 0.43 251.1 0.09 264.9 267.3 275.5 304.5 27778 
         
0.05HPEG         

5 min 0.78 165.3 0.66 184.7 199.0 214.3 261.0 21607 
30 min 0.45 178.1 0.86 187.2 197.3 211.1 232.3 20881 
50 min 0.33 188.3 0.93 195.9 200.3 214.2 227.7 21090 

105 min 0.46 197.2 0.78 203.9 219.2 233.0 252.3 22983 
         
0.05IPEG1         

5 min 0.80 139.5 0.73 153.3 173.0 206.0 235.0 19665 
30 min 0.39 161.6 0.44 158.6 182.6 208.4 206.1 19524 
50 min 0.18 177.5 0.10 166.4 194.7 208.2 196.9 19769 

105 min 0.71 201.2 0.76 212.3 232.4 260.4 286.0 25229 
         
0.05IPEG2         

5 min 0.67 184.3 0.48 185.2 220.8 247.1 263.2 23624 
30 min 0.35 194.2 0.32 191.7 215.2 232.2 234.9 22359 
50 min 0.39 188.5 0.29 184.8 206.1 232.8 233.9 22023 

105 min 0.38 179.9 0.26 182.9 196.0 220.4 224.1 21008 
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Table A-31. Rheological parameters of PLC*_y mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] 20 40 80 120 

ref         
5 min 0.12 11.6 0.95 14.6 16.4 20.2 26.5 1975 

30 min 0.11 11.3 0.99 13.7 15.6 19.2 24.3 1859 
50 min 0.10 11.8 1.00 14.0 15.9 19.4 23.9 1869 

105 min 0.15 14.1 0.81 18.2 20.2 24.2 32.9 2415 
         
0.05HPEG         

5 min 0.10 3.9 0.92 6.6 7.8 11.0 16.3 1069 
30 min 0.10 4.0 0.98 6.4 7.8 11.0 15.7 1052 
50 min 0.09 4.0 0.99 6.2 7.6 10.9 15.1 1031 

105 min 0.10 5.1 0.97 7.4 8.9 12.2 17.1 1174 
         
0.05IPEG1         

5 min 0.13 22.0 0.24 28.4 25.2 26.7 38.3 2875 
30 min 0.12 8.5 0.71 13.1 12.3 15.2 23.5 1578 
50 min 0.09 6.4 0.94 9.3 9.4 12.5 17.8 1231 

105 min 0.09 3.2 0.98 5.4 6.7 9.8 14.1 930 
         

0.10IPEG1         
5 min 0.09 1.6 0.97 3.7 4.9 7.9 12.0 738 

30 min 0.08 0.6 0.98 2.6 3.6 6.4 10.4 597 
50 min 0.07 0.3 0.99 2.1 3.1 5.7 9.2 524 

105 min 0.07 0.0 0.98 2.0 2.9 5.6 9.3 518 
         

0.20IPEG1         
5 min 0.08 - 0.4 0.99 1.5 2.4 5.1 8.8 469 

30 min 0.08 - 0.9 0.98 1.0 2.0 4.6 8.4 422 
50 min 0.07 - 0.9 0.99 0.8 1.8 4.3 7.7 387 

105 min 0.07 - 1.1 0.99 0.7 1.7 4.3 7.8 386 
         
0.05IPEG2         

5 min 0.08 2.8 0.96 4.8 5.8 8.6 12.5 815 
30 min 0.08 2.9 0.99 4.8 5.8 8.7 12.4 817 
50 min 0.08 3.0 0.99 4.8 5.9 8.7 12.2 813 

105 min 0.09 3.9 0.99 6.0 7.3 10.4 14.5 984 
         

0.10IPEG2         
5 min 0.07 - 0.1 0.99 1.6 2.4 4.8 8.1 443 

30 min 0.07 - 0.1 0.98 1.6 2.4 4.8 8.1 445 
50 min 0.06 0.0 0.99 1.6 2.5 4.8 7.9 441 

105 min 0.07 0.2 0.97 2.1 3.0 5.5 9.3 517 
         

0.20IPEG2         
5 min 0.04 - 0.5 0.99 0.5 1.2 2.8 4.9 251 

30 min 0.05 - 0.6 0.97 0.6 1.2 2.9 5.1 259 
50 min 0.05 - 0.6 0.99 0.6 1.2 2.9 5.1 261 

105 min 0.05 - 0.7 0.98 0.6 1.3 3.1 5.6 279 
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Table A-32. Rheological parameters of PLC*_30MURR_y mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] 20 40 80 120 

ref         
5 min 0.12 14.1 0.94 17.2 19.1 22.7 29.3 2240 

30 min 0.12 14.8 0.97 17.5 19.4 23.1 28.9 2260 
50 min 0.11 15.3 0.99 17.8 19.7 23.2 28.5 2264 

105 min 0.12 18.3 0.97 21.2 23.2 26.9 33.0 2642 
         
0.05HPEG         

5 min 0.11 3.7 0.95 6.4 7.7 11.2 16.5 1076 
30 min 0.10 4.1 0.99 6.5 7.8 11.3 16.0 1070 
50 min 0.09 4.4 0.99 6.6 7.9 11.3 15.7 1071 

105 min 0.10 5.7 0.98 8.1 9.7 13.3 18.1 1267 
         
0.05IPEG1         

5 min 0.11 4.6 0.86 7.3 8.6 12.3 17.6 1174 
30 min 0.10 4.5 0.97 6.8 8.3 12.0 16.5 1125 
50 min 0.09 4.8 0.99 7.0 8.4 11.8 16.2 1122 

105 min 0.10 6.3 0.99 8.8 10.4 14.1 18.9 1341 
         
0.10IPEG1         

5 min 0.11 1.4 0.98 4.1 5.4 9.2 14.4 859 
30 min 0.10 1.0 0.98 3.4 4.7 8.2 12.9 760 
50 min 0.09 1.0 0.99 3.3 4.5 7.8 12.2 723 

105 min 0.09 1.3 0.99 3.6 4.8 8.1 12.6 756 
         

0.20IPEG1         
5 min 0.08 - 0.6 0.99 1.4 2.4 5.2 9.0 473 

30 min 0.08 - 1.0 0.98 1.0 2.0 4.6 8.5 426 
50 min 0.07 - 0.9 0.99 0.9 1.8 4.4 7.9 400 

105 min 0.07 - 0.9 0.98 0.8 1.7 4.1 7.4 373 
         
0.05IPEG2         

5 min 0.15 4.3 0.91 8.0 9.9 14.3 22.0 1390 
30 min 0.12 5.0 0.99 8.0 9.8 14.1 20.1 1337 
50 min 0.12 5.3 0.99 8.0 9.8 13.9 19.4 1317 

105 min 0.12 6.6 0.99 9.5 11.4 15.6 21.3 1488 
         
0.10IPEG2         

5 min 0.08 0.4 0.98 2.5 3.6 6.5 10.7 608 
30 min 0.08 0.6 0.99 2.6 3.7 6.6 10.5 610 
50 min 0.08 0.8 0.99 2.7 3.7 6.6 10.3 607 

