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Abstract

Understanding the deformation and flow of cement and concrete is crucial for predicting,
adapting and optimizing the processing and placement of concrete. The rheology of con-
crete has been researched for more than a hundred years. Concrete mixtures and processing
methods are constantly being developed. While the flow behavior of concrete is simplified
described as linear viscoplastic, various mixtures exhibit increasingly complex rheological
flow behavior, which includes high viscosities, nonlinear flow behavior, elastic components
and thixotropy. Numerous established experimental methods and mathematical models
neglect these properties and do not adequately represent the transient flow behavior.

This thesis provides a methodology to comprehensively classify the transient flow behav-
ior of thixotropic cementitious suspensions. Mixtures varying in their binder composition,
solid volume fraction, and flowability, were rheologically investigated using phenomeno-
logical modeling, experimental investigations and numerical simulations by means of Com-
putational Fluid Dynamics (CFD). Cementitious pastes were examined for their linear and
nonlinear viscoelasticity and viscoplasticity. An elasto-visco-plastic mapping with the most
descriptive model parameters was presented. Based on existing experimental methods,
thixotropy and structural build-up was experimentally investigated. Subsequently, thixo-
tropy was modeled using a time- and shear rate-dependent structural parameter. Rheo-
metric investigations for the experimental determination of rheological parameters were
supplemented by mini-slump flow tests and mini-L-Box flow tests. The applicability of an-
alytical correlation equations between the results of the flow tests and rheological param-
eters decreased once time- and shear rate- dependent phenomena affected the flow. While
the slump flow result is almost time-independent, the L-box flow is significantly affected
by the thixotropy of the tested material. However, this correlation is nonlinear. Numeri-
cal flow modeling assists in the understanding of flow rather than an explicit correlation
equation based on viscoplastic material models. Therefore, the flow tests were numeri-
cally simulated using CFD with the Volume-of-Fluid (VoF) method, and analyzed on their
transient properties during flow. CFD modeling requires a reliable numerical model and
numerical calculation parameters, as well as a rheological model that realistically captures
the time- and shear rate-dependent flow properties. Consequently, a numerical framework
for reliable free-surface flow modeling was evaluated, and the experimentally and phe-
nomenologically analyzed flow behavior was depicted in the CFD transport model. While
the slump flow test could be represented with a small error even with highly viscous flow
using viscoplastic modeling, accurate L-box flow required a rheological model that includes
time-dependent phenomena such as thixotropy.

The results will be used for the time- and shear rate-dependent analysis in cement and con-
crete rheology. Experimental results, model proposals and numerical simulations support
the analysis, optimization and further development of innovative but complex fine-grain
adhesives and concretes.



Kurzfassung

Das Verständnis der Verformung und des Fließens von Beton ist notwendig für die Vorher-
sage, Anpassung und Optimierung der Verarbeitung und des Einbaus von Beton. Betonrhe-
ologie wird seit mehr als hundert Jahren erforscht. Betonmischungen und Verarbeitungsver-
fahren werden stets weiterentwickelt. Während das Fließverhalten vieler Betone meist ver-
einfacht als linear viskoplastisch beschrieben wird, weisen zahlreiche moderne Betonmisch-
ungen ein zunehmend komplexeres rheologisches Fließverhalten mit hohen Viskositäten,
nichtlinearem Fließverhalten, elastischen Komponenten und Thixotropie auf. Etablierte ex-
perimentelle Methoden und rheologische Modelle vernachlässigen diese Eigenschaften und
bilden das instationäre Fließverhalten unzureichend ab.

Die vorliegende Arbeit präsentiert eine Methodik zur rheologischen Klassifizierung des in-
stationären Fließverhaltens thixotroper Zementleimsuspensionen. Mischungen, die sich in
ihrer Bindemittelzusammensetzung, ihrem Feststoffvolumenanteil und ihrer Fließfähigkeit
unterschieden, wurden mithilfe phänomenologischer Modellierung, experimentellen Un-
tersuchungen und numerischen Simulationen analysiert. Die nichtlineare Viskoelastizität
und Viskoplastizität der Zementleime wurde klassifiziert, und ein elasto-visko-plastisches
Modelldiagramm mit den aussagekräftigsten Modellparametern wurde entwickelt. Zur
Modellierung der Thixotropie wurde das Modell eines zeit- und scherratenabhängigen Struk-
turparameters mit experimentellen Methoden zur Analyse des Strukturaufbaus und Struk-
turabbaus kombiniert. Zusätzlich wurde das Fließverhalten durch die makroskopischen
Fließtests Mini-Setzfließmaß und Mini-L-Box-Test ermittelt. Die Anwendbarkeit analytis-
cher Korrelationsgleichungen zwischen den Ergebnissen der Fließtests und rheologischen
Parametern nahm ab, sobald zeit- und scherratenabhängige Phänomene das Fließen bee-
influssten. Da das thixotropieabhängige Fließen in der L-Box nichtlinear ist, kann es nicht
durch herkömmliche explizite Korrelationsgleichungen berechnet werden. Numerische Sim-
ulationen können bei der Abbildung des transienten Fließverhaltens unterstützen. Allerd-
ings erfordern sie ein korrektes numerisches Modell und numerische Berechnungsparam-
eter sowie ein rheologisches Modell, das die zeit- und scherratenabhängigen Fließeigen-
schaften realitätsnah erfasst. Daher wurde zuerst ein zuverlässiges numerisches Modell
für die Fließsimulation mit Computational Fluid Dynamics (CFD) mit der Volume-of-Fluid
(VoF)-Methode ermittelt. Anschließend wurden die experimentell ermittelten rheologis-
chen Parameter in das CFD-Modell implementiert. Während der Setzfließmaß-Test selbst
bei hochviskosem Fließen mit einer viskoplastischen Modellierung mit einem geringem
Fehler dargestellt werden konnte, erforderte die Abbildung des L-Box-Tests ein rheologis-
ches Modell, das zeitabhängige Phänomene wie die Thixotropie einbezieht.

Die Ergebnisse finden Anwendung in der zeit- und scherratenabhängigen Analyse in der
Zement- und Betonrheologie. Experimentelle Ergebnisse, Modellvorschläge und numerische
Simulationen unterstützen die zukünftige gezielte Weiterentwicklung von innovativen, aber
komplexen Feinkornleimen und Betonen.
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1. Introduction

Each flow prediction is only as good as the model that is behind. But which model is the best
choice and when should I use which model?

1.1 Concrete and rheology

Concrete is a human-made composite material made of aggregates, cement, fines, and wa-
ter. Archaeologists have traced the origins of concrete-like materials back thousands of
years [Sparavigna (2014); Jahren and Sui (2018)]. Opus Caementitium is known as prede-
cessor of the contemporary concrete. It was invented by the Romans who burnt limestone
and mixed it with reactive ashes (subsequently known as pozzolanic ashes) to construct the
Roman Colosseum, the Pantheon (see Figure 1.1, left), and aqueducts [Artioli and Oberti
(2019)]. Their strength and durability properties let them endure until today [Lamprecht
(1985)].

After the Portland cement was produced as a hydraulic building material in the 19th cen-
tury, high-rise buildings with high load-bearing structures, such as the Ingalls building in
Cincinnati, Ohio (see Figure 1.1, middle), could be constructed. With the contemporary
use of further mineral additives and chemical admixtures, concrete has become a versatile
building material that determines, to the greatest extent, our built environment. [Elsen
et al. (2022)]

Figure 1.1: Concrete as high performance material: The Pantheon in Rome,125-128, the Ingalls
Building in Cincinnati, 1903 [Wikimedia Commons (2023)] and the Raftsund Bridge in Nordland,
Norway, 1998 [Dittmar (2023)]

While its targeted properties are the final strength and durability, concrete workability de-
termines the successful processing from manufacturing to its final placement. Depend-
ing on its mixture composition, concrete consistency can range from earth-moist to self-
consolidating concrete. The workability must be tailored to the formwork and reinforce-
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ment geometric boundary conditions, the processing, and the consolidation method. Con-
crete can be poured (e.g., from concrete trucks or buckets), pumped, sprayed, injected, or
printed. After placement, consolidation methods remove air voids and ensure a homoge-
neous distribution. Figure 1.2 exemplary illustrates different tailored concrete consistencies
and placement methods: In Figure 1.2 (a), printed concrete must be flowable during pump-
ing but dimensionally stable after spreading concrete. Figure 1.2 (b) shows the pouring of
concrete with a plastic consistency. On the contrary, Figure 1.2 (c) illustrates a pumpable
concrete with a lower consistency. In, Figure 1.2 (d) Self-Compacting Concrete (SCC),
which must flow and de-air under gravity without external consolidation, is tested for its
flowable, self-leveling consistency.

(a) Layers of printed concrete (b) Pouring of plastic concrete

(c) Pumping of concrete (d) Flow test of SCC

Figure 1.2: Tailored concrete consistencies for different processing methods

Consistency classes describe the workability properties of concrete for on-site construction
applications. They display subjective descriptions rather than scientifically proven laws.
The scientific discipline of concrete flow is the field of Rheology, a term derived from the
ancient Greek words rhei, meaning "flow," and logos, representing "doctrine." Rheology
describes material properties between viscous, elastic and plastic deformation and flow.
Rheological properties provide a scientific basis for evaluating concrete flowability. Well-
established properties are the yield stress, which is the stress that needs to be surpassed
for the start-up of flow, viscosity, which is the material resistance against shear, and thix-
otropy and structural buildup, respectively, which are the time-dependent reversible and
irreversible increase of structural strength. A systematic assessment of the relationship be-
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tween macroscopic flow characteristics and the chemical and physical composition of the
concrete mixture allows the scientific understanding of concrete rheology. It consequently
facilitates the precise targeting and optimization of concrete mixture designs based on the
intended processing requirements.

Numerous rheological models have been proposed to describe concrete flow. Often, how-
ever, the rheological modeling is simplified, and concrete is idealized as a homogeneous
fluid governed by a linear viscosity µ and a yield stress τ0, signifying its characterization as
a linear viscoplastic fluid or Bingham fluid. The flow behavior of many concrete mixtures
is sufficiently described by these two rheological parameters.

The discipline of Computational Fluid Dynamics (CFD) has enabled researchers to compute
concrete flow numerically and, thus, to calculate and visualize the concrete placement, see,
for example, Figure 1.3, [Vasilic et al. (2019)].

Figure 1.3: CFD modeling of concrete processing, reproduced from [Vasilic et al. (2019)]

CFD pledges a scientific approach to estimate large-scale processing properties, reduce ex-
perimental tests, and optimize concrete mixtures and their processing [Vasilic et al. (2019)].
Also in CFD frameworks, concrete is frequently modeled as a linear viscoplastic material
[Roussel et al. (2016); Vasilić (2016)]. However, with the constantly developing field of
concrete technology, various concrete types are being designed which incorporate mech-
anisms that lead to deviations from linear viscoplasticity. For instance, Ultra High Perfor-
mance Concrete (UHPC) or ecological concretes possess multi-blended mixture compositions
with an increased use of additives and chemical admixtures, which can lead to complex rhe-
ological behavior. In Additive Manufacturing (AM) processing, the concrete mixture requires
a process-related, time dependent rheology. The different concretes and their rheological
characteristics are shortly introduced:

UHPC, introduced in 1994, was designed to exceed concrete compressive strength values
of more than 150 MPa. The compressive strength significantly depends on a dense cementi-
tious paste matrix. Water-to-binder (w/b) ratios of around 0.3 or less, and a high amount of
fine particles, such as silica fume, are required, leading to high shear rate dependent viscosi-
ties and strong thixotropic structural buildup properties. Research findings have enhanced
the material properties over the past three decades [Azmee and Shafiq (2018)]. Compre-
hensive studies are published in [Fehling and Schmidt (2005); Schmidt et al. (2014); Shi
et al. (2015)] and [Wang et al. (2015)]. Despite extensive UHPC research, a standardized
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procedure for the rheological assessment of UHPC and its optimization is yet to be estab-
lished. Future perspectives emphasize two potential approaches. Firstly, particle packing
optimization shall reduce viscosities while maintaining the desired strength and durability
properties. Additionally, Computational Fluid Dynamics (CFD) is proposed to enhance the
understanding of the rheological flow of UHPC [Khayat et al. (2019)].

Ecological concretes utilize significantly reduced amounts of clinker. Cement clinker,
formed through the decarbonization of calcium carbonate (CaCO3) to calcium oxide (CaO),
involves the chemical sequestration of carbon dioxide (CO2) and occurs at high tempera-
tures (approximately 1450 ◦C). This process contributes to 8-10 % of global greenhouse gas
emissions [Andrew (2019)]. Clinker-efficient binders partially supplement cement clinker
with alternative binders [Scrivener et al. (2018)]. However, clinker content reductions
may compromise the concrete performance [Ram et al. (2023)]. Increased particle pack-
ing, reduced water-to-binder ratios and the use of chemical admixtures shall counteract
decreased concrete performance while ensuring good workability. The overall rheology of
these multi-blended mixtures, however, can diverge from linear viscoplasticity.

Concrete for Additive Manufacturing: AM, also referred to as 3D printing, has been con-
ceptualized in the 1990s, with first printed walls in 2004 through the approach of Contour
Crafting [Hwang and Khoshnevis (2004)]. For concrete extrusion, rheological properties
need to change rapidly between pumping and extruding. Low viscosities are required for
the pumping process. After extruding, fast structural buildup for high elasticity and plastic-
ity properties are required to be able to cast the concrete in layers. The precise calculation
of rheological properties determines the targeted processing to prevent the failure of the
construction [Rehman and Kim (2021)]. The rheological analysis of concretes for 3D print-
ing is a field of ongoing research. However, contemporary AM research considers, most
often, concrete as Bingham fluid that has a linear viscosity during pumping and builds up
its structure fast and at rest after extruding [Roussel (2018); Jeong et al. (2019); Matthäus
(2022); Arunothayan et al. (2023); Ivanova et al. (2022); Ivanova (2023); Pott and Stephan
(2021)].

Although the complex rheology of these and similar concretes is known, most research com-
putes and models the concrete flow as linear viscoplastic material, investigates solely the
steady-state flow or the structural buildup at rest. This approach neglects shear rate and
time-dependent flow phenomena resulting in over- or underestimated processing proper-
ties. Consequently, the correct flow computation not only of well-established, but also of
more complex mixtures requires an enhanced transient flow description.

Starting from the straightforward linear viscoplastic, time-independent flow description,
the rheological classification must extend to a shear rate and time-dependent rheology map,
considering viscous, plastic and elastic contributions and structural buildup.

The aim of this thesis, therefore, is to investigate, analyze and classify the transient flow
properties of cementitious building materials with increasingly non-Newtonian flow prop-
erties. The findings shall provide an applicable methodology to classify transient cementi-
tious paste flow in the interplay of rheological phenomenological modeling, experimental
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assessment and numerical CFD modeling:

Rheological
modeling Implementation

Real 
flow

Numerical
simulation

Figure 1.4: Rheology as interplay between real flow, mathematical description and numerical sim-
ulation

Various existing rheological models provide a stable basis for the investigation of transient
cementitious paste flow features. This includes theories for viscous, plastic, and elastic
material characterization as well structural parameter theories. In the field of phenomeno-
logical rheological flow description, the main challenge is to find the most appropriate
rheological model depending on the mixture composition, the research task or the targeted
processing.

Challenges arise when combining theoretical modeling with both experimental measure-
ments and numerical flow modeling. Although numerous experimental procedures have
been effectively tested and applied to linear viscous or viscoplastic materials, see e.g.,
[Chhabra and Richardson (2008)], the parameter assessment for more complex paste flow
becomes challenging. The research task is to test the applicability of well-established rheo-
metric frameworks for a broad experimental program, and identify the mixture protocols,
experimental boundary conditions and flow test methods to examine reliable, repeatable
and comparable rheological investigations.