105 min 0.08 1.0 0.98 3.1 4.2 7.1 11.1 664 
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Table A-33. Rheological parameters of PLC*_30AC_y mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] 20 40 80 120 

ref         
5 min 0.10 13.2 0.96 15.5 17.1 20.4 25.2 1987 

30 min 0.10 14.2 0.97 16.4 18.1 21.2 26.0 2074 
50 min 0.09 15.0 0.99 17.1 18.7 21.7 26.2 2124 

105 min 0.11 18.0 0.95 20.6 22.5 25.8 31.5 2543 
         
0.05HPEG         

5 min 0.09 4.3 0.96 6.6 7.9 11.1 15.7 1062 
30 min 0.09 4.9 0.99 7.0 8.3 11.4 15.6 1088 
50 min 0.08 5.5 0.99 7.4 8.7 11.8 15.7 1123 

105 min 0.10 7.3 0.95 9.8 11.3 14.6 19.7 1416 
         
0.05IPEG1         

5 min 0.09 4.1 0.96 6.2 7.3 10.4 14.5 990 
30 min 0.09 5.3 0.96 7.4 8.7 11.7 15.9 1124 
50 min 0.08 5.7 0.96 7.6 9.0 11.9 15.9 1140 

105 min 0.09 6.7 0.94 9.0 10.4 13.4 18.2 1302 
         

0.10IPEG1         
5 min 0.08 1.5 0.96 3.4 4.4 7.2 11.0 673 

30 min 0.08 1.5 0.97 3.4 4.4 7.1 10.8 666 
50 min 0.07 1.9 0.93 3.6 4.6 7.3 10.7 681 

105 min 0.09 3.3 0.94 5.5 6.7 9.7 14.2 928 
         

0.20IPEG1         
5 min 0.06 0.0 0.98 1.5 2.2 4.3 7.1 397 

30 min 0.06 - 0.2 0.97 1.4 2.1 4.3 7.3 395 
50 min 0.06 - 0.2 0.93 1.3 2.0 4.2 7.0 381 

105 min 0.06 - 0.2 0.95 1.4 2.2 4.4 7.6 409 
         
0.05IPEG2         

5 min 0.08 2.8 0.96 4.8 5.9 8.7 12.6 826 
30 min 0.08 3.1 0.99 5.0 6.1 8.9 12.6 842 
50 min 0.08 3.4 0.99 5.2 6.3 9.1 12.6 859 

105 min 0.09 5.0 0.97 7.3 8.6 11.7 16.1 1121 
         

0.10IPEG2         
5 min 0.06 1.0 0.95 2.6 3.4 5.6 8.7 524 

30 min 0.06 1.2 0.93 2.7 3.6 5.9 8.9 546 
50 min 0.06 1.5 0.96 2.9 3.8 6.0 8.9 563 

105 min 0.08 2.4 0.86 4.4 5.3 8.0 12.0 762 
         

0.20IPEG2         
5 min 0.04 - 0.3 0.99 0.8 1.4 3.1 5.1 276 

30 min 0.05 - 0.3 0.98 0.9 1.5 3.2 5.5 291 
50 min 0.05 - 0.2 0.98 1.0 1.5 3.3 5.6 299 

105 min 0.05 - 0.0 0.98 1.4 2.0 3.8 6.5 356 
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Table A-34. Rheological parameters of PLC*_30KUP_y mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] 

R² 
[-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] 20 40 80 120 

ref         
5 min 0.27 49.4 0.78 56.5 60.2 67.4 82.8 6723 

30 min 0.33 49.9 0.60 58.2 63.4 71.0 89.9 7120 
50 min 0.21 57.9 0.84 61.2 68.7 73.5 83.8 7288 

105 min 0.23 66.3 0.92 70.0 77.2 84.5 94.5 8287 
         
0.05HPEG         

5 min 0.30 16.6 0.68 24.4 28.5 36.0 52.9 3597 
30 min 0.21 19.8 0.96 24.6 28.5 35.3 45.5 3422 
50 min 0.19 19.8 0.97 24.0 27.3 33.7 42.4 3256 

105 min 0.18 23.5 0.96 27.5 31.0 36.9 45.7 3596 
         
0.05IPEG1         

5 min 0.34 29.3 0.70 38.0 43.1 51.3 70.8 5140 
30 min 0.22 28.0 0.91 33.2 37.2 43.9 55.3 4310 
50 min 0.19 26.4 0.96 30.6 34.1 40.3 49.3 3930 

105 min 0.18 25.0 0.88 29.2 32.5 38.1 47.3 3739 
         

0.10IPEG1         
5 min 0.18 16.7 0.84 21.4 23.8 28.8 38.8 2859 

30 min 0.14 19.9 0.93 23.2 25.6 30.5 37.3 2966 
50 min 0.13 20.6 0.88 23.7 25.7 29.9 36.3 2933 

105 min 0.16 22.8 0.86 27.0 29.2 33.7 42.6 3350 
         

0.05IPEG2         
5 min 0.39 12.2 0.54 23.1 27.1 37.3 59.9 3732 

30 min 0.36 10.7 0.58 21.6 24.5 30.7 54.6 3274 
50 min 0.16 18.2 0.98 21.7 24.4 31.0 37.7 2947 

105 min 0.17 19.1 0.97 23.1 26.1 31.8 40.4 3093 
         

0.10IPEG2         
5 min 0.21 2.1 0.86 7.7 10.0 16.0 27.2 1559 

30 min 0.17 3.6 0.97 7.9 10.0 15.6 24.0 1485 
50 min 0.15 4.1 0.99 8.0 9.9 15.2 22.8 1443 

105 min 0.14 4.6 0.97 8.2 10.2 15.2 22.1 1436 
         

0.20IPEG2         
5 min 0.15 - 2.2 0.95 1.6 3.3 7.9 15.5 742 

30 min 0.13 - 1.7 0.98 1.5 3.1 7.6 13.9 690 
50 min 0.12 - 1.5 0.99 1.4 2.9 7.1 12.9 644 

105 min 0.13 - 2.0 0.74 1.4 3.0 7.3 14.2 681 
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Table A-35. Rheological parameters of PLC*_30RKUP_y mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] 20 40 80 120 

ref         
5 min 0.17 66.9 0.73 71.2 74.2 78.5 88.2 7841 

30 min 0.13 69.1 0.90 71.9 74.4 78.7 85.2 7805 
50 min 0.11 70.8 0.99 72.8 75.5 79.2 83.8 7840 

105 min 0.12 70.4 0.96 72.6 75.7 80.0 85.2 7900 
         
0.05HPEG         

5 min 0.17 19.8 0.75 24.5 26.5 30.6 40.5 3071 
30 min 0.13 19.6 0.95 22.8 24.7 28.5 35.2 2815 
50 min 0.11 19.5 0.99 22.3 24.0 27.8 33.3 2722 

105 min 0.12 21.2 0.96 24.2 26.1 30.0 36.2 2952 
         
0.05IPEG1         

5 min 0.20 35.6 0.68 41.1 43.8 48.4 60.5 4870 
30 min 0.14 33.7 0.94 36.8 39.3 43.2 50.1 4278 
50 min 0.12 31.9 0.98 34.4 36.7 40.3 45.9 3976 