The most descriptive phenomenological models must be implemented into CFD modeling.
However, while the depiction of transient flow properties is a huge benefit of computational
models, they are prone to error [Moukalled et al. (2016)]. The applicability of the chosen
rheological models and the effect of numerical and physical boundary conditions on the
numerical result must be carefully assessed.

1.2 Structure of this thesis

This thesis, cumulative in its nature, compiles summaries of published or submitted re-
search. Investigations were conducted in the field of experimental rheology, phenomenolog-
ical rheological modeling and numerical simulations using Computational Fluid Dynamics.
While various researchers are advanced in at least one of these disciplines, the understand-
ing of all rheological disciplines becomes crucial to further develop the field of transient ce-
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mentitious paste rheology. Therefore, fundamentals and a comprehensive literature review
for each rheological discipline precede the summaries of the publications. The structure of
this thesis is illustrated in Figure 1.5.

Materials and
methods

Transient flow classification

Time-dependent CFD 
simulation

Viscoplastic 
CFD simulation

Viscoelastoplastic
modeling Thixotropy modeling

Features affecting rheological
performance and results

Chapter 4

Chapter 5

Part III 
Summary of publications related to transient flow modeling and simulation

Chapter 1

Chapter 2 Chapter 3

Introduction: 
Concrete and rheology

Rheological and numerical
fundamentals

State of the art: 
Cementitious paste rheology

Part II
Summary of publications related to preliminary investigations

Part I 
Synopsis: Aim of this thesis, state of the art reviews and methodology

Chapter 6 Chapter 7

Chapter 8 Chapter 9

Chapter 10

Figure 1.5: Structure of this thesis

Part I is the synopsis of this thesis, providing required fundamental knowledge and state of
the art reports.

• Chapter 1 outlines the research significance and structure of this thesis.

• Chapter 2 provides fundamentals in the field of rheology and Computational Fluid
Dynamics. A state of the art review about rheology summarizes rheological model-
ing between viscosity, elasticity and plasticity. Phenomenological and microstructural
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modeling methods are presented, followed by an introduction into the field of ex-
perimental rheology using rheometry. Finally, fundamentals of Computational Fluid
Dynamics are introduced.

• Chapter 3 provides a state of the art and literature review for cementitious paste rhe-
ology. Well-established phenomenological and microstructural rheological models,
flow tests for the estimation of workability, and numerical methods that can be used
to compute cementitious paste or concrete flow are summarized.

• Chapter 4 describes all materials and methods applied in this thesis.

Part II summarizes published research related to preliminary investigations. Bibliographic
information and doi numbers are provided. All publications have been published open
source.

• Chapter 5 incorporates findings from comparative small and large gap rheometric
investigations, the effect of pre-shear on rheological properties, thixotropy measure-
ment at low shear rates and the effect of thixotropy on flow tests. Finally, initial CFD
modeling of the flow tests with increasingly viscous pastes is presented. Findings
were crucial to be able to conduct further robust and error-conscious investigations.

Part III is the core of this thesis, comprising Chapter 6 to Chapter 9. Following the prelim-
inary findings, experimental investigations were conducted to analyze the transient prop-
erties of cementitious pastes. Again, summaries of open source publications are provided,
with the bibliographic information attached.

• Chapter 6 deals with the characterization of complex cement paste rheology that
deviates from common viscoplastic flow. Experimental and mathematical methods
were applied to investigate increasingly non-Newtonian cementitious pastes as vis-
coelastoplastic material. Finally, a rheology map incorporating the most significant
rheological parameters for the elasto-visco-plastic classification is proposed.

• Chapter 7 summarizes findings of steady and transient phenomenological thixotropy
modeling. Moreover, different rheometric techniques to analyze thixotropy and struc-
tural buildup are compared regarding their ability to grasp rheological properties that
fit a time- and shear rate dependent mathematical model.

• Chapter 8 provides a robust slump flow test setup in CFD, comprising a numerical
convergence study, the analysis of the regularization method and regularization pa-
rameters, and computation of transient properties

• Chapter 9 presents the transient thixotropy modeling in CFD to compare the time-
dependent and time-independent flow progress of increasingly non-Newtonian ce-
mentitious pastes.
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Chapter 10 concludes the findings, critically analyzes possibilities and limitations of the
provided rheological classification, and provides ideas for prospective research. Prospec-
tively, research findings shall be adoptable for a wide range of increasingly non-Newtonian
concrete mixtures, and provide a guideline on how to classify the rheological behavior
mathematically, experimentally and numerically.

1.3 Limitations

The focus of this thesis is to establish an adoptable guideline. The experimental framework
comprises of cementitious pastes with different binders and mixture compositions, but not
of various, multi-blended systems, mortars or concrete.

Fundamentals of microstructural modeling are introduced in the literature review, and
several correlations between the conducted experimental investigations and the paste mi-
crostructure are discussed. However, no scientific correlation between chemical composi-
tions, microstructural analysis and phenomenological modeling is applied.

Finally, the field of cement paste and concrete rheology is broad. All experimental frame-
works, modeling approaches and numerical computations display the justified choices of
the author of this thesis.



2. Rheological and numerical basics

2.1 From continuum mechanics to fluid flow

The flow of matter has been investigated since ancient times. The first scientific research
findings were published by Sir Isaac Newton in the 17th century [Newton (1687)]. The
basis of rheology is the field of continuum mechanics, which describes the deformation of
solids and fluids in an idealized continuum. Rheology was invented as a separate discipline
for flow analysis by Eugene Bingham, who published his first article "An investigation of the
laws of plastic flow" in 1916 [Bingham (1916)]. He defined the term Rheology in 1920 and
was the co-founder of The Society of Rheology in 1929. Nowadays, the discipline combines
the theories of elasticity, plasticity, and viscosity with the laws of fluid dynamics and thus
is a fundamental part of understanding physical, chemical, and biological flow processes.
[Giesekus (1994)] distinguishes the fields of rheology into the disciplines structural and
phenomenological rheology, rheometry, and applied rheology. Structural rheology combines
microstructural properties of matter with the deformation and flow behavior. Phenomeno-
logical rheology describes the visible flow behavior of a continuum through mathematical
formulations without regard to inner structural characteristics. Applied rheology, including
rheometry and flow tests, investigates material flow experimentally. The combination with
the fundamental laws of fluid dynamics allows the material-dependent calculation of the
flow of matter, see illustration in Figure 2.1 Altenbach (2018)].

(Computational) 
Fluid dynamics

Phenomenological
rheology

Structural rheology

Microscopic analysis

Macroscopic analysis

Balance equations
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Figure 2.1: From continuum mechanics to the material-dependent calculation of flow
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2.2 Fundamentals of suspension rheology

Suspension rheology is the scientific discipline to describe the deformation and flow of col-
loidal suspensions. A colloid (greek from κoλλα, which is the word for "paste") comprises
of a two-phase system with a cluster- or network-forming phase in a suspending medium.
Both phases can be either solid, fluid, or gas. [Everett (1992)]

The definition of colloidal particles varies across scientific disciplines, often characterized by
particle diameters below 1 µm. Depending on the phase properties, emulsions, dispersions,
and suspensions are distinguished. Two-phase media with high particle packing densities
are categorized as suspensions or pastes. [Lauth and Kowalczyk (2016)]

The macroscopic rheological properties of suspensions are governed by particle packing.
The solid volume fraction φs is the most critical parameter to classify the suspension rheol-
ogy:

φs =
VS

Vt
[−] (2.1)

where VS is the volume of the solid fraction, which is calculated by the mass divided by
its density ms

ρs
, and Vt is the total volume (which is the sum of solid and liquid, ms

ρs
+ mw
ρw

).
In dilute systems, the liquid content significantly surpasses the solid content, leading to
minimal or no interactions between particles. Beyond a percolation threshold, particle dis-
tances decrease, and interparticle interactions become significant, schematically illustrated
in Figure 2.2. [Liu (2000); Firth and Hunter (1976)].

Figure 2.2: Schematic particle interaction in a dilute and a densely packed system

The sum of attractive and repulsive surface forces and particle interactions determines the
network strength, which forms the colloidal particle network. The magnitude of inter-
particle forces depends on the particle surface area, particle distances and the chemical
composition of the carrier liquid and particle surfaces. [Genovese (2012)]

The particle network finally determines the resistence of the material against deformation
and flow. Rheological properties can be investigated through phenomenological flow for-
mulations or with particle-related models. Both approaches are presented in the following.
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2.2.1 Phenomenological modeling

"The stress at the location of a material particle is determined exclusively by the history of
motion in an infinitesimal environment of this particle". [Giesekus (1994), p.114].

Depending on the field of rheology and the matter to be investigated, common phenomeno-
logical models vary. Comprehensive work beyond this literature review is found, e.g., in
Oldroyd (1950); Barnes et al. (1993); Giesekus (1994); Mezger (2016).

Fundamental models

In the simplest description of continuum mechanics, stress and deformation are exemplified
on a geometrically defined continuum. By combining infinitesimal small continua, one
can describe mechanical quantities of a volume [Rütten (2019)]. Augustin-Louis Cauchy
introduced the stress tensor σ for an infinitesimal continuum, which is now the Cauchy
stress tensor:

σ =





σx x τx y τxz

τy x σy y τyz

τzx τz y σzz



 (2.2)

with the normal stress components σx x , σy y and σzz and all shear stress components τi j,
subsequently illustrated in Figure 2.3 (a) with corresponding deformations ε and γ in Figure
2.3 (b) when the continuum is distorted.

Figure 2.3: Left: continuum with stress declarations σ and τ, right: deformation ε and γ

The simple shear flow analogy reduces the three-dimensional stress calculation within a
continuum. The idealized shear deformation and flow of a material between two parallel
plates are illustrated in Figure 2.4.

If the upper plate with an area A is sheared with a force F , see Figure 2.4(a), a shear stress
τ in [N/mm2] or [Pa] occurs on infinitesimal layers moving towards the upper plate. The
shear stress τx y is calculated as
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(a) τ (b) γ (c) γ̇

Figure 2.4: Simple shear analogy of the parallel plates

τx y =
F
A

�

N/mm2
�

(2.3)

The corresponding deformation γ is calculated as

γ= tanhϕ =
s
h

[−] (2.4)

with s as displacement of the element over the height h, see Figure 2.4(b). The shear rate
γ̇ is the derivation of the shear velocity v in [m/s] over the height h, also known as the
temporal derivative of the shear deformation, see Figure 2.4(c):

γ̇=
dv
dh
=

dγ
d t

�

s−1
�

(2.5)

Basic rheological models to describe the relation between stress and deformation or flow are
the ideal elements of the elastic Hookean spring, viscous Newtonian dashpot, and plastic
St. Venant block. Figure 2.5 depicts the idealized mechanical models.

Elasticity Viscosity Plasticity

Hooke element: spring Newton element: dashpot St. Venant element: block

Figure 2.5: Idealized elements of rheological behavior

Hooke’s elasticity law describes ideal elastic behavior of a body with its fully reversible,
time-dependent deformation. For normal forces, the deformation ε is proportional to the
normal stress σ with the elasticity modulus E as proportionality constant in [Pa]. The
constitutive equation is given in Eq. 2.6
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σ = Eε [Pa] (2.6)

In case of shear forces, the proportionality factor between the shear deformation γ and the
shear stress τ is the shear modulus G in [Pa]:

τ= Gγ [Pa] (2.7)

Newton’s viscosity law describes the resistance against shear forces when the material
flows. According to DIN 1342-1:2003-11, viscosity is defined as "the property of a flowable
substance to flow and be irreversibly deformed under the action of a stress" [DIN1324].
Irreversible deformation of the material occurs due to viscous dissipation. The deformation
occurs retarded. [Freundlich (1939)]

The dashpot depicted in Figure 2.6 describes Newton’s law. The proportionality constant
between the deformation velocity or shear rate γ̇ in [s−1] and the shear stress τ in [Pa] is
the material viscosity η in [Pas]:

τ= ηγ̇ [Pa] (2.8)

Newtonian fluids are ideal viscous fluids that possess a linear velocity gradient. The kine-
matic viscosity ν displays a density independent material constant, Eq. 2.9:

ν=
η

ρ

�

m2/s
�

(2.9)

Plasticity describes the material’s ability to resist applied stress without deformation, de-
scribed by the St. Venant block in Figure 2.5. Once surpassing a critical stress, it undergoes
irreversible deformation, referred to as "yielding". The stress at the plasticity limit is termed
the yield stress. Various stress theories exist to explain the plasticity criterion and charac-
terize the failure of a material. [Freundlich (1939); Feda (1992)]

Combined rheological models and non-Newtonian flow

Deformation and flow of matter is generally a combination of elastic, viscous and plastic
contributions. Three simple linear model combinations for viscoelasticity and viscoplasticity
are illustrated in Figure 2.6.
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Viscoelastic flowViscoelastic deformation Viscoplastic flow

Maxwell elementKelvin-Voigt element Bingham model

Figure 2.6: Kelvin-Voigt element, Maxwell element, and Bingham element

Viscoelastic deformation and flow are described by combining the elastic spring and
viscous damper element. The Kelvin-Voigt model connects the Hooke spring and Newto-
nian damper in parallel. Once stress is applied, the spring and damper deform simulta-
neously, with the damper slowing down the spring to the deformation speed and delaying
the deformation. After removing the stress, the material completely deforms reversely but
time-delayed. The model is mainly used for the description of elastic deformation. Eq. 2.10
displays the governing equation:

σ = Eε+ηε̇ [Pa] (2.10)

The Maxwell model describes viscoelastic flow and is used for materials like polymers or
gels. The elastic spring deforms immediately, while the damper experiences no initial
change. Once the system is unloaded, the spring returns to its initial state and the damper
stops at the last deformation reached, which results in a partially irreversibly deformed
state, which can yield fluidity of the viscoelastic material even after removing the load
[Khokhlov (2023)]. Eq. 2.11 displays the governing equation for a Maxwell element:

1
E
σ̇+

σ

η
= ε̇ [−] (2.11)

A further insight into viscoelastic material models can be found, e.g., in [John et al. (1986);
Phan-Thien and Mai-Duy (2017)].

Viscoplastic materials only deform once a particular shear stress, commonly referred
to as the yield stress τ0, is surpassed. If the applied stress is smaller than the internal
structural strength, the material behaves solid-like, purely plastic (without deformation),
or elastic (with deformation). The Bingham model displays the simplified linear viscoplastic
flow. After surpassing the plasticity limit τ0,B, the material flows with a linear viscosity. The
constitutive equation is presented in Eq. 2.12:

τ= τ0,B +µγ̇ [Pa] (2.12)
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However, many fluids undergo microstructural changes during shear, also referred to as
structural viscosity. They possess a shear rate dependent, nonlinear viscosity, which can
be either decreasing (shear-thinning material behavior) or increasing (shear-thickening be-
havior). Figure 2.7 displays non-Newtonian flow of a Bingham material, shear-thinning
and shear-thickening flow. Figure 2.7 shows the τ− γ̇ - diagram, with the corresponding
viscosity in Figure 2.7(b).

Figure 2.7: Bingham flow, shear-thinning and shear-thickening flow

Thixotropy

Contrary to structural viscosity, which is the instantaneous shear rate dependent viscosity
change, thixotropy describes the time-dependent, fully reversible viscosity change. The
word thixotropy originates from the Greek word "thixis" ("act of touching, shaking, stirring),
and "trepo" ("turning, changing")and was first used by the Hungarian biologist Tibor Péterfi
in 1927 [Peterfi (1928)].

[Freundlich (1935)] defined thixotropy as "isothermal reversible sol-gel transformation".
[Cheng (1987)] associated thixotropy with the microstructural flocculation and agglomer-
ation potential resulting from interparticle forces, which could be attractive (e.g. Van-der-
Waals forces) or repulsive (e.g. electrical or steric repulsion). At a constant shear rate γ̇,
shear stress τ decreases over time. At γ̇rest , the material restructures time-dependently. On
the contrary, if the shear stress increases with time and recovers after shear stoppage, the
phenomenon is called rheopexy. Figure 2.8 illustrates both thixotropy and rheopexy.

The simplified constitutive equation for thixotropy-dependent shear stress is provided in
Eq. 2.13 and Eq. 2.14, proposed by [Cheng and Evans (1965)]:

τ= τ(γ̇;λ) (2.13)
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Figure 2.8: Illustration of thixotropy and rheopexy

In Eq. 2.13, λ is the time- and shear rate dependent structural build-up and breakdown
rate:

dλ
d t
= g(γ̇;λ) (2.14)

Various models have been proposed for the function g to model thixotropy, which is part of
Chapter 3 and Chapter 7.

2.2.2 Structural rheology

Structural rheology combines constitutive rheological models with chemical and physical
properties of the investigated material. On the nano-scale, random particle motion, col-
loidal surface forces and interparticle forces define interactions between molecules, col-
loids and particles. In combination with granulometric properties on the micro-scale (par-
ticle packing, particle size distribution and particle shapes), structural interactions define a
system’s ability to flow, schematically illustrated in Figure 2.9.

Rest Deformation Flow

�𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

Figure 2.9: Schematic illustration of structural rheology
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Particle interactions on nano-scale

Attractive particle surface forces, such as electrostatic attraction or Van-der-Waals forces,
result in particle agglomeration. Colloidal dispersion forces are physically and thermally
driven by Brownian motion, hydrodynamic interactions, and contact collision interactions,
as well as chemically driven by electrostatic repulsion or steric hindrances. The particle
distance determines the particle interaction forces [Lauth and Kowalczyk (2016)]).

Brownian motion is the thermally initiated random particle motion of molecules within
a viscous fluid occurs in each system, observed by [Brown (1828)]. The fluid viscosity,
the particles entropy and the particles hydrodynamic radius affect the the intensity of the
motion [Philipse (2018)]:

x2 =
kB T

3R0πη
t

�

m2
�

(2.15)

with x2 characterizing the mean square displacement of particles due to Brownian motion,
kB as Boltzmann constant1, T as absolute temperature in [K], R0 as hydrodynamic radius
in[m], and η as fluid viscosity in [Pas]. A simplified energy calculation E in [J] is Eq. 2.16

E =kB T [J] (2.16)

Brownian motion drives fluid rheology primarily in dilute systems at very low shear rates
[Coussot and Ancey (1999)].

Electrostatic interactions are the sum of attractive or repulsive forces between molecules
or particles due to their charge density q, which is calculated with Eq. 2.17

q =
N1ve

1+ NA
M∗n exp

� veψδ+φads
kT

	 −
∫ ∞

0

φel dz [mV] (2.17)

where N1 is the number of molar adsorption places, NA is the Avogadro constant2, M the
molar mass of the solvent in [g/mol], φads the molar adsorption potential in [J/mol], n the
number of particles and z the particle distance in [m]. According to Stern, for diluted sus-
pensions, particles do not directly interact with each other, but form an electrostatic double
layer that determines the interaction forces [Helmholtz (1879)]. The electrostatic double

1The Boltzmann constant is a conversion factor to change absolute temperature into energy. It is 1.38·10−23

J/K
2The Avogadro constant is 6.022·1023 particles / mol
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layer has a clear ionic charge density and, thus, electric potential (called the Stern potential
ψ0 in [V]) and a diffusive double layer dψ

dz , which decreases with increasing distance from
the particle surface. The thickness of the Stern layer depends on the ion size and charge
density and is called Debye-length. A direct surface charge measurement of ψ0 is not pos-
sible. An experimental approach to measure the initial surface charge at the Stern layerψ0

is the Zeta-Potential ζ. [Daimon and Roy (1979); Hunter (2013)]

Attractive London-Van-der-Waals forces The London Van-der-Waals forces are attractive
dipole-dipole interactions that apply to non-charged particles due to short-term asymmetric
charge distribution [Hamaker (1937)]. A simple formulation of the energy ψ0 caused by
London Van-der-Waals forces is

ψ0 =
A0a∗

12H
[J] (2.18)

with A0 as Hamaker constant in [J], a∗ as particle curvature radius in [m], and H as a
geometric factor, i.e., the particle distance in [m]. A0 depends on the number density of
molecules, the polarizability, the Boltzmann constant, and the absolute temperature. The
formulation is only valid for spherical particles [Hamaker (1937); Flatt (2004b)]. The force
FV dW between two spherical particles is calculated by derivation of Eq. 2.18 by the particles
distance:

FV dW =
A0a∗

12H2
[N] (2.19)

London-Van-der-Waals forces are weaker than dipole-dipole attraction or ionic attraction.
Thus, they only become relevant if no ionic attraction or constant dipoles exist. Van-der-
Waals forces decrease significantly with increasing particle distance. [Hamaker (1937)]

Particle interactions on micro-scale

Particle models correlate granulometric properties, such as the particle shape and the solid
volume fraction Φs, to rheological properties. In most cases, empirical formulations cor-
relate granulometry to the suspension viscosity. Einstein formulated Eq. 2.20 for dilute
systems:

µe f f = µ0(1+
5
2
φs) [Pas] (2.20)

with µe f f as dynamic viscosity of the suspension in [Pas] and µ0 as dynamic viscosity of
the fluid phase in [Pas].

Once Φs increases and particles interact, Einstein’s law is not valid anymore. The viscos-
ity then depends on the amount of particles, the particle size distribution (PSD), particle
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sizes and shapes. Once Φs approaches the maximum possible solid volume fraction Φm,
the viscosity increases to infinity. Several models describe the viscosity of densely packed
suspensions. [Krieger and Dougherty (1959)] formulated Eq. 2.21:

η

η0
=

�

1−
φs

φm

−[η]φm
�

[Pas] (2.21)

with η as dynamic viscosity of the suspension in [Pas], η0 as dynamic viscosity of the fluid
phase in [Pas], Φs as current solid volume fraction [-], Φm as maximum solid volume fraction
[−] and [η] as the intrinsic viscosity, which is a dimensionless quantity. Φm can be calcu-
lated due to particle size distribution and particles shapes, or experimentally investigated
[Santhanam and Kumar (2003)].

Eq. 2.21 has proven valid for dilute and densely packed suspensions without the considera-
tion of colloidal interparticle forces [Coussot and Ancey (1999)]. Figure 2.10 (a) illustrates
the effect of different intrinsic viscosity values, i.e. [η] = 2.5 , 4.0 and 6.0, while Figure
2.10 (b) maps Eq. 2.21 for different Φm. Further effects on viscosity, e.g. the effect of
particle shapes, were analyzed by [Genovese (2012)].

Figure 2.10: η according to Eq. 2.21
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2.3 Rheometry

Measurements with rheometers or viscosimeters facilitate the experimental investigation
of rheological properties by measuring a sample’s resistance against an applied shear load.
Figure 2.11 illustrates a simplified overview of rheometric procedures with regard to this
thesis:

Constant load:
Static material analysis

Changing load:
Dynamic material analyis

Rotational rheometryOscillatory rheometry

Dynamic flow behavior

Linear viscoelasticity

Non-linear viscoelasticity

Time-dependent material properties

Rheometric method

Load profile

Figure 2.11: Rotational and oscillatory material analysis with static or dynamic measurement tech-
niques

Rheometers apply a stress τ or strain γ to a sample and measure the material response.
Consequently, rheological properties can be calculated from γ̇− τ - flow curves or γ− τ -
deformation curves. The load can be applied by rotational or oscillatory deflection. Static
analysis methods investigate material changes over time.

The calculation of τ, γ and γ̇ outgoing from the device raw data, which are the torque T
and the angular velocityω, depends on the measurement geometry and can affect the final
rheological result. Absolute measuring systems, according to DIN 53019-1 standards, offer
precise solutions for the velocity field and, consequently, the shear rate γ̇, see [DIN53019].
They include measuring systems with concentric cylinders, cone and plate and parallel
plates. [Mezger (2016)]

In relative measuring systems, the velocity field is unknown, which is the case e.g., in large
gap geometries. Large gap devices are used when samples contain large particles or ex-
hibit low viscosities with a tendency for strong wall slip. An extensive overview of differ-
ent geometries is provided in [Mezger (2016); Macosko (1994); Chhabra and Richardson
(2008)]. This thesis utilizes the parallel-plate geometry (subsequently PP) as an absolute
measurement device and a Vane-in-Cup geometry (subsequently ViC) as a relative measure-
ment device.
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2.3.1 Rotational rheometry

Rotational rheometry facilitates the analysis of viscous and viscoplastic (Newtonian and
non-Newtonian) fluids. γ̇ − τ - flow curves are obtained and rheological parameters like
the yield stress τ0 and plastic or apparent viscosity µ and η can be calculated.

Absolute measurements with parallel plates (PP) are illustrated in Figure 2.12. The
geometry resembles the simple shear flow analogy: PP systems possess a lower and an
upper plate with the radius r. The plates are arranged at a distance h with h<< r.

Figure 2.12: PP rheometry with radial and tangential illustration of the shear rate distribution

The shear rate γ̇(r) in [1/s] is calculated from the angular velocity ω in [rad/s] depending
on the gap height h in [mm] and the radius r in [mm]:

γ̇(r) =
ωr
h

[1/s] (2.22)

The shear stress τ(r) is calculated from torque data T :

τ(r) =
2T
πr3

[Pa] (2.23)

Figure 2.12 in section B-B highlights that the shear rate distribution is heterogeneous. The
shear rate γ̇ achieves its maximum at the upper plate, and, in radial direction, at the outer
radius r = R. Various methods are available for determining radius-independent rheological
parameters γ̇ and τ. In cone-plate systems, a defined angular of the cone (instead of an
upper plate) adjusts the radius-dependent gap height, resulting in a similar shear rate γ̇
over the gap height. PP geometries with a small gap minimize deviations and assume a
nearly constant shear rate γ̇ over the gap height. In radial direction, one approach is the
specification of γ̇ at the outer radius (r = R). The Weissenberg-Rabinowitch approach uses
correction factors, see e.g. [Hornig and Kielmann (2014); Haist et al. (2020)]. [Mezger
(2016)] proposes volume-weighted averaged τ and γ̇ at r = 2

3R. Ovarlez proposed the
calculation of τ and γ̇ at r = 3

4R for non-Newtonian materials, see [Roussel et al. (2012),
pp. 23-62].
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Relative measurements with the Vane-in-cup geometry (ViC) are illustrated in Fig-
ure2.13.

Figure 2.13: ViC rheometry with the illustration of the shear rate distribution γ̇(r)

The shear stress τ is calculated from the torque T . Thus, the inner shear stress τi at r = Ri

and the outer shear stress τo at r = Ro possess different values, calculated according Eq.
2.24 and Eq. 2.25:

τi =
T

2πhR2
i

[Pa] (2.24)

τo =
T

2πhR2
o

[Pa] (2.25)

For Newtonian fluids with τ = µγ̇, a correlation equation between the rotational velocity
ω and the material viscosity µ was proposed by [Nguyen and Boger (1985)]:

ω=
T

4πhµ

� 1
R2

i

−
1
R2

o

�

[rad/s] (2.26)

From Eq. 2.26, γ̇ can be calculated according Eq. 2.27:

γ̇=
T

2πhµR2
[1/s] (2.27)

For Bingham fluids, the shear rate distribution depends on the yield stress τ0. The Reiner-
Riwlin equation, published by [Reiner and Eyring (1950)], correlates the rotational velocity
ω with the parameters τ0 and µ. If the large gap is not fully sheared, plug flow occurs, and
the outer radius Ro = Rplug [Estelle et al. (2008)]:
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ω=
T

3πhµ

� 1
R2

i

−
1
R2

o

�

−
τ0

µ
ln

Ro

Ri
[rad/s] (2.28)

A solution for the conversion from ω to γ̇ was proposed by [Krieger (1968)]:

γ̇=
(2ω

n )

1− Ro
Ri

−2
n

[1/s] (2.29)

n=
d lnτi

d lnω
[−] (2.30)

Further correlation formulations exist. The affine-translation approach uses conversion fac-
tors to scale T and ω to the rheological data τ0 and γ̇, see e.g.,[Haist (2009)]. Numerical
methods approximate the velocity field in large-gap rheometry through numerical simula-
tion and, thus, estimate the shear rate distribution numerically (see [Hamedi et al. (2014);
Pirharati et al. (2019)]). For materials with or close to Bingham-like rheological behav-
ior, the different approaches provide similar results compared to absolute measurement
methods [Haist et al. (2020); Estelle et al. (2008)].

2.3.2 Oscillatory rheometry

Oscillatory rheometry facilitates the determination of viscoelastic material behavior. It
is frequently used for the characterization of molecules and complex polymers [Ewoldt
(2009)], in the field of food processing rheology [Norton et al. (2011); Joyner (2019)], or
medical rheology [Stoltz et al. (1980); Nader et al. (2019)].

In a strain-controlled oscillatory measurement, a sinusoidal strain γ(t) with the amplitude
γ0 is applied:

γ(t) = γ0 sinωt [−] (2.31)

The stress response as a function of time τ(t) is measured, which can be time-delayed with
a phase shift of δ:

τ(t) = τ0 sinωt +δ [−] (2.32)

The phase shift angle δ[◦; rad] describes the time-delayed phase shift of the system answer
after an applied sinusoidal stress or strain, and, thus, depicts a measure for the viscous,
elastic or viscoelastic material state:
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• δ = 0◦: Ideal-elastic material behavior, no time delay

• δ = 90◦: Ideal-viscous material behavior, complete phase shift

• 0◦ ≤ δ ≤ 90◦: visco-elastic material behavior

In purely elastic materials, the system response occurs instantaneously and Hooke’s law can
be applied:

τ= G∗γ [Pa] (2.33)

With G∗ as complex shear modulus in [Pa]. In purely viscous materials, the system response
is shifted by 90◦. The Newtonian law can be applied:

τ= η∗γ [Pas] (2.34)

With η∗ as complex viscosity in [Pas]. The system response is harmonic as long as no mate-
rial changes occur during one oscillatory cycle. If the applied strain γ changes the material
structure, the stress response shifts from a harmonic sinusoidal signal to an increasingly
non-harmonic stress response, illustrated in Figure 2.14 (a). While the first stress response
τ is harmonic, two increasingly nonlinear τ curves are illustrated. The γ− τ - relation is
often illustrated in time-resolved graphs. Figure 2.14 (b) displays the normalized relation
between stress and strain, which is the so-called Lissajous-Bowditch curve (LB curve).

Figure 2.14: (a) Increasingly nonlinear material response (b) with corresponding Lissajous-
Bowditch curves

The enclosed area of an LB curve represents the dissipated energy within the material
[Ewoldt (2009)]. In the ideal-elastic case, the ellipse reduces to a line, while in the ideal
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viscous case, it forms a circle. For viscoelastic material, the phase shift angle δ is the tilt
angle of the ideal circle to an ellipse.

Inter- and intra-cyclic oscillatory analysis

The output of an oscillatory test can be analyzed using two approaches: inter-cyclic or intra-
cyclic. Inter-cyclic calculation methods focus solely on the maximum value τA of an applied
strain amplitude γ0. Intra-cyclic material analysis uses the entire sinusoidal deflection γ(t);
τ(t) of one oscillatory cycle.

Inter-cyclic material analysis facilitates the viscoelastic analysis of a γ − τ curve with
data points of each strain amplitude γ0. Alternatively, the complex shear modulus G∗ is
analyzed. G∗ can be divided into two parts following Pythagoras rules with δ as a dividing
angle, see Figure 2.15.