105 min 0.13 30.3 0.94 33.3 35.5 39.3 45.9 3889 
         

0.10IPEG1         
5 min 0.14 13.3 0.86 17.0 18.8 22.7 30.6 2256 

30 min 0.12 9.9 0.95 13.0 14.4 18.0 24.3 1768 
50 min 0.10 8.3 0.97 10.9 12.1 15.3 20.4 1492 

105 min 0.12 6.3 0.92 9.3 10.6 14.2 20.6 1395 
         

0.20IPEG1         
5 min 0.09 1.0 0.96 3.3 4.4 7.3 11.8 693 

30 min 0.08 0.0 0.98 2.1 3.1 5.9 10.0 552 
50 min 0.08 - 0.4 0.99 1.5 2.5 5.1 8.9 473 

105 min 0.08 - 0.8 0.98 1.2 2.2 4.9 8.8 448 
         

0.05IPEG2         
5 min 0.18 21.7 0.72 26.7 28.7 32.8 43.6 3312 

30 min 0.12 21.8 0.96 24.8 26.6 30.3 36.7 2994 
50 min 0.11 21.8 0.99 24.3 26.0 29.6 34.8 2905 

105 min 0.11 23.6 0.98 26.3 28.1 31.8 37.4 3127 
         

0.10IPEG2         
5 min 0.10 2.3 0.92 4.9 6.0 9.0 14.3 877 

30 min 0.09 2.2 0.98 4.5 5.5 8.5 12.8 804 
50 min 0.08 2.4 0.99 4.4 5.4 8.4 12.3 788 

105 min 0.10 3.4 0.96 6.0 7.1 10.4 15.5 1003 
         

0.20IPEG2         
5 min 0.05 - 0.4 0.99 1.0 1.7 3.7 6.3 335 

30 min 0.06 - 0.6 0.97 0.9 1.6 3.7 6.6 338 
50 min 0.06 - 0.6 0.98 0.9 1.6 3.7 6.5 333 

105 min 0.06 - 0.6 0.97 1.0 1.8 3.9 7.1 364 
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Table A-36. Rheological parameters of PLC*_30FUP_y mixtures (w/b = 0.50) 

Mixture h 
[Nmm·min] 

g 
[Nmm] R² [-] 

Median T [Nmm] at … [rpm] FR 
[Nmm/min] 20 40 80 120 

ref         
5 min 0.15 71.4 0.58 75.6 77.2 80.7 89.6 8090 

30 min 0.11 80.8 0.70 83.8 85.3 88.3 94.7 8825 
50 min 0.08 86.8 0.95 88.5 90.3 93.1 96.9 9258 

105 min 0.07 106.1 0.84 107.5 109.5 111.2 115.0 11108 
         
0.05HPEG         

5 min 0.13 33.6 0.73 37.3 38.5 41.6 49.4 4182 
30 min 0.08 41.8 0.72 44.3 44.9 47.0 52.0 4708 
50 min 0.07 46.7 0.87 48.6 49.3 51.3 55.1 5120 

105 min 0.18 52.1 0.44 58.0 59.1 61.7 74.5 6311 
         
0.05IPEG1         

5 min 0.11 39.1 0.58 42.6 43.4 45.9 53.0 4623 
30 min 0.08 50.4 0.60 52.5 53.3 56.7 60.5 5604 
50 min 0.10 52.0 0.85 54.4 55.9 58.7 64.0 5852 

105 min 0.18 54.4 0.48 59.3 61.4 65.2 76.0 6564 
         

0.10IPEG1         
5 min 0.10 25.0 0.71 28.4 28.4 30.3 36.8 3084 

30 min 0.08 35.8 0.61 38.0 38.3 41.5 45.1 4092 
50 min 0.08 40.4 0.64 42.8 43.0 45.9 50.2 4557 

105 min 0.18 43.3 0.56 48.4 50.4 53.8 65.1 5452 
         

0.20IPEG1         
5 min 0.10 7.8 0.90 10.9 11.3 14.4 20.3 1431 

30 min 0.07 18.0 0.79 20.4 20.2 21.9 26.3 2215 
50 min 0.06 23.5 0.65 25.9 25.5 27.0 31.4 2731 

105 min 0.19 26.7 0.43 33.1 33.5 36.5 49.8 3793 
         
0.05IPEG2         

5 min 0.11 27.8 0.61 31.2 31.5 34.4 40.9 3452 
30 min 0.08 34.8 0.75 37.2 37.5 39.6 44.3 3967 
50 min 0.06 40.5 0.85 42.5 42.8 44.7 48.5 4469 

105 min 0.21 56.6 0.76 62.2 65.2 70.5 82.7 7053 
         

0.10IPEG2         
5 min 0.11 13.9 0.73 17.8 17.1 20.9 27.4 2077 

30 min 0.07 22.5 0.82 25.0 24.8 26.8 31.3 2690 
50 min 0.06 28.1 0.80 30.3 30.3 31.9 35.6 3200 

105 min 0.20 37.1 0.41 43.3 44.5 47.7 61.0 4895 
         

0.20IPEG2         
5 min 0.08 4.5 0.96 6.8 7.4 10.2 14.5 987 

30 min 0.06 10.2 0.94 12.2 12.2 14.2 17.8 1414 
50 min 0.06 13.8 0.89 16.0 15.6 17.4 21.1 1746 

105 min 0.15 18.9 0.43 24.1 24.3 26.9 37.5 2795 
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9.8 Appendix A8: Time-dependent mini slump tests 

This appendix section includes the individual values of mini slump tests over a period of 

120 minutes, as conducted for mixtures with metaphyllosilicates and calcined Amaltheen clay 

and different superplasticizers (Table A-37 to Table A-45). 

Table A-37. Mini slump values of OPC°_x_yLS mixtures (w/b = 0.45) 

Mixture Mini slump [cm] after … [min] 
x y 5 15 30 45 60 75 90 105 120 

- - 17 16.5 16 15.5 14.5 14.5 14 13.5 13.5 
- 0.14Mg- 23 21.5 20 19.5 19 19 18.5 18.5 18 
- 0.15Na- 23.5 21.5 20 19 18.5 18 17.5 17 17 
20CT 0.45Mg- 26.5 26.5 26 26 25 24.5 24.5 24 23 
20CT 0.47Na- 26.5 25 23.5 21.5 20.5 20.5 19.5 19.5 19 
20Mk 0.69Mg- 26.5 26.5 26 26 27 27 27 27 27 
20Mk 0.82Na- 26.5 26 26 26 25 25 24.5 24 23 

 

Table A-38. Mini slump values of OPC_x reference mixtures (w/b = 0.50) 

Mixture 
x 

Mini slump [cm] after … [min] 
5 15 30 45 60 75 90 105 120 

- 18 19.5 18.5 18.5 18.5 18.5 18.5 18.5 18 
20TG 15 15 14.5 14.5 14 14 14 14 14 
20Mk 8 - - - - - - - - 
20Mu 8 - - - - - - - - 
20Mi 8 - - - - - - - - 

 

Table A-39. Mini slump values of OPC_x_yNSF mixtures (w/b = 0.50) 

Mixture Mini slump [cm] after … [min] 
x y 5 15 30 45 60 75 90 105 120 

- 0.21 26 25 23.5 22.5 22.5 22.5 22.5 22 21.5 
20TG 0.40 26 26 25.5 25.5 25.5 25 24 24 24 
20Mk 0.68 25.5 25.5 25 23 22 20 19 17 16.5 
20Mu 1.50 26 26 27.5 28 27.5 27.5 28.5 28 27.5 
20Mi 0.95 26 26.5 23.5 18.5 14 10 9 8.5 8 

 

Table A-40. Mini slump values of OPC_x_yHPEG mixtures (w/b = 0.50) 

Mixture Mini slump [cm] after … [min] 
x y 5 15 30 45 60 75 90 105 120 

- 0.05 25 25 24.5 24 24 23.5 23 23.5 23 
20TG 0.07 25 25 24 23 22.5 22 22 21 20 
20Mk 0.19 25.5 20.5 18.5 18 15.5 13.5 11.5 10 8.5 
20Mu 0.16 24.5 26.5 26.5 26 25.5 23.5 23 22.5 22 
20Mi 0.37 27 28 23 22.5 22 22 22 21 20 
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Table A-41. Mini slump values of OPC_x_yamphMPEG mixtures (w/b = 0.50) 

Mixture Mini slump [cm] after … [min] 
x y 5 15 30 45 60 75 90 105 120 

- 0.06 24.5 23.5 23 23 23 23 22 22 21.5 
20TG 0.08 22.5 21 20 20 20 19.5 20 19.5 19 
20Mk 0.19 25 22 17.5 16 15 13 11.5 9 8 
20Mu 0.21 29 30.5 30 28.5 28 27.5 27 25 24 
20Mi 0.41 23 21.5 11.5 8 8 8 8 8 8 

 

Table A-42. Mini slump values of PLC_x reference mixtures (w/b = 0.50) 

Mixture 
x 

Mini slump [cm] after … [min] 
5 15 30 45 60 75 90 105 120 

- 16 16 14.5 14.5 14.5 14 14.5 14 14 
20TG 13 12.5 12 11.5 11 11 11 11 11 
20Mk 8 - - - - - - - - 
20Mu 8 - - - - - - - - 
20Mi 8 - - - - - - - - 

 

Table A-43. Mini slump values of PLC_x_yNSF mixtures (w/b = 0.50) 

Mixture Mini slump [cm] after … [min] 
x y 5 15 30 45 60 75 90 105 120 

- 0.24 25 23 21.5 21 20 20 20 19.5 19 
20TG 0.50 29 27.5 26 25.5 25 25 24 23 23 
20Mk 0.77 28 25.5 25 23 22 21.5 20 18 17 
20Mu 1.50 32 32 30 30 30 30.5 29.5 29.5 29.5 
20Mi 0.97 25.5 23 21 17 16 13 10 9 8.5 

 

Table A-44. Mini slump values of PLC_x_yHPEG mixtures (w/b = 0.50) 

Mixture Mini slump [cm] after … [min] 
x y 5 15 30 45 60 75 90 105 120 

- 0.06 26 23.5 22 19 17.5 15.5 12 11 8 
20TG 0.08 26 24 23.5 23 23 22 21 21 20 
20Mk 0.20 24.5 21 20 18 16.5 13.5 13 11.5 8.5 
20Mu 0.16 26 22 18 16 15 13.5 13 11.5 8.5 
20Mi 0.40 30.5 28.5 21 16 13 11.5 10 9 8.5 

 

Table A-45. Mini slump values of PLC_x_yamphMPEG mixtures (w/b = 0.50) 

Mixture Mini slump [cm] after … [min] 
x y 5 15 30 45 60 75 90 105 120 

- 0.07 25 22.5 22.5 22.5 22.5 22 21.5 21.5 21 
20TG 0.08 26 23.5 23.5 22 21 21 21 19.5 18 
20Mk 0.21 24.5 21 19 15 10 9 8 8 8 
20Mu 0.18 8 8 8 8 8 8 8 8 8 
20Mi 0.42 25.5 15.5 10.5 8 8 8 8 8 8 
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9.9 Appendix A9: Analysis of isothermal calorimetric measurements 

Significant values, such as the heat flow and time at end of dormant period and heat maxima, 

are summarized in Table A-46 to Table A-61. The heat of hydration is provided for 3, 6, 12, 24 

and 48 hours in Table A-62 to Table A-65. At the time, when the dormant period ends, the heat 

of hydration is set at 0 J/gcement and the heat released before is neglected (‘-‘ in the tables). 

Heat flow was recorded in general two times thanks to a low error rate with the isothermal 

calorimeter used (example given in Figure A-15). However, the measurements of two mixtures 

(OPC/PLC_20Mu_1.50NSF) revealed strong deviations. In order to compare these mixtures 

with other CCBC mixtures, they were tested ten times each and the average was formed. 

Figure A-16 and Figure A-17 show the deviations in heat of hydration and heat flow curves for 

OPC_20Mu_1.50NSF and PLC_20Mu_1.50NSF, respectively. Significant values for the indi-

vidual repeats of these mixtures are given in Table A-49 and Table A-54. 

 

Figure A-15. Heat flow curves of mixture with calcined common clays and PCE (differences 
between the individual measurements: Qmin = 0.01 mW/gcement, tmin = 0.11 h, 
Qmax2 = 0.04 mW/gcement, tmax2 = 0.01 h) 

The following abbreviations / symbols are used in the tables of this section: 

Abbreviation Definition 

Qmax1 Heat recorded at the first maximum [mW/gcement] 

Qmax2 Heat recorded at the only or second maximum [mW/gcement] 

Qmin Heat recorded at the end of the dormant period [mW/gcement] 

tQmax1 Time of occurrence of Qmax1 [h] 

tQmax2 Time of occurrence of Qmax2 [h] 

tQmin End of dormant period [h] 

x Replacement level [wt%] and type of metaphyllosilicate/calcined common clay 

y Dosage [%bwob] and type of superplasticizer if added 
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Table A-46. Significant Q values of OPC°_x_yLS mixtures (w/b = 0.45) 

Mixture Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

x y 
- - 0.39 2.9 2.47 12.1 2.19 16.9 
- 0.14Mg- 0.27 3.9 2.40 14.6 2.27 19.0 
- 0.15Na- 0.27 3.9 2.38 15.0 2.34 17.9 

20CT - 0.47 3.2 2.23 12.1 2.60 / 3.28 14.9 / 
20.3 

20CT 0.14Mg- 0.35 3.4 2.17 15.2 2.36 22.3 
20CT 0.15Na- 0.35 3.9 2.10 14.7 2.27 22.3 
20CT 0.45Mg- 0.09 11.4 - - 2.51 32.3 
20CT 0.47Na- 0.17 12.7 - - 2.67 32.2 
20Mk 0.14Mg- 0.65 3.2 - - 5.33 13.6 
20Mk - 0.78 2.7 2.92 8.4 6.60 13.0 
20Mk 0.15Na- 0.63 3.3 - - 4.98 14.0 
20Mk 0.69Mg- 0.19 10.2 - - 4.36 26.1 
20Mk 0.82Na- 0.14 10.0 - - 3.25 27.1 

 

Table A-47. Significant Q values of OPC_x reference mixtures (w/b = 0.50) 