G‘‘

G‘

G*
G′ =

τA
γA

∗ cos δ

𝐺𝐺∗ = 𝐺𝐺′ 2 + 𝐺𝐺′′ 2

𝐺𝐺′′ =
𝜏𝜏𝐴𝐴
𝛾𝛾𝐴𝐴

∗ si n( 𝛿𝛿)

tan δ =
G′′
G′

δ 𝜏𝜏 (t) = 𝛾𝛾0 ∙ (𝐺𝐺′ ⋅ sin (𝜔𝜔𝑡𝑡) + 𝐺𝐺′′ ⋅ cos(𝜔𝜔𝑡𝑡))

tan δ =
G′′
G′

Figure 2.15: Combination of G′ as (real) elastic part and G′′ as viscous part of G∗

For the rheological characterization, G′ is defined as storage modulus that is in phase with
the deflection, and, thus, corresponds to the elastic material part. G′′ corresponds to the
modulus out of phase, is notated loss modulus, and deflects the viscous material response.
G′ and G′′, together with the phase shift angle δ, can be illustrated in a γ − G′/G′′ flow
curve, illustrated in Figure 2.16. The Linear-Viscoelastic regime (LVE) is the zone where G′

and G′′ possess almost constant values. If G′ > G′′ , the elastic component predominates
and the material is solid or gel-like. Conversely, if G′′ > G′ , the material is liquid. Once the
material starts to change, it reaches its yielding limit τy at a yield strain γl . The yield stress
τF at the flow deformation γF is the shear stress at the intersection of G′′ and G′. A direct
calculation of τF , corresponding to the yield stress τ0 is not possible in a strain-controlled
oscillatory amplitude test because the output signal τ(t) contains a non-harmonic, non-
sinusoidal system response, and Hooke’s law is not applicable. The region between τγ and
τF is the yielding zone. The ratio of τF and τγ is the yield index. The closer the ratio is to
1, the more brittle material fails. Surpassing the yielding limit implies increasing material
destruction and, thus, a progressively nonlinear viscoelastic material response.
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LVE Yielding zone Flow

Crossover:
𝐺𝐺′ < 𝐺𝐺′'

Deviation limit
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Figure 2.16: γ - G′/G′′ - curve from an oscillatory experiment with increasing γ0

Intra-cyclic characterization analyzes the sinusoidal and non-sinusoidal system response.
Mathematical techniques such as Fourier-Transform analysis or stress decomposition with
Chebyshev polynomials3 facilitate the mathematical description of each stress-strain cycle at
a given strain amplitude γ0, resulting in mathematical parameters that describe viscoelas-
ticity. Fourier-Transformation (FT-rheology) decomposes the non-sinusoidal periodic signal
τ(t) into a row of harmonic, sinusoidal oscillations containing viscous and elastic parts:

τ(t) = γ0

∑

n,odd

G′′n cos nωt + G′n sin nωt (2.35)

The intensity of G′ and G′′, depending on the order of n, provides information on the viscous
and elastic material properties [Wilhelm et al. (1998); Hyun and Wilhelm (2009)]. Eq. 2.35
is widely applied in the field of polymer rheology.

The Chebyshev polynomials Tn(x) and Tn(y) are orthogonal polynomials, which are defined
in an interval [−1, 1]. While, generally, Chebyshev polynomials are used to decompose
spectral data, they were employed, e.g. by [Ewoldt (2009)], to decompose τ(t) from an
oscillatory rheological measurement of biological soft matter into an elastic and a viscous
stress contribution:

τ(t) = τelast ic(γ(t)) +τviscous(γ̇)t

= γ0

N
∑

n=1

enTn(x) + γ0ω

N
∑

n=1

vnTn(y)
(2.36)

3Chebyshev polynomials are orthogonal polynomials with respect to a weighting function. They are named
after the Russian mathematician Pafnuty Chebyshev. Further mathematical introduction is beyond the scope
of this thesis, fundamentals can be found, e.g., in [Morel et al. (2006)]
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Similarly to FT-rheology, the coefficients en and vn characterize the elastic and viscous be-
havior of the nth harmonic order [Ewoldt et al. (2008); Ewoldt (2009)]. Tn(x) and Tn(y)
display the Chebyshev polynomials in x- and y-direction. By extracting the third harmonic
n= 3, the third-order coefficients e3 and v3 classify viscoelasticity:

e3

�

≤ 0 , intra-cycle elastic strain-softening
≥ 0 , intra-cycle elastic strain-stiffening

v3

�

≤ 0 , intra-cycle viscous shear-thinning
≥ 0 , intra-cycle viscous shear-thickening

Alternatively, [Ewoldt et al. (2008)]mathematically described LB curves by a tangent mod-
ule G′M (with M as minimum strain) at γ = 0 and a secant module G′L (with L as large
strain) at γ= γ0, see Figure 2.17 (b).

(a) nonlinear time-resolved LB curves (b) Visualization of G′L and G′M in an LB curve

Figure 2.17: nonlinear material material characterization in an oscillatory sweep test

By relating G′L and G′M , [Ewoldt et al. (2008)] introduced the dimensionless elastic strain
stiffening index S and, accordingly, the viscous shear thickening index T :

S =
G′L − G′M

G′L
(2.37)

T =
η′L −η

′
M

η′L
(2.38)

With:

S

�

≤ 0 , intra-cycle strain-softening
≥ 0 , intra-cycle strain-stiffening

T

�

≤ 0 , intra-cycle shear-thinning
≥ 0 , intra-cycle shear-thickening
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2.3.3 Rheometric uncertainties

Rheological analysis using rheometry depends on various factors that can yield variations
in calculating rheological parameters. Material preparations, the rheometric procedure
and the final data handling affect the rheological result. The choice of rheometric device
and software affects experimental results, as analyzed in [Chhabra and Richardson (2008);
Dinkgreve et al. (2016); Feys et al. (2017)]. The material treatment (shear and rest history,
shear intensity) and the material handling during measurement affect the rheological pa-
rameters [Ewoldt et al. (2015); Kim and Mason (2017)]. Also the analysis of experimental
raw data affects the calculation result of rheological parameters [Wallevik et al. (2015)].

In summary, Figure 2.18 illustrates various factors that likely introduce parameter variabil-
ity."

Material history

Laboratory 
conditions

Rheometric device

Pre-processing

Parameter variability

Rheometry

Material handling

Personal mistakes

Device set-up

Processing

Analysis method

Parameter 
interpretation

Raw data treatment

Post-processing

Figure 2.18: Simplified overview of rheometric challenges before, during and after a rheometric
measurement
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2.4 (Computational) fluid dynamics

2.4.1 The transport equations of flow

Fluid dynamics considers a fluid a continuous medium governed by the universal conserva-
tion laws of mass, momentum, angular momentum, energy, and entropy. Various models
calculate material flow by connecting stress, body force, velocity, and density to these laws.
The Navier-Stokes equations, named after Claude-Louis Navier and George Gabriel Stokes,
describe viscous fluid flow. Based on the laws for the conservation of mass and momentum,
they determine the velocity of each continuum element over time based on external forces,
pressure, and internal viscosity, yielding a system of partial differential equations (PDEs).

Mass conservation assumes that the time derivative ∂ t of a mass m is zero. The mass
density stays constant over its time derivative Dρ

Dt during flow. The mass of a fluid that
enters a defined volume, mathematically described as

∫

V
ρdV , equals the flux through a

defined closed surface dS, see Eq. 2.39:

D
Dt

∫

V

ρdV = −
∫

S

(n ∗ρu)dS →
D
Dt

∫

V

ρ(x, t)dV = 0 →
Dm
Dt
= 0 (2.39)

with m in [kg] and ρ in [kg/m3]. Satisfying the Reynolds transport theorem, which relates
the rate of change of a property with its variation in position and time, and the Gauss
divergence theorem, which relates the divergence of a vector field to the flux of a closed
surface, Eq. 2.39 yields:

∂ ρ

∂ t
+Ï · (ρu) = 0 (2.40)

Eq.2.40 is also known as continuity equation. For constant density, Eq.2.40, simplifies to

Ï · u= 0 (2.41)

In the presence of external forces f, the momentum of a fluid element changes. However,
Newton’s second law expresses Momentum conservation: The alteration in the impulse or
momentum, which is the product of mass m and velocity u) of a fluid element, is equivalent
to the sum of forces Σf, see. Eq. 2.42; or Eq. 2.43 according to the Reynolds transport
theorem:

D(mu)
Dt

= Σf (2.42)

∂ ρu
∂ t
+Ï · (ρuu) = Σf (2.43)
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In Eq. 2.43, Σf is the sum of point or surface forces. The latter is the surface integral of the
traction T, also written as Eq. 2.44:

Fs =

∫

S

T · n ds (2.44)

The traction vector T is related to the Cauchy stress tensor σ by

T= σ · n (2.45)

where n is the outward unity normal vector. If a material-dependent law is connected to T
and inserted into Eq. 2.43, material-dependent flow is calculated. The tensorial notation
of the law for a Newtonian fluid is depicted in Eq. 2.46:

T= 2µD (2.46)

µ represents a constant scalar viscosity value. The strain rate tensor D is calculated from
the velocity vector as

D=
1
2
(Ïu+ (Ïu)T ) (2.47)

To calculate the shear stress dependent flow, only the deviatoric part of T is calculated,
denoted by the deviatoric stress tensor τ. Several rheological models can be implemented
for τ for the calculation of the viscosity-dependent flow, as previously introduced in Section
2.2.1. By assuming the incompressibility of the fluid, the momentum equation in Eq. 2.43
yields:

∂ ρu
∂ t
+Ï · (ρuu) = −Ïp+Ï ·τ+ρg (2.48)

In Eq. 2.48, Ïp is the pressure gradient, τ is the deviatoric stress tensor and g is the
gravitational acceleration (9.81 m/s2). Together with the conservation of mass in 2.41, Eq.
2.48 forms the Navier-Stokes equations for incompressible fluid flow. Further derivations,
including compressible flow, can be found, e.g., in [Hieber et al. (2020)]. Owing to the
convective term Ï · (ρuu), the Navier-Stokes equations are highly nonlinear.

The solution of Eq. 2.41 and Eq. 2.48 involves spatial discretization of ∆x , ∆y and ∆z,
and temporal discretization ∆t, and leads to a set of Partial Differential Equations (PDEs).
Numerical integration schemes are used to solve the discretized PDEs, which requires a high
computational effort. Obtaining an exact analytical solution for the Navier-Stokes equations
is generally impractical for most real-life geometries and unsteady, time-dependent flow.
Numerical analysis methods facilitate the solution of the discretized transport equations by
the application of approximation schemes. With high computational power, solutions for
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the time-dependent flow can be examined. The numerical solution using computers is the
field of Computational Fluid Dynamics.

2.4.2 Computational fluid dynamics (CFD)

Numerical computations have facilitated various scientific branches to solve complex fluid
flow phenomena, such as aerospace, meteorology, biomedical engineering, and building
physics. Numerical methods can be divided into mesh-free or mesh-based approaches.
Mesh-free methods calculate quantities depending on geometrical definitions, e.g., for par-
ticles, without the definition of a mesh with fixed coordinates. The quantities p and u are
tracked directly, following the Lagrangian formulation. Common mesh-free methods are
the Discrete Element Method (DEM), the Dissipative Particle Dynamics Method (DPDM),
Smoothed Particle Hydrodynamics (SPH) and the Lattice Boltzmann Method (LBM).

Mesh-based simulations define a numerical mesh with spatial discretizations ∆x , ∆y and
∆z. The progress of the quantities p and u is tracked over cells with fixed Cartesian coordi-
nates at defined time steps, following the Eulerian formulation. CFD is generally categorized
as mesh-based method (as critically discussed in [de Schryver, Robin (2022)], p.180, the
term CFD is more ambiguous). The most common mesh-based numerical methods are the
Finite Differences Method (FDM), Finite Element Method (FEM), or Finite Volume Method
(FVM). FDM is the oldest discretization method, probably invented by Euler in the 18th cen-
tury [Ferziger et al. (2020)]. In FDM, the geometry is divided into a structured grid. For
each node, an algebraic equation is formulated, and the set of equations is solved through
the application of Taylor polynomials. In FEM, a two-dimensional structured or unstruc-
tured mesh with the quantity at the vertices is defined. The solution requires interpolation
schemes. FVM uses control volumes that specify surfaces, edges, nodes, boundaries and
the cell centroids. Numerical integration schemes are required to calculate a quantity from
a cell centroid to its nodes or edges. With regard to the scope of this thesis, solely the FVM
method is explained more detailed.

2.4.3 The FVM method for numerical discretization

Spatial discretization and integration

The volume shapes in FVM can be triangular or hexahedral cells, pyramids, triangular
prisms and sometimes polyhedral cells, illustrated in Figure 2.19:

Figure 2.19 (a) shows the definition of different cell shapes. In (b), a three-dimensional
mesh is discretized with cube-shaped cells. For one cube cell (c), surface notations are
defined as illustrated in (d). At each cell centroid P, a scalar conservation quantityφ (which
is, in terms of the Navier-Stokes equations, the pressure p and the velocity ux , uv, uw) needs
to be calculated through solution of the PDEs. The Gaussian divergence theorem is applied,
which transforms the divergence of a volume integral into surface integrals:



32 Rheological and numerical basics

Figure 2.19: Schematic illustration of FVM cells

∫

V

(Ïφ)dV =

∫

S

(nφ)dS (2.49)

Eq. 2.49 states that the surface integral is a sum of all integral calculations on all faces of
a cell:

∫

S

f dS =
∑

k

∫

Sk

f dS (2.50)

with f being the part of the quantity φ normal to the cell surface. Approximation methods
solve the surface integral from the centroid at P to its surface. Straightforward methods
are quadrature rules, e.g,. the midpoint rule, the trapezoidal rule, or the Simpson rule,
summarized in table 2.1:

Table 2.1: Surface integration [Ferziger et al. (2020)]

Integration rule Equation Order

Midpoint rule
∫

S f dS ≈ f̄ S 2
Trapezoidal rule

∫

S f dS ≈ fne+ fse
2 S 2

Simpson rule
∫

S f dS ≈ fne+4 fe+ fse
6 S 4

Quadrature rules can be applied for the solution of steady-state phenomena and uniform
grids. The solution is unstable for time-dependent flow phenomena. For transient flow
phenomena and convection-dominated processes, the quantity φ at the cell centroid P is
calculated considering the values φ of the neighboring cells Pw and Pe, illustrated in Figure
2.20.

The PDEs are converted to algebraic equations through Taylor expansion. This numerical
approximation is depicted for ∂

∂ x in Eq. 2.51:
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Figure 2.20: Neighboring cells in FVM

f (x0 −∆x) = f (x0)− f ′(x0)(x −∆x) +
f ′′(x0)

2!
(x −∆x)2

+
f ′′′(x0)

3!
(x −∆x)3 + · · ·+ Rn(x0 −∆x) (2.51)

where f ′(x0), f ′′(x0), and f ′′′(x0) represent the first, second, and third derivatives of the
function, and Rn is the rest, also defined as error or truncation error of the chosen approx-
imation. The discretization step ∆x is specified by the defined mesh and, thus, cell size.
To solve the derivatives f ′(x0), f ′′(x0), and f ′′′(x0), different interpolation methods can be
applied, see Tab. 2.2:

Table 2.2: Spatial integration schemes [Ferziger et al. (2020)]

Integration scheme Equation Order

Upwind scheme ∂ φi, j

∂ x i, j
=
φi, j−φi−1, j
∆x O(∆x)

Downwind scheme ∂ φi, j

∂ x i, j
=
φi+1, j−φi, j
∆x O(∆x)

Central differences scheme ∂ φi, j

∂ x i, j
=
φi+1, j−φi−1, j

2∆x O(∆x2)

The upwind scheme and downwind scheme calculate the quantity Φ one-directional, whereas
the central difference method considers both neighboring cells. The central difference
method exhibits second-order accuracy, leading to a quadratic reduction in error with mesh
refinement. However, while it provides higher numerical accuracy, one-directional numer-
ical schemes can be more stable. Therefore, the decision regarding which spatial integra-
tion scheme to employ involves a trade-off between accuracy and stability. [Ferziger et al.
(2020)]

Temporal integration

Temporal integration schemes specify how the quantity φ is temporally integrated by D
Dt :

∫ tn+1

tn

∂ φ

∂ t
= φn+1 −φn =

∫ tn+1

tn

f (t,φ(t)) (2.52)

A selection of integration rules for the temporal derivatives is presented in Tab. 2.3.
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Table 2.3: Time integration schemes [Ferziger et al. (2020)]

Integration scheme Equation Order

Explicit Euler φn+1 = φn +∆t f n O(∆t)
Implicit Euler ∂ φ

∂ t =
φn+1−φn

∆t O(∆t)

Crank Nicholson ∂ φ
∂ t =

φn+1−φn

2∆t O(∆t2)

Initial and Boundary conditions

Every CFD simulation requires the definition of initial conditions for the transport quantities
φ (here, p and u), and boundary conditions at the walls or free surfaces. They are specified
in two classes, i.e. Dirichlet and Neumann condition:

• The Dirichlet condition specifies a value of φ. The condition can be set to no slip,
which means that the quantity φ, in this case the velocity u= 0

• The Neumann condition defines a gradient ∂ φ∂ t . A special Neumann condition is the
zero gradient boundary condition, where ∂ φ∂ t = 0. This condition is especially imple-
mented as wall boundary or at outlets.

Numerical solution algorithm: Coupling of pressure and velocity

The discretized transport equations provide solutions for p and u. However, while a solution
is found for the momentum equation, the continuity equation also needs to be satisfied. A
coupled solution for p and u to satisfy both Eq. 2.41 and Eq. 2.48 needs to be found
iteratively. [Wendt (1992)]

Several algorithms were designed to solve the pressure-velocity coupling with different it-
eration rules. In general, the momentum equations are solved with a guessed pressure field
called the momentum predictor stage. The solution, however, needs to satisfy the continuity
equation. Thus, the velocity field is substituted in the continuity equation. Once this pres-
sure field is solved, the velocity field satisfies the continuity equation called the correction
stage. However, the corrected velocity field does not satisfy the initial velocity field. The
process is then iteratively repeated until the solution converges. Different computational
algorithms have been implemented in computer programs. Commonly used algorithms are
the SIMPLE algorithm (Semi-Implicit Method for Pressure-Linked Equations), which solves
steady-state flow problems, and the PISO algorithm ( Pressure-Implicit Split-Operator),
which solves transient flow procedures. For more information, technical literature is avail-
able, e.g., [Wendt (1992); Ferziger et al. (2020)].
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2.4.4 Assessment of the discretized numerical solution

Numerical computation approximates the exact solution of the transport equations. The
accuracy of the solution depends on the applied mathematical methods, discretization
schemes and numerical rules, and the chosen boundary conditions. While all mathematical
solution schemes must be converged, consistent and stable, a compromise must be defined
between the final accuracy and the computation time, also referred to as computational
cost. [Moukalled et al. (2016)]

Convergence of the numerical setup means that within the iterative solution algorithm,
the error reduces and the numerical solution converges towards one value. The perfectly
converged numerical solution would not reduce its error with increasing iterative steps.
However, as each iterative step requires computational costs, a convergence criterion defines
the allowed error or numerical residual.

Consistency means that a numerical solution is consistent if it approaches the algebraic
solution of the transport equations when the discretization steps ∆t, ∆x , ∆y , and ∆ ap-
proach zero.

Stability of the numerical solution algorithm means that it can be solved dependent on
initial and boundary conditions and the numerical schemes. Especially for transient test
cases, stability must be ensured by the choice of explicit or implicit solution algorithms.
While explicit solution algorithms are generally stable (but have less accuracy, as the error of
the numerical approximation is higher), implicit solution algorithms can become unstable,
which means that a set of discretized equations yields a non-physical result. In most cases,
a stable simulation requires the quantity u not to pass a single cell within one time step.

The Courant number (Co, [−], or Courant-Friedrichs-Lewy number, CFL condition) is a
dimensionless number that relates the distance that a fluid passes during one time step to
the cell size, and, thus, helps to estimate the stability of a numerical solution. It is defined
as:

Co =
u∆t
∆x

(2.53)

A Courant number Co < 1 means that u does not pass the cell ∆x within ∆t. For transient
test cases and turbulent flow, Co might be even reduced. [Jiri Blazek (2015)]

Accuracy is defined, e.g., as “A computational model relates well to the theory if the
computational model describes the mathematical model well and the mathematical model
relates to the theory well” [Babuska and Oden (2004)]. The accuracy analysis, including
verification and validation procedures for the numerical solution compared to the real-life
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case, can be conducted in different ways, and various theories and procedures have been
published, e.g. [Oberkampf and Trucano (2002); Thacker et al. (2004); Babuska and Oden
(2004); Liu et al. (2016); John W. Slater (Wednesday, 10-Feb-2021 09:38:59 EST)].

Summarized, CFD requires a reliable numerical framework, which is illustrated in Figure
2.21. Pre-processing involves all steps for the specification of the geometrical domain,
the discretization method, the definition of initial and boundary conditions, numerical dif-
ferentiation, and solution schemes. Further, pre-processing requires the specification of
all physical parameters, such as the rheological properties of the fluid. The processing
step is the solution of the PDEs with the chosen algorithm solver with defined iteration
steps and approximation rules, such as the limitation of the permitted residuals. Finally,
post-processing involves the flow visualization and the calculation of further relevant pa-
rameters.

Post-processing

Time- and space
resolved flow

Visualization

Characteristic flow
numbers

Processing

Solver algorithm
for 𝒖𝒖, 𝑝𝑝

Approximation 
rules

Iteration 
rules

Spatial integration
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Discretization scheme

Initial conditions

Temporal integration
schemes

Δ𝑥𝑥𝑖𝑖 Δt

Boundary conditions

Geometric domain Differentiation and
integration rules

Numerical solution
schemes

Pre-processing

Figure 2.21: Steps in CFD



3. Cementitious paste rheology

3.1 Cement composition

Opus caementitium was the first hydraulic hardening building material invented by the an-
cient Romans in the 3rd century BC. They mixed burnt lime as a binder with natural and
artificial pozzolans like pumice, tuff, ashes, and brick dust to produce hydraulic harden-
ing material. Contemporary cement (still derived from the word caementium = building
stone) was invented in 1824 by Joseph Aspdin, who used lime from the Portland region
and burnt and ground it to gain hydraulic properties. Today, cement is a mixture of cal-
cium oxide (CaO), silicon dioxide (SiO2), aluminum oxide (Al2O3), and iron oxide (Fe2O3).
After burning and grinding, Ordinary Portland Cement clinker (OPC) consists of four main
clinker phases: Tricalcium Silicate, also Alite (C3S), Dicalcium Silicate, also Belite (C2S),
Tricalcium Aluminate (C3A) and Calcium Aluminate Ferrite (C4AF). [Scholz et al. (2011)]

Cement owes its essential properties to alite, which, as the CaO-richest phase, hardens
rapidly with the addition of water (early strength) and achieves very high strengths (late
strength). Belite reacts slower than alite and promotes late strength. Tricalcium aluminate
shows the fastest initial reaction with water. Depending on its content, adding a sulfate
carrier as a solidification regulator is necessary to prevent instant stiffening. Standardized
Ordinary Portland Cement is produced solely from these clinker phases, which hydrate
under the addition of water. Mono- and Trisulfate (ettringite) and Calcium-Silicate-Hydrate
(C-S-H) are the main hydration products. Further cement types contain different natural or
artificial additives as constituents, e.g., granulated blast furnace slag, natural and artificial
pozzolans, fly ash, burnt shale, limestone, and silica fume. Silica-rich constituents support a
secondary pozzolanic reaction to C-S-H phases. Once clinker phases are dissolved in water,
ettringite and further hydration products start forming, the pH value increases and ions
are continuously solved, which affects interparticle forces and thus the rheology. [Taylor
(1997)]

3.2 Cementitious pastes

3.2.1 Water demand

Cementitious pastes are concentrated, heterogeneous suspensions. The granulometric prop-
erties of the raw binder (particle size distribution, shape of the particles) determine the
water demand, composed of the water needed for pore space filling and the water for wet-
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ting the specific particle surface. Different experimental methods analyze a bulk’s water
demand, e.g., the Puntke test [Puntke (2002)], or the Marquardt test [Marquardt (2001)].
Both test methods determine the required water amount to wet all particle surfaces within a
bulk. On the contrary, the Okamura test defines the required water amount to let a particle
network flow. The value is used for the mix design of Self-Compacting Concretes (SCCs)
[DIN12350-9]. For cementitious pastes, the water demand varies from 0.25 to 0.35, de-
pending on fineness, specific surface area, particle size distribution, and shape [Hunger
(2010); Huß (2012)]. The water-to-cement ratio (w/c ratio) or, in the case of secondary
binders, the water-to-binder ratio (w/b ratio) determines the workability and the final con-
crete strength. With decreasing w/c, the final concrete strength increases - however, the
workability decreases. Standard concretes are designed with w/c ratios of 0.4-0.6 (where,
of course, aggregates’ water demand must also be taken into account). In order to increase
the final concrete strength, it is technically possible to mix and process high-strength con-
cretes with w/c-values of 0.2 - 0.3 by using additional superplasticizing agents. Common
superplasticizing agents are Melamine sulphonates, Naphthalene sulphonates or Polycar-
boxylatethers (PCEs). Surface-active or interactive dispersing effects yield fluidization of
the paste. Chemicals with surface-active effects reduce the surface tension of the water to
be added and increase the efficiency of the fluidization through the water. Dispersants sep-
arate the cement particles, prevent them from agglomerating, and release water trapped
between agglomerated cement particles. Steric repulsion causes a hindrance of molecular
spatial approximation, e.g., cement particles, see [Yoshioka et al. (1997)]. PCEs possess
the spatial structure to cause both dispersing effects and steric hindrance and, thus, are the
most effective superplasticizers.

3.2.2 PCEs as superplasticizing agents

In 1986, the first polycarboxylate ethers (PCE) were developed in Japan, where they en-
abled the production of high-strength concretes. Due to their structure, PCEs are also called
comb polymers: Uncharged side chains that cause steric hindrance are connected with an
anionic backbone, consisting of carboxylic acids, see Figure 3.1. Carboxylic acids have
functional COOH groups, which are called carboxy groups. The carboxy groups of PCEs are
deprotonated in the alkaline cement solution (a proton is released so that the carboxylic
acid has an anionic COO- group, Figure 3.1, part (a)), wherefore the backbone becomes
negatively charged and adsorbs onto the positively charged cement particles, which causes
electrostatic repulsion. The backbone length is variable (part a) [Ng (2013)]. The un-
charged side chains of the polymers consist of organic compounds (alcohols, diols, or hy-
droxycarboxylic acids). The most common PCEs contain polyethylene glycol (PEG) units
as diols, which create the steric efficiency of the superplasticizer 3.1, part b). The number
of PEG units can vary between 5 to 100 units, 3.1, part n [Ng (2013)]. Thus, PCEs can be
polymerized differently according to the a:b:n ratios and tailored to the intended applica-
tion: If the side chain length increases, a strong steric effect is generated and the flow agent
has a retarding effect. If the anionic charge density increases, the superplasticizer adsorbs
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quickly, liquefying fast, and strongly. Also, these two effects can be combined.
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Figure 3.1: Structure of PCE moelcules and the schematic liquefying effect

3.2.3 Interparticle forces in cementitious pastes

Interparticle forces in a cementitious paste determine the particle network strength and,
thus, rheological properties. For cementitious particles of sizes below a few µm, Brownian
motion can induce diffuse particle movements within the carrier liquid, potentially causing
shear-thinning effects, as discussed by [Roussel et al. (2010)]. However, at high particle
concentrations, interparticle forces are governed by electrostatic interactions, dispersion
forces ( attractive London Van-der-Waals forces), and potentially steric hindrances. Upon
dissolution of cement in water, constant ion dissolution and transport lead to the formation
of an electrochemical double layer between the cement surface and the carrier liquid [van
Cappellen et al. (1993)], schematically illustrated in Figure 3.2. The electrokinetic surface
charge of a cement grain in water depends on the pH and ionic strength of the surrounding
liquid. The determining ions influencing the surface charge in Portland cement are Ca2+,
Ba2+, SO2−

4 , CO2−
3 , F−, Ag+, and I− [Nägele (1985)]. [Liberto et al. (2019)] established a

strong correlation, particularly between calcium content and elastic rheological properties,
based on interparticle force calculations.

[Lowke and Gehlen (2015)] demonstrated the significant effect of the Ca/SO4 ratio of the
cementitious paste on rheological properties and the zeta potential, which becomes even
more important at high solid volume fractions, see [Lowke and Gehlen (2017)]. Moreover,
the zeta potential was found to impact the adsorption potential of PCEs on cement particle
surfaces, with negative zeta potential values leading to decreased PCE adsorption. The
effect of the mineralogical composition on PCE adsorption (and different PCE designs) is
beyond the scope of this thesis. Comprehensive research can be found in [Yamada et al.
(2001); Plank and Hirsch (2007); Ferrari et al. (2010); Lowke (2013); Mantellato (2017)].

[Flatt and Bowen (2003)] formulated a total force calculation of interparticle forces:
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Figure 3.2: Schematic electrostatic double layer concept of a cement grain
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In Eq.3.1, FV dW are the London van-der-Waals forces, FES are electrostatic forces and FSte is
the steric hindrance. a displays the interaction radius of two particles. The calculation of
dispersion and electrostatic forces follows the fundamentals introduced in Chapter 2. Addi-
tionally, an equation for steric forces in the presence of superplasticizers has been included,
where s represents the distance between two particles, and L is the steric length extend-
ing into the liquid after adsorption (according to various geometric theories, see [Flatt and
Bowen (2003)], Eq. (8)).

In densely packed suspensions, the London van-der-Waals forces are the most relevant in-
terparticle forces. However, in presence of PCEs, electrostatic forces change and steric hin-
drances become important. Comprehensive analyses of their effects on interparticle forces
are detailed in works such as in [Yoshioka et al. (1997); Flatt (1999); Lowke (2013)].
Recently, [Nicia et al. (2023)] analyzed the effect of different PCE structures not only on
rheological properties, but also the formation of different hydration products.

3.2.4 Particle packing and rheology

Cementitious pastes follow the principles of suspension rheology outlined in Chapter 2.
Their rheological properties are determined by the percolation threshold φperc, solid vol-
ume fraction φs and maximum solid volume fraction Φm. φperc, which marks the onset of
particle interactions, was determined as φperc = 0.26 by [Bonneau et al. (2000)]. [Flatt
(2004a)] provided a broader range of φperc between 0.17 and 0.32, accommodating w/c
ratios ranging from 1.5 to 0.5. In practical applications, w/c ratios can be significantly
lower. A critical solid volume fraction φcri t is reached once frictional contact forces dom-
inate interparticle forces [Mehdipour and Khayat (2018)]. φcri t corresponds to the water
demand identified through tests such as the Puntke or Marquardt test.
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Semi-empirical correlations between particle packing and cement paste rheology were in-
vestigated by various researchers. The Krieger-Dougherty model introduced in Chapter 2
applies, in general, for cementitious paste compositions, but also other models have been
tested, reviewed by [Santhanam and Kumar (2003)].

[Ferraris and de Larrard (1998)] correlated viscosities of various concretes with a Krieger-
Dougherty-adapted formula by [Chang and Powell (1994)]. [Bentz et al. (2012)] reported a
weak correlation of particle packing and the Krieger-Dougherty formulation, but correlated
different binder compositions and φs of the paste with the effective viscosity.

[Xu et al. (2020)] fitted temperature-related viscosity curves to the packing-density-based
Liu-model [Liu (2000)]. [Zhang (2017)] extended the Krieger-Dougherty equation, see Eq.
2.21 for the implementation of hydration effects. While the Krieger-Dougherty model and
similar particle packing models offer a simplified approach to relate rheological properties
to particle packing, several effects must be considered for the rheological properties of
cementitious pastes:

• With increasing specific surface area, stronger interparticle forces occur, which affects
η. [Barnes (1997); Yu et al. (2003); Geisenhanslüke (2009)]

• As particles flocculate due to interparticle forces, rheological properties can change
without a change of the macroscopic Φs. [Mehdipour and Khayat (2018)]

• With increasing amounts of chemical additives, common structural equations need
to be re-defined as they do not include polymer interactions and further chemical
manipulations at particle surfaces. [Hot et al. (2014)]

• The hydration degree of cementitious pastes with and without superplasticizers af-
fects the actual Φs.