Mixture 
x 

Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

- 0.45 2.1 2.83 10.5 2.66 13.7 
10TG 0.39 2.4 3.18 11.0 2.58 15.7 
20TG 0.55 2.2 3.03 10.5 3.01 13.5 
30TG 0.67 2.1 3.10 9.4 4.45 17.4 
20Mk 0.86 2.5 - - 10.58 9.4 
30Mk 1.09 2.1 - - 15.80 7.9 
10Mu 0.54 1.8 - - 3.25 11.4 
20Mu 0.64 1.8 - - 5.91 13.2 
30Mu 0.70 1.9 - - 6.61 12.7 
20Mi 1.51 2.5 - - 16.73 8.2 
30Mi 2.22 2.7 - - 17.74 6.4 

 

Table A-48. Significant Q values of OPC_x_yNSF mixtures (w/b = 0.50) 

Mixture Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

x y 
- 0.21 0.40 2.3 3.17 10.3 2.59 14.5 
20TG 0.40 0.33 3.6 3.21 12.2 3.13 15.1 
20Mk 0.68 0.52 3.2 - - 13.54 11.7 
10Mu 1.50 0.11 11.2 3.14 30.6 3.84 36.0 
20Mu 1.50 0.10 12.5 - - 5.72 30.8 

30Mu 1.50 0.08 13.3 - - 6.43 31.9 
20Mi 0.95 1.16 3.1 - - 14.64 9.6 
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Figure A-16. Deviations of specific heat flow curve and heat of hydration development of 
OPC_20Mu_1.50NSF 

 

Table A-49. Significant values of OPC_20Mu_1.50NSF repeats (w/b = 0.50) 

# Qmin 
[mW/gcement] 

tQ,min 
[h] 

Qmax2 
[mW/gcement] 

tQ,max2 
[h] 

Heat of hydration [J/gcement] at … [h] 
3 6 12 24 48 

1 0.10 12.4 5.65 31.1 - 4.8 - 2.7 - 0.1 11.6 216.5 
2 0.10 12.7 5.67 31.0 - 4.8 - 2.6 - 0.2 8.5 214.8 
3 0.11 11.4 6.12 29.5 - 4.7 - 2.5 0.2 23.2 224.8 
4 0.12 12.9 6.34 30.0 - 5.4 - 3.2 - 0.4 17.3 221.9 
5 0.11 13.3 5.94 29.6 - 5.1 - 3.0 - 0.5 15.1 218.7 
6 0.10 13.0 5.53 30.3 - 5.1 - 3.0 - 0.4 12.2 217.2 
7 0.11 12.4 5.58 31.0 - 5.1 - 2.9 - 0.2 16.0 219.6 
8 0.11 13.0 5.48 32.8 - 5.0 - 2.9 - 0.4 7.7 211.0 
9 0.07 11.9 5.36 32.1 - 3.6 - 1.7 0.0 7.8 210.3 
10 0.07 12.2 5.58 30.9 - 3.6 - 1.8 - 0.1 7.6 208.6 
x̅ 0.10 12.5 5.73 30.8 - 4.7 - 2.6 - 0.2 12.7 216.3 
dx̅ 0.01 0.4 0.25 0.8 0.5 0.4 0.2 4.1 4.1 

 

Table A-50. Significant Q values of OPC_x_yHPEG mixtures (w/b = 0.50) 

Mixture Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

x y 
- 0.05 0.33 2.8 3.22 11.5 3.22 13.5 
- 0.20 0.19 4.8 - - 3.01 18.0 
10TG 0.07 0.38 2.7 3.00 11.9 3.04 14.2 
20TG 0.07 0.40 3.0 3.19 12.0 3.23 14.9 
20TG 0.20 0.24 5.0 3.06 18.6 3.05 24.2 
30TG 0.07 0.54 2.5 2.92 11.4 4.25 18.8 
20Mk 0.19 0.59 2.7 - - 11.28 11.6 
20Mk 0.20 0.70 2.7 - - 8.10 8.9 
10Mu 0.16 0.32 3.5 - - 5.92 17.8 
20Mu 0.16 0.40 2.7 - - 8.50 13.9 
20Mu 0.20 0.33 3.5 - - 7.81 15.6 
30Mu 0.16 0.53 2.5 - - 8.18 13.3 
20Mi 0.20 1.26 2.7 - - 15.37 9.1 
20Mi 0.37 1.21 2.9 - - 13.37 9.6 

 



Appendix 

A37 

Table A-51. Significant Q values of OPC_x_yamphMPEG mixtures (w/b = 0.50) 

Mixture Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

x y 
- 0.06 0.39 2.5 2.94 11.3 2.89 13.7 
- 0.20 0.28 3.3 - - 3.10 14.3 
20TG 0.08 0.48 2.5 2.99 11.5 3.11 14.1 
20TG 0.20 0.37 3.2 2.91 12.5 3.09 15.7 
20Mk 0.19 0.72 2.5 - - 9.61 11.3 
20Mk 0.20 0.68 2.5 - - 9.55 11.3 
20Mu 0.20 0.51 2.3 - - 7.58 14.1 
20Mu 0.21 0.46 2.4 - - 7.42 14.1 
20Mi 0.20 1.16 3.0 - - 14.13 9.6 
20Mi 0.41 1.07 3.2 - - 11.80 10.3 

 

Table A-52. Significant Q values of PLC_x reference mixtures (w/b = 0.50) 

Mixture 
x 

Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

- 0.47 2.0 2.65 8.2 2.97 10.3 
20TG 0.57 2.1 2.63 7.9 3.00 10.0 
30TG 0.62 2.0 - - 5.60 14.8 
20Mk 0.85 2.1 - - 12.41 7.7 
30Mk 1.14 2.3 - - 10.95 6.4 
20Mu 0.67 2.0 - - 5.27 12.9 
30Mu 1.14 2.3 - - 10.95 6.4 
20Mi 1.28 2.4 - - 12.92 8.2 
30Mi 1.95 2.8 - - 13.17 6.1 

 

Table A-53. Significant Q values of PLC_x_yNSF mixtures (w/b = 0.50) 

Mixture  Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

x y 
- 0.24 0.42 2.2 2.60 9.4 2.79 11.3 
20TG 0.50 0.41 3.1 - - 5.52 15.8 
20Mk 0.77 0.57 3.7 - - 8.47 11.3 
20Mu 1.50 0.07 14.0 - - 3.85 36.3 

20Mi 0.97 0.94 4.0 - - 14.19 9.8 
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Figure A-17. Deviations of specific heat flow curve and heat of hydration development of 
PLC_20Mu_1.50NSF 

Table A-54. Significant values of PLC_20Mu_1.50NSF repeats (w/b = 0.50) 

# Qmin 
[mW/gcement] 

tQ,min 
[h] 

Qmax2 
[mW/gcement] 

tQ,max2 
[h] 

Heat of hydration [J/gcement] at … [h] 
3 6 12 24 48 

1 0.03 18.4 3.54 38.2 - 4.0 - 2.0 - 0.6 0.7 127.8 
2 0.07 18.0 3.43 36.8 - 6.3 - 3.9 - 1.6 1.9 136.3 
3 0.05 14.0 3.87 37.9 - 4.8 - 2.5 - 0.4 2.2 140.3 
4 0.07 13.5 4.01 37.3 - 5.3 - 2.9 - 0.4 3.1 146.7 
5 0.06 14.4 3.56 37.7 - 5.4 - 3.0 - 0.6 2.7 134.8 
6 0.06 14.2 3.44 37.3 - 5.0 - 2.7 - 0.5 2.6 139.4 
7 0.08 12.0 4.09 34.9 - 4.7 - 2.3 0.0 4.4 156.0 
8 0.09 11.7 3.97 34.6 - 4.9 - 1.8 0.1 4.6 158.3 
9 0.07 11.8 4.14 34.3 - 4.6 - 2.2 0.0 4.2 158.2 
10 0.08 11.7 4.41 33.6 - 4.8 - 2.3 0.1 5.1 161.7 
x̅ 0.07 14.0 3.85 36.3 - 5.0 - 2.6 - 0.4 3.2 145.9 
dx̅ 0.01 1.8 0.28 1.5 0.4 0.4 0.4 1.1 10.2 

 

Table A-55. Significant Q values of PLC_x_yHPEG mixtures (w/b = 0.50) 

Mixture Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

x y 
- 0.06 0.39 2.3 2.58 8.7 3.03 10.7 
- 0.20 0.23 4.2 - - 2.80 18.2 
20TG 0.08 0.44 2.7 - - 6.71 14.3 
20TG 0.20 0.29 4.5 3.29 18.2 2.51 22.0 
20Mk 0.20 0.70 2.7 - - 8.10 8.9 
20Mu 0.16 0.51 2.3 - - 8.56 10.0 
20Mu 0.20 0.38 3.4 - - 6.47 14.4 
20Mi 0.20 1.14 2.6 - - 13.41 8.6 
20Mi 0.40 1.07 2.9 - - 10.77 9.0 
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Table A-56. Significant Q values of PLC_x_yamphMPEG mixtures (w/b = 0.50) 

Mixture Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

x y 
- 0.07 0.42 2.2 2.57 8.2 3.26 10.3 
- 0.20 0.33 2.7 - - 3.90 13.9 
20TG 0.08 0.51 2.3 2.48 8.1 2.94 10.2 
20TG 0.20 0.43 2.7 - - 5.61 14.1 
20Mk 0.20 0.75 2.4 - - 9.89 8.7 
20Mk 0.21 0.72 2.5 - - 9.67 8.9 
20Mu 0.18 0.59 2.0 - - 10.23 9.4 
20Mu 0.20 0.53 2.3 - - 9.18 10.2 
20Mi 0.20 1.11 3.0 - - 14.89 7.5 
20Mi 0.42 1.05 3.2 - - 13.17 6.1 

 

 

Figure A-18. Heat flow of OPC_x (left) and PLC_x (right) mixtures with varying dosages of 
amphMPEG 

 

Figure A-19. Heat flow of PLC_x mixtures with 0.20 %bwob HPEG (left) and amphMPEG (right) 
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Table A-57. Significant Q values of PLC*_x_y mixtures (w/b = 0.40) 

Mixture Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

x y 
- - 0.37 2.4 2.69 10.9 2.61 15.5 
- 0.05HPEG 0.35 2.4 2.80 10.7 3.03 15.1 
- 0.05IPEG1 0.32 2.6 2.66 11.7 2.56 16.4 
- 0.05IPEG2 0.32 2.5 2.71 11.7 2.76 16.1 
30KUP - 0.49 2.7 - - 5.70 11.9 
30KUP 0.05HPEG 0.44 2.6 - - 5.54 12.0 
30KUP 0.05IPEG1 0.43 2.9 - - 5.24 12.5 
30KUP 0.05IPEG2 0.44 2.9 - - 5.16 12.5 

 

Table A-58. Significant Q values of PLC*_x reference mixtures (w/b = 0.50) 

Mixture 
x 

Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

- 0.37 2.5 2.72 11.8 2.72 17.4 
30AC 0.90 3.0 - - 6.40 13.8 
30KUP 0.50 2.7 - - 5.85 12.8 
30RKUP 0.65 3.1 - - 7.83 10.8 
30FUP 1.24 2.8 - - 10.39 8.0 
30MURR 0.53 2.9 - - 4.94 14.8 

 

Table A-59. Significant Q values of PLC*_x_0.05HPEG mixtures (w/b = 0.50) 

Mixture 
x 

Qmin 
[mW/gcement] tQ,min [h] Qmax1 

[mW/gcement] tQ,max1 [h] Qmax2 
[mW/gcement] tQ,max2 [h] 

- 0.34 2.7 - - 3.45 15.9 
30AC 0.75 2.5 - - 9.68 13.0 
30KUP 0.43 2.9 - - 5.60 13.0 
30RKUP 0.59 3.2 - - 7.10 11.3 
30FUP 1.12 2.9 - - 9.17 8.2 
30MURR 0.46 2.7 - - 5.53 14.2 

 

Table A-60. Significant Q values of PLC*_x_yIPEG1 mixtures (w/b = 0.50) 

Mixture Qmin 
[mW/gcement] 

tQ,min 
[h] 

Qmax1 
[mW/gcement] tQ,max1 [h] Qmax2 

[mW/gcement] tQ,max2 [h] 
x y 

- 
0.05 0.30 2.8 2.68 13.4 2.91 17.7 
0.10 0.26 3.2 - - 3.76 17.5 
0.20 0.19 3.9 - - 5.55 18.2 

30AC 
0.05 0.82 3.1 - - 6.35 14.2 
0.10 0.59 3.1 - - 5.36 16.3 
0.20 0.45 3.8 - - 6.31 16.4 

30KUP 0.05 0.48 3.1 - - 5.64 12.8 
30RKUP 0.05 0.65 3.4 - - 7.53 11.2 

30FUP 
0.05 1.15 2.9 - - 9.26 8.2 
0.10 1.12 3.0 - - 9.70 8.5 
0.20 1.05 3.1 - - 8.30 8.5 

30MURR 0.05 0.49 3.2 - - 4.60 15.6 
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Table A-61. Significant Q values of PLC*_x_yIPEG2 mixtures (w/b = 0.50) 

Mixture Qmin 
[mW/gcement] 

tQ,min 
[h] 

Qmax1 
[mW/gcement] tQ,max1 [h] Qmax2 

[mW/gcement] tQ,max2 [h] 
x y 

- 
0.05 0.31 2.9 - - 3.18 17.2 
0.10 0.25 3.1 - - 4.86 16.1 
0.20 0.20 3.7 - - 4.26 18.9 

30AC 
0.05 0.68 3.0 - - 6.00 14.8 
0.10 0.56 3.0 - - 5.60 16.0 
0.20 0.46 3.7 - - 5.95 16.0 

30KUP 0.05 0.47 3.3 - - 5.66 13.1 
30RKUP 0.05 0.60 3.3 - - 7.30 11.4 

30FUP 
0.05 1.13 3.0 - - 8.79 8.2 
0.10 1.10 2.9 - - 9.03 8.5 
0.20 1.02 3.1 - - 8.07 8.3 

30MURR 0.05 0.44 2.8 - - 4.91 15.1 
 

Table A-62. Heat of hydration at selected times for OPC°_x_y mixtures (w/b = 0.45) 