A comprehensive overview of the effect of granulometric properties on rheology is found in
[Geisenhanslüke (2009)]. Granulometric optimization can enhance rheological properties,
for example by increasing the maximum packing density φm. This optimization strategy
has been applied in the design of more eco-friendly concretes, see [Fennis-Huijben (2010);
Hunger (2010)].

3.3 Microstructural models

Microstructural theories for cementitious suspensions calculate rheological properties as
the sum of interparticle forces depending on the particle network. Direct particle models
and semi-empirical particle models can be distinguished.
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3.3.1 Direct particle models

The sum of contact points is either estimated from a number of bonds or junctions depend-
ing on the number of cement particles, which again are estimated from the particle size
distribution, or simulated through particle-based simulation approaches.

Several particle models exist, either as perikinetic (shear rate independent, γ̇ = 0) or or-
thokinetic (shear rate dependent, γ̇ > 0) models, while the perikinetic calculation can be
correlated to a yield stress at rest. The easiest orthokinetic formulation, that integrates the
number of bonds in dependence of shear rate, was proposed by [Goodeve (1939)]:

−
dJ
J
=

Cd γ̇

(γ̇+Θ)δ
[−] (3.2)

where J is the number of junction between particles and Cd ,Θ andδ are material-dependent
constants, where interparticle forces can be integrated. Based on Eq.3.2,
Hattori and Izumi (1982) formulated a perikinetic coagulation rate theory as:

η=B3J2/3
t [Pas] (3.3)

With a friction coefficient B3 in [Ns] and a coagulation rate Jt . [Wallevik (2003)] extended
Eq. 3.3 regarding the calculation of Jt . [Kapur et al. (1997)] defined a microstructural
model for flocculated suspensions that directly correlates the number of bonds and inter-
particle forces with the yield stress:

τy =
1
6

n
∑

k

n
∑

l=k

Nk,l Fk,l [Pa] (3.4)

In Eq. 3.4, τy is the microstructural yield stress in [Pa], Nk,l is the number of particle
contacts between two size classes of particles k, l and Fk,l the corresponding interparticle
forces. All chemical information are stored in the parameter Fk,l . Models that integrate
time-dependency into bond or junction modeling enable the thixotropy calculation. [Ruck-
enstein and Mewis (1973)] proposed Eq. 3.5:

dN j

d t
=k1(2

∞
∑

k=1

N j+k − jK j)

+ k2(1/2
j−1
∑

k=0

NkN j−k−1 − N j

∞
∑

k=0

Nk)

(3.5)

Eq. 3.5 describes the breakage and agglomeration of a certain number of bonds N as time
derivative and depending on its and breakage and recovery behavior, specified with the



Microstructural models 43

material-dependent parameters k1 and k2. Also [de Kee and Chan Man Fong (1994)] for-
mulated a simplified constitutive equation for the time-dependent bond evolution nc:

dnc

d t
=kc(n0 − n) + k1 f2(λγ̇)n (3.6)

In Eq.3.6, n is the number of structural bonds, kc is a creation rate, k1 is a shear-rate depen-
dent creation rate, and f2 is an arbitrary function, which can be correlated, e.g., to interpar-
ticle forces or experimentally investigated rheological properties. Further time-dependent
structural particle models are presented in the works of [Wallevik (2005)] or [Le-Cao et al.
(2020)].

3.3.2 Semi-empirical particle models

Semi-empirical microstructural yield stress models correlate the sum of interparticle forces
with packing density properties. [Flatt and Bowen (2006)] invented the Yield stress mODEL
(YODEL):

τ0 =m1

(φ −φperc)2

φm ∗ (φm −φ)
[Pa] (3.7)

Where φ, φperc and φm are the actual, percolation and maximum solid volume fraction and
m1 displays a parameter for the interactive particle forces:

m1 =
1, 8
π4

Gmax ∗ a∗ ∗ uk,k ∗
�

fσ,∆

R2
v,50

�

[Pa] (3.8)

Gmax is the sum of particle interactions, a∗ and uk,k are shape and curvature information.

Information about the particle size distribution (PSD) are stored in the related function
fσ,∆

R2
v,50

(more information on all parameters in [Flatt and Bowen (2006, 2007)]. [Mantellato and
Flatt (2020)] extended the YODEL model to flow loss analysis in presence of PCEs.

Similarly to Eq.3.7, [Ogawa et al. (1997)] calculated cement paste viscosity:

η= ηv(φ) + k2ηsφ exp

�

Uv(φ)
kB T

−
k1d3σp

φkB T

�

[Pas] (3.9)

In Eq.3.9, k1 and k2 are numerical constants, kB T are the Boltzmann constant and the
absolute temperature, Vv is the activation energy, Vr is the interparticle potential, r and d
particle geometric factors, ηs the solvent viscosity and σp is the particle stress with σp =
ηp(φ,σp)γ̇.
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3.4 Phenomenological models

Phenomenological flow models describe macroscopic flow and calculate characteristic rhe-
ological properties without the consideration of the suspension’s microstructure. Often, ex-
perimental flow curves are gained through rheometry, and the corresponding flow curves
are fitted to one phenomenological model. Comprehensible overviews for cement paste
models can be found in various literature reviews, see e.g., [Tattersall and Banfill (1983);
Papo (1988); Barnes (1999); Haist (2009); Roussel et al. (2012)]. Relevant models with
regard to this thesis are listed subsequently.

3.4.1 Viscoplastic flow models

Yield stress models

The Bingham model, Eq.3.10, is the most simple and frequently applied rheological model
for cement paste and concrete flow descriptions:

τ(γ̇) =τ0,B +µγ̇ [Pa] (3.10)

with the linear viscosity µ in [Pas] and the Bingham - yield stress τ0,B in [Pa].
[Coussot and Ancey (1999)] highlighted the limitation of Eq. 3.10, as it fails to accu-
rately represent material properties across a wide range of shear loads. This limitation is
addressed by introducing shear-rate-dependent viscosities, e.g. depicted by the Herschel-
Bulkley model:

τ(γ̇) =τ0,H−B + kγ̇n [Pa] (3.11)

with τ0,H−B as Herschel-Bulkley yield stress in [Pa], k as consistency index in [(Pas)n]and n
as dimensionless exponent for shear-thinning or shear-thickening behavior. The exponent n
depicts shear-thinning behavior if n < 1 and shear-thickening behavior if n > 1. While the
Herschel-Bulkley model offers an improved approximation of the flow curve compared to
the Bingham model, it may still exhibit significant deviations from the actual flow behavior,
particularly at low shear rates [Haist (2009)]. An extension to Eq.3.10 is the modified
Bingham model in Eq.3.12:

τ(γ̇) =τ0,Bmod +µ1γ̇+µ2γ̇
2 [Pa] (3.12)

Eq.3.12 is represented by a linear and one exponential part. However, [Haist (2009)]men-
tioned that Eq. 3.12 tends to underestimate the yield stress.

The Casson model introduces the infinity viscosity η∞:
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τ(γ̇) =τ0,Ca +η∞γ̇+ 2(τ0,Caη∞)
0.5γ̇0.5 [Pa] (3.13)

[Papo (1988)] mentioned that Eq.3.13 was less applicable for shear-thinning cementitious
pastes in comparison to other models, but showed increased applicability with decreasing
w/c ratios. [Toussaint et al. (2009)] combined the Herschel-Bulkley model and the Casson
model for the analysis of shear-thickening cement pastes:

τ(γ̇) =τ0,T + 2(τ0,Tβ)
0.5(γ̇)0.5 + βγ̇+ kγ̇n [Pa] (3.14)

Eq. 3.14 uses the yield stress τ0,T and the three adjustable parameters β , k and n, while k
and n appear similar in their rheological meaning as used in the Herschel-Bulkley model.

Phenomenological flow curves of Eq.3.10 to Eq.3.14, applied as fitting functions to experi-
mental data, are illustrated in Figure 3.3.

(a) Regressions for shear-thinning pastes (b) Regressions for shear-thickening pastes

Figure 3.3: Phenomenological regression functions applied to experimental flow curves

Figure 3.3 (a) shows the fitting of the introduced phenomenological models to experi-
mental flow curves of a shear-thinning cement paste. Figure 3.3 (b) displays the fit on
a shear-thickening paste. It is obvious that different rheological models approximate the
flow behavior better for shear-thinning and shear-thickening behavior.

Viscosity models

Viscosity models are less common in concrete technology, because the yield stress value is
an important measure e.g. for quality control. However, viscosity formulations introduce
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parameters for boundary viscosities, such as the material viscosity close to rest or at infinite
shear rate or time, which can be beneficial.

Two easy models are the Sisko model in Eq.3.15 and the Williamson model in Eq.3.16, that
are based on the Herschel-Bulkley model but implement either a zero viscosity η0, which
is the maximum viscosity at γ̇ ⇒ 0, or the infinity viscosity η∞, which is the minimum
structural viscosity that can be reached at γ̇⇒∞:

η(γ̇) =η∞ + kγ̇n−1 [Pas] (3.15)

η(γ̇) =
η0

1+ (kγ̇n)
[Ps] (3.16)

The Cross model, presented in Eq.3.17, describes η(γ̇) with both a zero viscosity plateau
η0 at γ̇⇒ 0, and an infinity viscosity plateau η∞ at γ̇⇒∞:

η(γ̇) =η∞ +
η0 −η∞
(1+ cγ̇)d

[Pas] (3.17)

with c and d as two material-dependent constants. [de Souza Mendes (2009)] presented
a calculation for η(γ̇):

η(γ̇) = (1− (e−(η0γ̇)/τ0,s)) ∗ ((τ0,s −τ0,d)/γ̇) ∗ e−γ̇/γ̇c +τ0,d/γ̇+ (kγ̇
n−1) +η∞[Pas] (3.18)

Eq.3.18 requires several parameters that need to be defined beforehand: η0 and η∞ are
the zero and infinity viscosity in [Pas], respectively. τ0,s and τ0,d display static and dy-
namic yield stress values in [Pa]. Further, the Herschel-Bulkley model is used. Figure 3.4
displays the viscosity models from Eq.3.11 to Eq.3.17 for (a) a shear-thinning and (b) shear-
thickening cement paste.
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(a) Regressions for shear-thinning pastes (b) Regressions for shear-thickening pastes

Figure 3.4: Phenomenological regression functions applied to experimental viscosity curves

Again, the applicability of different models varies. Most models depict shear-thinning vis-
cosities, as illustrated in Figure 3.4 (a). Shear-thickening behavior, on the contrary, is not
depicted by most of the models. While the Herschel-Bulkley model in Figure 3.4 (b) indi-
cates increasing viscosity η(γ̇), it does not calculate the increasing η towards zero. Models
that display zero viscosities η0, such as the Sisko model or the Cross model, deviate from
the experimental data towards higher shear rates.

3.5 Thixotropy in cementitious pastes

Thixotropy is the fully reversible time-dependent viscosity change [Goodeve (1939)]. In-
terparticle forces in the cementitious particle network determine thixotropy. Thus, increas-
ing cement fineness, increased specific surface area, and higher solid volume fractions φs

increase thixotropy [Jiao et al. (2021); Biricik and Mardani (2022); Han et al. (2022)].
However, if several parameters are changed simultaneously (e.g., by adding chemical ad-
mixtures or workability-enhancing additives such as limestone powder or fly ash), thixo-
tropic properties may vary irregularly due to various interactions. The prediction of the
thixotropy, therefore, becomes uncertain. [Ewoldt et al. (2008); Feys et al. (2017)]

Furthermore, cement hydration involves constant alterations in the microstructure and
chemical composition. Products form due to hydration reaction and contribute to the de-
velopment of a structure. On the other hand, once this structure is disrupted, it does not
reform. Thus, cementitious building materials exhibit both reversible thixotropy and irre-
versible structural buildup. A distinction between both effects is difficult. While the effects
of reversible thixotropy manifest within seconds, the structural buildup due to hydration
becomes significant over a more extended period. [Roussel et al. (2012); Reiter (2019)]
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The evaluation of thixotropy and structural buildup is essential for various concrete appli-
cations. Initially, thixotropy can support stable concrete mixtures and prevent segregation
and sedimentation effects [Lowke (2013)]. However, if not or wrongly considered, thix-
otropy can decrease concrete workability and its processing, for example the pumpability
[Feys et al. (2008); de Schryver and de Schutter (2020)].

In Self-Compacting Concrete (SCC), the concrete flow must be precisely targeted to enable
the free-surface, gravity-driven flow into the formwork. Initially, thixotropy supports the
viscosity decrease of stable concrete mixtures during pumping, which improves the worka-
bility [Assaad et al. (2003); Khayat and Feys (2010); Esmaeilkhanian et al. (2017)].
However, thixotropy can reduce the self-flowing properties of SCC if flow velocities are
not sufficient to prevent thixotropic viscosity increase during slow flow, see [Assaad et al.
(2003); Biricik and Mardani (2022)].

Thixotropy is beneficial for fabricating vertical constructions into formwork. Structural
buildup enables the load transfer within the concrete structure and, thus, can reduce the
formwork pressure, see [Billberg (2006); Omran et al. (2012)]

Thixotropy is also crucial in applications like shotcrete and additive manufacturing through
extrusion, where fast structural buildup is required after pumping, spreading, or extruding
the material at low viscosities. [Jiao et al. (2021); Biricik and Mardani (2022); Ivanova
(2023)]

3.5.1 Thixotropy analysis

Various methods are available for investigating the thixotropic properties of cementitious
pastes and concrete, ranging from experimental techniques to mathematical models. Mi-
crostructural and coagulation rate models, as introduced in Section 3.2, calculate inter-
particle forces and derive the time-dependent strength increase or decrease as thixotropy,
see for example [Hattori and Izumi (1982); Wallevik (2009)]. While these models offer
precise mathematical formulations, they necessitate many input parameters, and often a
distinc chemical and physical analysis. Simplified experimental procedures, along with
phenomenological models estimate the structural increase. A short overview is given in
the following, [Reiter (2019); Jiao et al. (2021)] provide comprehensive state-of-the-art
reports concerning thixotropy in applied cement and concrete research.

In experimental investigations of thixotropy and structural buildup in cementitious pastes
and concrete, one common approach is to measure the increase in structural strength over
time, often represented by the stress increase τ(t) [Barnes (1997)]. Rheometric thixo-
tropy tests comprise hysteresis loops, stress growth protocols, penetration tests, or creep
tests. Hysteresis loops involve measuring stress responses as shear rates are first applied
and then removed, with the enclosed area representing structural recovery. Stress growth
protocols, on the other hand, track stress increases at defined times after the material has
rested, quantifying thixotropy rates. In these tests, also known as static yield stress tests,
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the material is left at rest until the built structure is broken by an applied shear rate, and
the material’s resistnace is recorded. Oscillatory tests, conversely, examine stress responses
during non-destructive applied strains [Mostafa and Yahia (2016)]. Penetration tests in-
volve penetrating the paste with a probe at a constant load, with the penetration depth
over time serving as a measure of thixotropy. Creep tests analyze the decay in shear rate
necessary for the paste to develop enough structure to withstand a constant applied stress
[Kawashima et al. (2013); Qian and Kawashima (2018)].

Experimental measurements are then combined with constitutive thixotropy models, with
most studies focusing on linear structural increases. However, some thixotropy models
describe nonlinear structural buildup.