Mixture 
Heat of hydration [J/gcement] at … 

3 h 6 h 12 h 24 h 48 h 
OPC° 0.1 6.7 48.2 136.0 211.2 
OPC°_0.14Mg-LS - 0.9 2.6 28.7 124.7 213.1 
OPC°_0.15Na-LS - 1.0 2.5 27.4 123.6 210.1 
OPC°_20CT - 0.4 6.1 42.0 150.7 224.6 
OPC°_20CT_0.14Mg-LS - 0.5 4.1 32.4 129.1 215.4 
OPC°_20CT_0.45Mg-LS - 4.8 - 2.3 0.2 16.1 152.1 
OPC°_20CT_0.15Na-LS - 1.2 3.1 27.5 124.1 212.8 
OPC°_20CT_0.47Na-LS - 8.9 - 4.9 - 0.4 14.5 145.5 
OPC°_20Mk 0.9 17.2 84.1 186.8 260.6 
OPC°_20Mk_0.14Mg-LS - 0.6 9.2 56.3 154.7 227.4 
OPC°_20Mk_0.69Mg-LS - 6.2 - 3.1 1.3 45.6 198.6 
OPC°_20Mk_0.15Na-LS - 0.7 8.3 54.4 156.7 230.8 
OPC°_20Mk_0.82Na-LS - 4.8 - 2.3 1.1 29.2 168.1 
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Table A-63. Heat of hydration at selected times for OPC_x_y mixtures 

Mixture 
Heat of hydration [J/gcement] at … 

3 h 6 h 12 h 24 h 48 h 
OPC 1.4 12.0 65.1 154.7 234.1 
OPC_0.21NSF 1.1 10.6 68.9 161.7 243.9 
OPC_0.05HPEG 0.2 6.4 57.6 172.4 247.1 
OPC_0.20HPEG - 0.9 10.1 115.0 217.0 
OPC_0.06amphMPEG 0.8 9.2 61.1 163.4 244.6 
OPC_0.20amphMPEG - 3.7 39.6 151.7 235.1 
OPC_10TG 0.9 10.1 67.5 168.4 264.8 
OPC_20TG 1.7 14.7 73.3 187.7 272.7 
OPC_30TG 2.2 19.6 83.3 213.8 295.1 
OPC_20TG_0.40NSF - 4.0 50.3 185.5 275.4 
OPC_10TG_0.07HPEG 0.4 7.8 57.5 178.0 260.0 
OPC_20TG_0.07HPEG 0.1 6.7 55.7 190.2 275.2 
OPC_20TG_0.20HPEG - 0.9 12.3 127.0 242.4 
OPC_30TG_0.07HPEG 1.0 12.3 67.0 198.3 284.6 
OPC_20TG_0.08amphMPEG 0.8 11.2 65.9 190.4 273.3 
OPC_20TG_0.20amphMPEG - 5.3 47.2 176.5 257.9 
OPC_20Mk 1.7 27.1 133.3 214.3 289.2 
OPC_30Mk 3.8 36.7 141.8 215.5 298.6 
OPC_20Mk_0.68NSF - 9.8 112.1 206.3 288.1 
OPC_20Mk_0.19HPEG 0.7 14.9 111.8 203.6 283.9 
OPC_20Mk_0.20HPEG 0.7 14.6 89.8 168.4 252.8 
OPC_20Mk_0.19amphMPEG 1.4 19.3 119.9 217.8 301.3 
OPC_20Mk_0.20amphMPEG 1.2 17.9 114.7 205.7 285.1 
OPC_10Mu 2.7 19.2 84.7 194.8 266.0 
OPC_20Mu 3.3 33.7 106.2 211.7 281.3 
OPC_30Mu 3.1 25.5 103.5 201.2 267.0 
OPC_10Mu_1.50NSF - - 0.3 7.1 197.9 
OPC_20Mu_1.50NSF - - - 12.7 216.3 
OPC_30Mu_1.50NSF - - - 9.5 250.3 
OPC_10Mu_0.16HPEG - 4.1 48.0 186.4 266.9 
OPC_20Mu_0.16HPEG 0.4 8.7 72.6 197.3 275.4 
OPC_20Mu_0.20HPEG - 5.4 45.9 149.0 214.5 
OPC_30Mu_0.16HPEG 0.9 13.5 79.4 196.5 276.0 
OPC_20Mu_0.20amphMPEG 1.0 11.6 75.2 198.9 273.9 
OPC_20Mu_0.21amphMPEG 0.4 9.5 63.2 180.4 259.6 
OPC_20Mi 2.7 36.9 147.5 220.0 290.1 
OPC_30Mi 22.7 68.4 164.4 238.7 316.1 
OPC_20Mi_0.95NSF - 23.7 133.2 205.1 275.3 
OPC_20Mi_0.20HPEG 1.5 28.6 135.3 207.3 276.2 
OPC_20Mi_0.37HPEG 0.4 24.9 133.0 208.8 281.9 
OPC_20Mi_0.20amphMPEG 0.0 21.2 126.7 205.8 280.5 
OPC_20Mi_0.41amphMPEG - 16.8 119.9 202.8 279.0 
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Table A-64. Heat of hydration at selected times for PLC_x_y mixtures 

Mixture 
Heat of hydration [J/gcement] at … 

3 h 6 h 12 h 24 h 48 h 
PLC 1.9 15.8 74.1 168.9 230.4 
PLC_0.24NSF 1.2 12.2 64.7 164.5 229.2 
PLC_0.06HPEG 1.0 11.6 67.3 166.8 230.0 
PLC_0.20HPEG - 1.7 22.3 120.6 180.5 
PLC_0.07amphMPEG 1.3 13.1 71.4 170.4 234.6 
PLC_0.20amphMPEG 0.3 7.6 58.2 150.4 212.5 
PLC_20TG 2.0 16.6 76.6 184.2 256.8 
PLC_30TG 2.4 18.9 77.9 189.5 264.6 
PLC_20TG_0.50NSF - 7.5 56.0 169.1 247.9 
PLC_20TG_0.08HPEG 0.5 9.6 61.0 173.5 248.8 
PLC_20TG_0.20HPEG - 1.8 23.4 128.7 198.5 
PLC_20TG_0.08amphMPEG 1.3 13.9 71.5 179.3 253.5 
PLC_20TG_0.20amphMPEG 0.5 9.2 60.5 162.8 231.9 
PLC_20Mk 3.1 28.4 116.9 192.5 267.5 
PLC_30Mk 3.2 33.2 110.1 186.5 280.8 
PLC_20Mk_0.77NSF - 6.6 81.3 162.7 247.6 
PLC_20Mk_0.20HPEG 0.7 14.6 89.8 168.4 252.8 
PLC_20Mk_0.20amphMPEG 1.6 19.4 124.3 191.2 278.3 
PLC_20Mk_0.21amphMPEG 1.2 17.8 101.4 178.9 257.5 
PLC_20Mu 2.7 20.3 83.4 170.6 233.8 
PLC_30Mu 1.9 18.2 78.9 161.6 221.8 
PLC_20Mu_1.50NSF - - - 3.2 145.9 
PLC_20Mu_0.16HPEG 1.3 15.2 96.6 171.6 243.2 
PLC_20Mu_0.20HPEG - 5.4 45.9 149.0 214.5 
PLC_20Mu_0.18amphMPEG 2.3 20.2 107.5 180.7 251.1 
PLC_20Mu_0.20amphMPEG 1.5 16.1 100.4 174.0 244.9 
PLC_20Mi 2.6 28.2 114.3 176.5 242.6 
PLC_30Mi 1.2 38.3 103.1 167.1 241.2 
PLC_20Mi_0.97NSF - 8.8 93.5 168.7 246.5 
PLC_20Mi_0.20HPEG 1.6 21.6 102.9 166.0 234.8 
PLC_20Mi_0.40HPEG 0.4 17.7 95.7 158.3 226.1 
PLC_20Mi_0.20amphMPEG 0.0 19.5 103.2 176.1 246.9 
PLC_20Mi_0.42amphMPEG - 16.0 99.7 174.6 250.3 
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Table A-65. Heat of hydration at selected times for PLC*_x_y mixtures (w/b = 0.50 if not noted 
otherwise) 