Based on constitutive thixotropy modeling as introduced in Chapter 2, [Coussot et al.
(2002)] formulated Eq. 3.19for the calculation of a time-dependent structural parameter
λ:

dλ
d t
=

1
Tλm

−αλγ̇ [−] (3.19)

with dλ
d t as time-dependent flocculation derivative and λ as unit-less structural parameter,

T as characteristic flocculation time in [s], α as structural breakdown parameter in [-] and
m as scaling factor in [-]. For a simplified engineering approach, [Roussel (2006)] defined
three boundary conditions:

• λ0 = 0, stating a total deflocculation at t = 0 (directly after mixing)

• m = 1 as linear static yield stress as a function of time

• 1
T → 0: The characteristic structural breakdown and structural buildup are in an
equilibrium condition

This simplifies Eq.3.19 to

dλ
d t
=−αλγ̇ [−] (3.20)

with an explicit solution of dλ
d t , the thixotropy-implemented Bingham model yields

τ(γ̇) =(1+λ0e−αγ̇t)τ0 +µγ̇ [Pa] (3.21)

At rest with γ̇= 0, the time dependent shear stress evolution τ0,s(t) is:
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τ0,s(t) =(1+λ)τ0,d = τ0,d + Athix t [Pa] (3.22)

With τ0,s(t) as static yield stress over time [Pa] and Athix as remaining parameter from dλ
d t =

1
T , which displays the linear structural increase in [Pa/s]. The experimental investigation of
the thixotropy parameter Athix displays a simple approach to measure thixotropy. Generally,
a rheometric rotational static yield stress test is applied, displaying the stress growth test
at rest, to measure Athix , see for example [Lowke (2013); Tan et al. (2015); El Bitouri
and Azéma (2022); Ivanova (2023)]. Experimental results of Athix are frequently linked
to microstructural properties of cement pastes, see [Lowke (2013); Nicia et al. (2023)].
Boundary effects, such as material destruction during shearing phases, and applicability on
mortars, were investigated, e.g., in [Ivanova et al. (2022)].

Several theories exist to model the nonlinear structural buildup. [Perrot et al. (2016)]
presented an extension to Eq. 3.21. Eq. 3.23 models an exponential structural increase
(correlated to the irreversible, hydration-related structural buildup) after the initial linear
structural buildup:

τ0,s(t) =τ0,d + Athix t(e
t
tc − 1) [Pa] (3.23)

In Eq. 3.23, tc presents an arbitrary time value displaying the best fit of experimental data to
the proposed nonlinear model. However, also the initial structural buildup can be modeled
with nonlinear approaches. [Ma et al. (2018)] developed Eq. 3.24:

τ0,s(t) =τ0,s + cλ(t) + Athix ∗ t [Pa] (3.24)

In Eq. 3.24, τ0,s is the static yield stress, c is a structural parameter during the nonlinear
flocculation in [Pa] and λ is the structural parameter as a function of time. The constitutive
equation for λ slightly varies from Eq. 3.20:

dλ
d t
=−

1
Θ
λ−λequil [−] (3.25)

In Eq. 3.25, Θ is the relaxation time in [s], similarly to Eq. 3.19, where T is denoted
as flocculation time in [s]. λequil displays an equilibrium structural parameter at defined
steady state boundary conditions. An explicit solution is calculated as:

λ(t) =λequil + (λ0 −λequil)e
− t
θ [−] (3.26)
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with an explicit boundary condition λ0 instead of λequil , Eq. 3.24 yields:

τ0,s(t) =τ0,s + c
�

1+ (λ0 − 1)e−
t
θ

�

+ Athix t [Pa] (3.27)

The evolution of the storage modulus G′ in an oscillatory test is described accordingly:

G′(t) =c
�

1− e−
t
θ

�

+ Gri g t [Pa] (3.28)

with G′(t) as time-dependent storage modulus in [Pa] and a rigidification rate of Gri g in
[Pa/s], which corresponds to the idea of Athix . [Yuan et al. (2017)] showed that in an oscil-
latory structural buildup test, the evolution of G′ is about four orders larger than the stress
increase τ(t) measured by rotational static yield stress tests. They explained this observa-
tion with the destructive character of the static yield stress test, wherefore the initially built
CSH structure is destroyed during the experiment and colloidal interactions dominate fur-
ther structural buildup. [Mostafa and Yahia (2016)] applied nonlinear buildup modeling
of the storage modulus and compared it to Athix measurements.

Further nonlinear models and their application to cementitious thixotropic behavior can be
found, e.g., in [Mujumdar et al. (2002); Le-Cao et al. (2020); Guo et al. (2023)].

3.6 Applied rheology: Flow tests as workability estimation

The analysis of rheological properties often requires expensive measurement equipment
and complex mathematical procedures. A more straight-forward analysis of flow properties
is the performance of flow tests. Flow tests can estimate workability properties on-site.
Results of flow tests (both flow length or flow time) can be correlated with rheological
parameters such as yield stress and viscosity. The fundamental assumption is that a material
stops flowing once the yield stress τ0 is higher than the impact through gravity or external
forces (e.g., pumping, vibration). Commonly applied workability tests are the spread flow,
slump or the slump flow test, the V-funnel test, J-ring test, and the L-Box test. As they
are applied in this thesis, the slump flow test and L-Box test are introduced in detail. Both
tests are standardized, but slight variations in the geometrical framework and the flow test
execution exist. Figure 3.5 illustrates both geometries schematically.

Slump flow and mini slump flow measurements

For slump flow measurements, a cone with standardized dimensions with a diameter d0 and
height h0 (e.g., Hägermann cone for pastes according to EN 1015-3:2007-05 [DIN1015],
or Abrams cone for concrete according to EN 12350-8:2010-12 [DIN12350-8], is first filled
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Figure 3.5: Schematic geometries for (a) the slump flow test and (b) the L-Box test

with paste and then pulled so that the paste spreads and reaches a final diameter after the
stoppage, see Figure 3.5 (a), d1. [Murata (1984)] correlated the deformation of the slump
cone with the mortar’s or concrete’s rheological properties. Further researchers applied or
extended the correlation of slump and yield stress; reviewed, e.g., by [Thrane (2007), pp.
43]. A widely used approach was presented by [Roussel and Coussot (2005)], who derived
a correlation between the final diameter in a mini-slump flow test and the yield stress τ0

depending on the volume of the cone:

τ0 =
225ρgV 2

128π2R5
[Pa] (3.29)

Where ρ is the density in [kg/m3], g the gravity = 9.81 m/s2, V the volume of the mini-
slump cone in [m3] and R the measured mini-slump flow radius after stoppage of flow in
[m]. The correlation was defined to be valid only for flowable pastes >> 150 mm, where
gravitational forces exceed frictional forces. Further correlation equations are reviewed in
[Mantellato (2017), pp. 118]. All correlation formulations neglect the inertia of the fluid
and the surface tension between fluid and air. Boundary conditions, such as the lifting
velocity of the cone and the tension between fluid and plate, are not calculated. Despite
several simplifications and neglections, the application of correlation equations between
slump flow test and yield stress have become popular in the field of cement and concrete
technology. The applicability has been investigated by various researchers, e.g., for reac-
tive pastes in [Tan et al. (2017)] and as qualitative correlation value between different
laboratories in a Round-Robin test in [Haist et al. (2020)].
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L-Box and LCPC box test

The L-Box test is standardized according to EN 12530-10 [DIN1235010], and with its di-
mensions shown in 3.5 (b), to evaluate the workability of very flowable paste or concrete
on site. In an L-Box test, material is filled into the vertical box. After placing, the gate sepa-
rating the vertical and horizontal box is lifted slowly to prevent effects of inertia. The flow
time and final flow length are measured, and, in various cases, also the height of the final
flow body in the front and the back. While the L-Box possesses a vertical box where the
material is stored before lifting a gate, the LCPC-Box displays a single horizontal channel.
[Nguyen et al. (2006)] correlate the final flow length L of concrete to the yield stress τ0:

L =
h0ρgl0

2τ0
+

l2
0ρg

4τ0
ln

l0
l0 + 2h0

[m] (3.30)

In Eq.3.30, L is the final flow length in [m], l0 is the width of the L-box in [m], h0 is
the height of the flow body after flow stoppage at the beginning of the channel in [m].
While standardized L-Boxes are used for workability tests on-site, smaller L-Boxes have
been investigated for the evaluation of cement pastes, e.g., by [Chaparian and Nasouri
(2018)]. The L-Box test is also known as dam-break case in several other disciplines that
evaluate flow [Almeida and Franco (1994); Aureli et al. (2023)].

3.7 Numerical modeling of concrete flow

Numerical modeling of concrete flow has become a valuable tool to support processing and
placement predictions of concrete or to study flow properties that cannot be grasped ana-
lytically or experimentally. [Tanigawa and Mori (1989)] tested first numerical frameworks
for concrete by simulating the slump flow test with a viscoplastic Finite Element approach.
Numerical methods became more interesting for flow predictions with the invention of SCC.
A short overview of common numerical applications and methods in concrete technology
is given below. In general, numerical modeling serves following purposes:

• Processing predictions with numerical methods enable the calculation of concrete
flow with defined rheological input parameters in a particular geometry, e.g., floors
or walls [Wallevik and Wallevik (2011)]. Modeling of concrete pumping helps to
understand the correlation between the applied pumping energy and homogeneous
rheological parameters or physical phenomena of the material during pumping, e.g.,
plug flow or particle migration [Spangenberg et al. (2012); Choi et al. (2014); Se-
crieru (2018); Fataei (2021)].

• Internal rheology analysis through numerical simulations helps to investigate shear
flow fields, forces, or shear rates in the tested material, e.g., directly at the edge
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or between particles. This assists in the understanding of specific flow situations,
see e.g., [Wallevik and Wallevik (2017)] for the shear rate evaluation inside concrete
trucks, or [Pirharati et al. (2019)] for the study of shear fields in large gap rheometers.

• Quality control and mix design optimization Numerical methods can help to adjust
the required rheology of a paste or concrete to meet the flowability needs. Without
time-consuming experimental loops, theoretical parameter studies with numerical
simulations can assess the required rheology, followed by the experimental mix design
optimization [de Schryver, Robin (2022); Zhang et al. (2023)].

Numerical modeling techniques using Discrete particle models and Homogeneous fluid
flow models are applied in the field of cement and concrete rheology.

3.7.1 Discrete particle models

Discrete particle models (DPM) display concrete as a heterogeneous compound of differ-
ent particles. They calculate flow properties in dependence on particle interactions and
calculate forces between these particles based on geometric boundary conditions and ap-
plied force models, considering interparticle forces, hydrodynamic and/or frictional forces.
Several discrete particle models exist, such as the discrete element method (DEM), dissipa-
tive particle dynamics (DPD), smoothed particle hydrodynamics (SPH), and coarse-grained
particle methods (GCPM), comprehensivley reviewed, e.g., in [Roussel et al. (2007); de
Schryver, Robin (2022)]. A complete literature review is beyond the scope of the thesis,
solely DEM and SPH are briefly introduced.

Discrete element method (DEM)

DEM was employed by Cundall and Strack in 1971 to solve problems in the field of rock
mechanics [Cundall and Strack (1971)]. The aim of DEM is the explanation of granular
medium flow through the application of mechanical models on single particles. It calculates
the motion of particles (displacement, rotation, interaction forces) by the definition of (I)
contact forces and (II) fluid motion through the application of Newton’s second law. The
particles are modeled as spheres with walls, and contact models at the walls are applied to
all particles within a defined volume.

DEM models explain the motion of particles within the concrete and thus aim to investigate
phenomena like segregation and bleeding, blockage phenomena, e.g., at narrow formworks
or reinforcement bars, see, e.g., [Cui et al. (2018)]. Particle interaction and effects of neigh-
boring particles on one particle motion are critically investigated, e.g., in [Shyshko and
Mechtcherine (2013)]. Also, the effect of mixing processes on grains can be investigated,
see, e.g., [Schwabe (2013)]. DEM is also used to model the macroscopic flow behavior
of concrete, for example for shotcrete processing [Puri and Uomoto (2002)] or SCC flow
[Cui et al. (2020)]. Particle migration in pumping processes was investigated with DEM



Numerical modeling of concrete flow 55

e.g. by [Tavangar et al. (2023a)]. Thixotropic phenomena were investigated for the cases
of L-Box flow or large-gap ViC rheometry by [Tan et al. (2015)]. For parameter studies
of macroscopic concrete flow in dependence of the chosen rheological model or numerical
boundary conditions, generally the L-Box test or the slump flow test serve as benchmark
geometries, as used in [Mechtcherine et al. (2014); Roussel et al. (2016); Li et al. (2021)]
and [Mu et al. (2023)].

Smoothed Particle Hydrodynamics (SPH)

SPH divides a fluid into single elements. The division into elements is not reliant on real
particles, but follows a statistically randomly distributed Monte-Carlo approach. The mo-
tion of the single elements subsequently is calculated through the solution of hydrodynamic
equations, typically the Navier-Stokes equations, using a Lagrangian approach. SPH is of-
ten used to calculate free surface flow, such as debris flow scenarios [Han et al. (2019)].
The effect of thixotropy into a dam-break flow case was implemented by [Vahabi (2021)].

The application of SPH to simulate concrete flow phenomena is an area of ongoing research.
[Abo Dhaheer et al. (2016)] investigated the simulation of the J-ring tests for SCC with a
closer look on aggregate homogeneity and segregation behavior. [Tran-Duc et al. (2021)]
investigated the effects of the coarse aggregates on SCC flow and found the method suitable
to correlate coarse aggregate effects with rheological parameters (yield stress and viscosity).
SPH is not as proven as DEM or state-of-the-art CFD methods. However, it possesses the
benefit to apply many or complex boundary conditions to fluid elements [Shadloo et al.
(2016)].

3.7.2 Homogeneous fluid modeling

Homogeneous fluid flow models assume concrete as a homogeneous one-phase medium.
Flow is calculated with the constitutive equations of fluid dynamics and uses the methods of
CFD, see Chapter 2. [Wallevik (2003)] published the first comprehensive application of CFD
methods on cement paste rheology, applying the method of Finite Differences (FDM) on sus-
pension rheology phenomena. [Thrane (2007)]modeled the form filling of self-compacting
concrete (SCC) with CFD-FVM, and combined the understanding of macroscopic, homoge-
neous flow with the analysis of heterogeneous flow phenomena. CFD modeling of SCC was
further tested and developed by further researchers, such as [Jacobsen et al. (2013); Vasilić
(2016); Hosseinpoor et al. (2017)]. [Gram (May 2009)] and [Heese (2013)] investigated
the application of CFD to the modeling of the previously introduced flow tests slump flow
and L-Box. [Fataei (2021)] investigated concrete pumping using CFD regarding particle
migration, and [de Schryver et al. (2021)] tested the numerical reliability of CFD applied
to concrete pumping.

The comparability of different CFD simulations (using different programs or algorithm
packages, and also in comparison to analytical methods and DEM simulations) was tested



56 Cementitious paste rheology

by [Roussel et al. (2016)] through benchmarking the slump flow test. [Haustein et al.
(2022)] conducted a benchmark test for concrete pumping by testing several boundary
conditions. Generally, concrete or cementitious suspensions are modeled using the Bing-
ham or Herschel-Bulkley approach. The implementation of thixotropy into CFD modeling
was shortly introduced by [Roussel (2006)]. [de Schryver, Robin (2022)] implemented
thixotropy into the pumping simulation of a Bingham fluid.

Necessity of model regularization

The application of CFD methods to calculate fluid flow incorporates the challenge of a
numerical instability, as the solution of the Navier-Stokes equations at γ̇ = 0 is mathemat-
ically not defined. Regularization models introduce a continuous mathematical definition
towards γ̇→ 0. [Frigaard and Nouar (2005)] and [Saramito and Wachs (2017)] reviewed
several regularization methods. Two frequently applied regularization models, also ap-
plied in this thesis, are the Papanastasiou regularization by [Papanastasiou (1987)] and
the bi-viscous model by [O’Donovan and Tanner (1984)]. Eq. 3.31 displays the Herschel-
Bulkley-implemented Papanastasiou regularization:

η(γ̇) =
τ0(1− e−m γ̇

γ̇cri t )
γ̇

+ kγ̇n−1 [Pas] (3.31)

Eq. 3.31 is an exponential blending function with m as regularization parameter in [−] and
the critical shear rate γ̇cri t . Eq. 3.32 presents the bi-viscous model:

η(γ̇) =min







η0

τ0

γ̇+ kγ̇n−1

[Pas] (3.32)

The bi-viscous model defines a plateau value η0 as fixed viscosity. The effect of model regu-
larization on computational fluid flow is published in [Thiedeitz et al. (2024)], summarized
in Chapter 8.