Mixture 
Heat of hydration [J/gcement] at … 

3 h 6 h 12 h 24 h 48 h 
PLC* (w/b = 0.40) 1.0 10.7 61.4 149.4 204.6 
PLC*_0.05HPEG (w/b = 0.40) 0.8 9.8 61.1 151.7 208.5 
PLC*_0.05IPEG1 (w/b = 0.40) 0.5 7.6 53.8 145.5 202.5 
PLC*_0.05IPEG2 (w/b = 0.40) 0.6 7.9 54.6 147.6 205.0 
PLC* 0.7 9.3 57.6 152.2 214.1 
PLC*_0.05HPEG 0.4 8.0 55.1 153.8 218.6 
PLC*_0.05IPEG1 0.2 6.3 48.5 147.1 210.9 
PLC*_0.10IPEG1 - 4.1 39.7 148.2 218.5 
PLC*_0.20IPEG1 - 1.6 19.3 137.3 217.9 
PLC*_0.05IPEG2 0.1 6.3 48.7 149.4 215.7 
PLC*_0.10IPEG2 - 4.3 41.5 153.8 224.2 
PLC*_0.20IPEG2 - 1.8 17.5 130.5 206.7 
PLC*_30AC 0.1 13.4 62.1 165.7 244.4 
PLC*_30AC_0.05HPEG 1.2 16.7 76.0 182.1 259.1 
PLC*_30AC_0.05IPEG1 - 11.7 57.5 160.4 240.0 
PLC*_30AC_0.10IPEG1 - 9.3 52.6 161.4 241.9 
PLC*_30AC_0.20IPEG1 - 4.3 38.2 151.5 235.1 
PLC*_30AC_0.05IPEG2 0.0 11.0 57.7 163.9 242.6 
PLC*_30AC_0.10IPEG2 0.0 8.9 51.6 160.3 240.7 
PLC*_30AC_0.20IPEG2 - 4.6 38.7 148.1 229.9 
PLC*_30KUP (w/b = 0.40) 0.6 10.4 73.7 158.2 231.7 
PLC*_30KUP_0.05HPEG  
(w/b = 0.40) 0.6 9.1 66.9 153.3 228.9 

PLC*_30KUP_0.05IPEG1  
(w/b = 0.40) 0.1 7.7 59.6 149.0 221.4 

PLC*_30KUP_0.05IPEG2 
(w/b = 0.40) 0.1 7.8 58.8 148.5 223.2 

PLC*_30KUP 0.5 9.8 62.7 157.1 234.8 
PLC*_30KUP_0.05HPEG 0.1 7.7 55.6 152.1 230.3 
PLC*_30KUP_0.05IPEG1 - 7.5 54.7 149.3 228.9 
PLC*_30KUP_0.05IPEG2 - 6.8 52.4 148.9 229.0 
PLC*_30RKUP - 11.1 85.4 160.7 244.2 
PLC*_30RKUP_0.05HPEG - 9.4 78.2 155.9 239.1 
PLC*_30RKUP_0.05IPEG1 - 8.9 78.6 156.0 239.1 
PLC*_30RKUP_0.05IPEG2 - 8.8 76.7 156.5 240.8 
PLC*_30FUP 0.9 20.9 98.2 165.0 248.0 
PLC*_30FUP_0.05HPEG 0.3 17.4 91.3 157.7 241.0 
PLC*_30FUP_0.05IPEG1 0.3 17.8 92.8 157.9 239.4 
PLC*_30FUP_0.10IPEG1 0.1 17.2 94.3 160.9 245.3 
PLC*_30FUP_0.20IPEG1 - 15.1 89.1 155.4 240.9 
PLC*_30FUP_0.05IPEG2 0.0 17.1 91.3 158.6 242.9 
PLC*_30FUP_0.10IPEG2 0.3 17.0 93.1 160.1 244.1 
PLC*_30FUP_0.20IPEG2 - 15.3 88.9 155.2 247.7 
PLC*_30MURR 0.1 9.8 59.0 161.6 235.3 
PLC*_30MURR_0.05HPEG 0.4 9.3 58.3 163.3 240.7 
PLC*_30MURR_0.05IPEG1 - 7.6 51.5 156.5 231.8 
PLC*_30MURR_0.05IPEG2 0.3 8.3 54.3 161.1 237.2 
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9.10 Appendix A10: In situ XRD plots 

 

Figure A-20. In situ XRD plots from 8 to 18.5 °2θ for selected mixtures with lignosulfonates 
(X = time of maximum ettringite peak; w/b = 0.45) 

 

 

Figure A-21. In situ XRD plots from 8 to 18.5 °2θ for OPC mixtures    
 (X = time of maximum ettringite peak, w/b = 0.50) 
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Figure A-22. In situ XRD plots from 8 to 18.5 °2θ for OPC_20TG mixtures  
 (X = time of maximum ettringite peak) 

 

 

Figure A-23. In situ XRD plots from 8 to 18.5 °2θ for OPC_20Mk mixtures  
 (X = time of maximum ettringite peak) 

 



Appendix 

A47 

 

Figure A-24. In situ XRD plots from 8 to 18.5 °2θ for OPC_20Mu mixtures  
 (X = time of maximum ettringite peak) 

 

 

Figure A-25. In situ XRD plots from 8 to 18.5 °2θ for OPC_20Mi mixtures   
 (X = time of maximum ettringite peak) 
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Figure A-26. In situ XRD plots from 8 to 18.5 °2θ for PLC mixtures   
 (X = time of maximum ettringite peak) 

 

 

Figure A-27. In situ XRD plots from 8 to 18.5 °2θ for PLC_20TG mixtures  
 (X = time of maximum ettringite peak) 
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Figure A-28. In situ XRD plots from 8 to 18.5 °2θ for PLC_20Mk mixtures  
 (X = time of maximum ettringite peak) 

 

 

Figure A-29. In situ XRD plots from 8 to 18.5 °2θ for PLC_20Mu mixtures  
 (X = time of maximum ettringite peak) 
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Figure A-30. In situ XRD plots from 8 to 18.5 °2θ for PLC_20Mi mixtures   
 (X = time of maximum ettringite peak) 
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