3.7.3 Possibilities and challenges of numerical methods

Concrete is a granular, heterogeneous material. Discrete particle models possess the benefit
of particularly describing certain phenomena of particles (such as shape, density, compress-
ibility) and effects between different particles. However, this comes with the drawback of
high computational costs. Thus, most particle models are limited in their geometric do-
main. CFD can display larger computational domains. However, the assumption of a single
fluid, as given in CFD models, does not depict the real material. A direct comparison of the
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two methods within the RILEM TC 222 (see [Roussel et al. (2016)]) was critically reviewed
by [Vasilic et al. (2019)], who resumed that both methods were able to approach the ana-
lytical solution for the slump flow test setup. However, both methods have their limitations;
and "the choice of the method for the specific application depends on the type of concrete,
on the process itself and on the scale of observation" Vasilic et al. (2019), p.60. CFD-DEM
methods couple the different mathematical approaches [Tavangar et al. (2023b)]. CFD-
DEM becomes useful when not only concrete flow, but especially particle interactions are
the point of investigation, which is the case for pervious concrete processing, see e.g., [Nan
et al. (2021)]. To minimize computational costs, [Wang et al. (2021)] implemented a
speed-up model to a CFD-DEM code to analyze contact forces of particles. However, CFD-
DEM incorporates numerical challenges and errors of both approaches, which complicates
the numerical set-up and susceptibility to errors.

3.8 Summary: The rheology of cementitious pastes

[Coussot and Ancey (1999)] remarked that fluid rheology of dense suspensions is one of the
most complicated disciplines in the field of rheology, as not only the material itself, but fur-
ther effects account to description inaccuracies. Cement pastes, additionally, change their
chemical and physical properties constantly. Following Chapter 2 and Chapter 3, rheology
affecting factors are summarized:

• Internal paste factors: Granulometric properties, chemical admixtures and hydra-
tion products affect rheological properties by determining interparticle forces or the
rheology of the liquid phase. While direct microstructural models can display these
effects, they are neglected in semi-empirical or packing-density related models.

• External factors: The analysis of rheological properties depends on the rheometric
device, the treatment of the cementitious paste before the measurement or laboratory
conditions.

• Rheological modeling: Dependent on the macroscopic suspension properties, differ-
ent rheological models can yield the best results. The application of different models
will result in significantly varying rheological parameters. Flow tests provide a fast
evaluation of rheological parameters. However, they solely take the Bingham model
into account. With increasing deviation from linear viscoplastic flow properties, cor-
relation equations do not comply with the physical properties anymore.

• Numerical modeling: While numerical models are a powerful tool to understand or
predict concrete flow, the numerical framework incorporates approximations, which
affect the final numerical result. Knowledge about both the computational framework
and rheological properties is essential.

Summarized, the literature review proves a well-structured "common practice" for vis-
coplastic material characterization and structural buildup at rest. Reliable numerical DEM
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and CFD simulation frameworks for viscoplastic materials are available. Open questions
remain for more complex paste behavior. Here, "complex" means the deviation from linear
viscoplasticity by nonlinear viscosities and increased viscoelastic and thixotropic material
behavior, which changes the steady-state flow to a flow case with transient properties. Sev-
eral questions arise:

• At which point do cement pastes deviate from linear viscoplastic behavior?

• How can viscoelasticity and thixotropy be measured?

• Which rheological models describe cement paste flow over a large range of shear rate?

• Are flow tests sufficient for the analysis of cementitious paste rheology when deviating
from linear viscoplasticity?

• Can CFD support the analysis of transient properties?



4. Methodology

4.1 Research framework

This thesis aims to comprehensively reveal transient and time-dependent rheological phe-
nomena of cementitious pastes in the intersection of experimental rheology, phenomeno-
logical rheology and numerical flow simulations. Following the conclusions in Chapter 3,
the research framework is illustrated in Figure 4.1 and Figure 4.2.

Physical
description

Rheological model

Numerical
simulationImplementation

Flow 
experiments

Flow testsRheometry

Real flow

Computational model

Raw data handling

Flow curve analysis

Device decision Geometrical model

Boundary conditions

Physical model

Figure 4.1: Interplay of different rheological fields applied in this thesis

Cementitious paste rheology and flow were experimentally investigated through rheome-
try and flow tests. While rheometry was the basis for the physical flow description through
phenomenological modeling, flow tests were approximated in numerical simulations us-
ing Computational Fluid Dynamics (CFD). The CFD model required the implementation
of rheological parameters from the rheometric analysis. Finally, the numerical result was
compared to the real flow.

The research structure is illustrated in Figure 4.2. Chapter 4 provides an overview of all
materials and applied methods. Followed by that, Part II and Part III provide summaries of
published or submitted research. All articles are available open-access. Part II summarizes
all preliminary investigations related to rheology-affecting features. Part III provides the
summary of publications that investigate the transient and time-dependent flow character-
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istics of cementitious pastes.
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Figure 4.2: Research framework

4.2 Materials and methods

4.2.1 Physical and chemical properties of raw materials

Three reference binders were investigated: Two Ordinary Portland Cements (OPC) CEM I
42.5 R (following abbreviated as CEM I) and CEM II 42.5 N A-ll (following abbreviated as
CEM II); and a Limestone Calcined Clay Cement (following abbreviated as LC3), which was
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mixed as a compound of 51.9 % CEM I 42.5 R, 15.6 % limestone powder, 30 % calcined
clay and 2.5 % anhydrite. The limestone powder, CEM I and anhydrate were industrially
homogenized and mixed as LC compound with the calcined clay (CC). The LC3 was an adop-
tion of a new binder system, see https://lc3.ch/. LC3 uses calcined clays as pozzolanic
additive, see e.g. [Scrivener et al. (2018); Zunino et al. (2021)].

Chemical and physical properties of the binder systems and superplasticizers used in this
thesis were analyzed within a research group funded by the German Research Foundation
DFG1. Data for the CEM I are found in [Lu et al. (2019)]. CEM II was solely characterized
within this research work. LC3 details are provided in [Pott et al. (2023)]. The chemical
composition of the binder systems, analyzed through ICP-OES method, is collected in Table
4.1.

Table 4.1: Chemical composition of all binder systems

Binder
CaO SiO2 Al2O3 Fe2o3 MgO Na2O K2O TiO2

[%] [%] [%] [%] [%] [%] [%] [%]

CEM I 62.90 19.63 5.23 2.60 1.54 0.24 0.80 3.32
CEM II 62.21 16.90 5.00 2.26 1.43 0.80 0.87 3.15

LC3 42.53 28.12 9.43 3.47 1.43 0.18 1.31 0.43

Different polycarboxylatether-based superplasticizers (PCE, MBCC Group, Mannheim, Ger-
many) were added, depending on the applied binder. For pastes containing CEM I and
CEM II, an industrial superplasticizer, commonly used as PCE for ready-mix applications,
was utilized (abbreviated as PCE-RM). Comprehensive details regarding the chemical struc-
ture and molecular properties can be found in [Lei et al. (2020)]. Main information are
presented in Table 4.2. The anionic charge density was determined by [Lei et al. (2020)]
using a 0.01 M aqueous NaOH solution at a pH of 12. PCE-RM is characterized by a rela-
tively high anionic charge density and short side chains. For the LC3 pastes, a PCE with a
higher retardation effect was used, here abbreviated as PCE-R. Data in brief are found in
[Zhang et al. (2021)].

Table 4.2: Information on PCEs

PCE
Solid

content
Density

Anionic charge
density

Ethylen oxide
units

[wt%] [kg/l] [µm/g] [−]

PCE-RM 22.6 1.06 1614 20
PCE-R 20.5 1.01 1754 65

Table 4.3 collects physical properties of the binders. The raw density of all binders was
investigated using helium pycnometry. The specific surface area was investigated both with
the Blaine measurement technique and BET measurements. The particle size distribution

1see also https://www.spp2005.de/

https://lc3.ch/
https://www.spp2005.de/
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was analyzed through laser diffraction, and is illustrated in Figure 4.3. The diameter at
50% passing (d50) is given in Table 4.3.

Table 4.3: Physical properties of all binder systems

Binder
Specific

density ρ
Blaine
SSA

BET
SSA

d50 wdPuntke Φwd Φmax
Φmax ,
PCE

[g/cm3] [cm2/g] [m2/g] [µm] [-] [-] [-] [-]

CEM I 3.11 4300 1.24 13.80 0.27 0.54 0.65 0.67
CEM II 3.06 3830 1.16 13.18 0.26 0.56 0.64 0.66

LC3 2.89 6528 2.65 9.99 0.25 0.58 0.67 0.67

Figure 4.3: Particle size distribution of the raw binders

The water demand of raw binders was analyzed with the Puntke test [Puntke (2002)].
To measure the water demand, a small cup was filled with 100 g of granular material.
Water was added through titration and the mixture was manually compacted until the grain
surfaces became glossy. Through back-weighting, the water amount within the mixture was
calculated and subsequently defined as the water demand wdPuntke, and the corresponding
packing density was calculated as Φwd .

The maximum packing density Φmax was investigated as described in [Lowke (2013), p.
70]. Suspensions with an initial water-to-cement ratio of 0.4 were prepared. 15 minutes
after water addition, they were compacted in a pressure filter test with a defined fixed
pressure. In several single tests, increasing pressure was applied with maximum pressure
values of σ = 2, 5, 20 and 40 MPa. The compacted samples were dried in a vacuum oven
at 105◦ C and 100 mbar until mass consistency. The air void content was estimated by
back-weighting, and packing density Φmax(σ) was calculated. Φmax without the effect of
compaction was then extrapolated from all tests with different maximum pressure values.
Packing density measurements were conducted with and without superplasticizer. [Lowke
(2013)] highlighted that the experimental Φmax deviates from the theoretical Φmax of the
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raw binder, as early hydration products are already included in the experimental test. The
experiments reveal that PCE leads to a higher Φmax .

4.2.2 Mix design of cementitious pastes

200 
±5
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CEM I

LC3

CEM II
300 
±5
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±5

Slump flow

 + +

Flowability
adjustment

Water Paste

0.45

0.52

0.55
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0.58

𝛷𝛷𝑠𝑠 = 

Packing density
variation

Slump flow
[mm] = 

Figure 4.4: Mixture design of cementitious pastes: Variation of binders, solid volume fraction Φs

and PCE to adjust the slump flow value towards defined slump diameters

As Figure 4.4 illustrates, cementitious pastes with all binders were prepared with increas-
ing solid volume fraction Φs ranging from Φs = 0.45 to Φs = 0.58. For a macroscopic
comparability of suspension rheology, pastes with the same solid volume fraction Φs were
defined, irrespective of Φmax ; and, thus, slightly changing relative solid volume fractions
Φrel = Φs/Φmax . To explore the flowability for different workabilities, PCE was adjusted
to three different workability ranges. For concrete, defined workability classes exist. For
pastes, these are not available. Thus, given in Figure 4.4, three self-defined workability
ranges were targeted: For each binder-Φs combination, slump flow diameters in a slump
flow test with a Hägermann cone of SF = 200 ±5, 250 ±5, and 300 ±5 mm were targeted
by adjusting the added PCE amount in per cent by weight of cement ([%bwoc]). All mix-
ture compositions are provided in Table 4.4. The last column specifies the required amount
of superplasticizer.

For all test series prepared and subsequently analyzed, the slump flow value before the
beginning of the experiment (either flow test or rheometry) was defined as crucial quality
criterion. If the slump flow diameter deviated from the pre-defined workability class, the
test was stopped and had to be started anew. In some cases, the PCE amount had to be
adjusted slightly.
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Table 4.4: Mixture compositions

Binder Test series
Φs w/c Binder Water ρp PCE
[-] [-] [kg/m3] [kg/m3] [kg/m3] [% bwoc]

C
EM

I

CEMI-0.45 0.45 0.40 1399.5 550 1950 0.00 - 0.24 - 0.31
CEMI-0.48 0.48 0.35 1492.8 520 2010 0.13 - 0.40 - 0.60
CEMI-0.52 0.52 0.30 1617.2 480 2100 0.66 - 0.85 - 1.29
CEMI-0.55 0.55 0.26 1710.5 450 2160 1.52 - 1.40 - 2.69
CEMI-0.58 0.58 0.23 1803.8 420 2220 1.61 - 2.05 - 2.99

C
EM

II

CEMII-0.45 0.45 0.40 1381.5 550 1930 0.15 - 0.27 - 0.39
CEMII-0.48 0.48 0.35 1473.6 520 1990 0.17 - 0.44 - 0.57
CEMII-0.52 0.52 0.30 1596.4 480 2070 0.63 - 0.75 - 0.99
CEMII-0.55 0.55 0.26 1688.5 450 2130 0.94 - 1.19 - 1.48
CEMII-0.58 0.58 0.23 1780.6 420 2200 1.44 - 1.77 - 2.77

LC
3

LC3-0.45 0.45 0.40 1295.1 550 1850 0.08 - 0.22 - 0.31
LC3-0.48 0.48 0.35 1381.4 520 1900 0.26 - 0.39 - 0.54
LC3-0.52 0.52 0.30 1496.6 480 1980 0.59 - 0.75 - 0.92
LC3-0.55 0.55 0.26 1582.9 450 2030 0.97 - 1.07 - 1.31
LC3-0.58 0.58 0.23 1669.2 420 2090 1.51 - 1.74 - 2.01

4.2.3 Mixing procedure

Cementitious pastes were prepared in mixture compositions as specified in Table 4.4. Deion-
ized water was used for all tests. For each test, a paste of 0.5 l was mixed with a hand drilling
machine with a four-bladed screw at a rotational speed of 1700 rpm. The general mixing
procedure is shown in Figure 4.5.

𝑡𝑡 [𝑚𝑚𝑚𝑚𝑚𝑚] 0 0: 30 1: 30 12: 30 13: 00 15: 00

Paste mixing Time of rest Test Preparation

PCE addition

Shear-up

Slump flow test

Rheometric testsMixing

Figure 4.5: Mixing procedure

The binder temperature was controlled at laboratory air temperature of 20◦ C. The water
temperature was adjusted in a kryostate to a temperature that the paste after mixing had
a temperature of about 20◦ C, resulting in water temperatures between 10◦ C for lower
packing densities and 3◦ C for the highest packing densities. Water and dry binder were
mixed for 30 s. PCE was subsequently added and the paste mixed for a total mixing time
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of 90 s. The time of PCE addition was chosen to stick to an early addition, but assured
repeatability. For LC3 mixtures, this mixing procedure varied. Here, the PCE was added
90 s after water addition. The paste was left at rest until 12:30 min after water addition,
and sheared up again for 30 s. The shearing procedure should break initially built hydrates
in a controlled, repeatable way to assure homogeneous and repeatable paste flowabilities.
Slump flow tests followed the short shearing. If the targeted slump flow diameter was
measured, rheometric tests followed instantly, which was defined at a time of 15:00 min
after water addition.

4.2.4 Rheometric procedures

All rheometric tests were conducted in a controlled laboratory environment with a rheome-
ter by ANTON PAAR (Ostfildern-Scharnhausen, Germany, Series 502). Rotational and oscil-
latory rheometric tests were performed as introduced in Chapter 2.3, see an overivew of
test methods in Figure 4.6. For all tests with parallel plates, a temperature-controlled hood
(ANTON PAAR) was installed in the rheometer to prevent evaporation during the experi-
ments. Vane-in-Cup tests were carried out with a cup-cover. Parallel plates had a diameter
of 50 mm. The gap height was 1 mm. The plate surface was industrially serrated to pre-
vent wall slip. Serration can affect the actual gap between the plates, which affects the raw
data conversion (compare Chapter 2). This fact was neglected for the rheological analysis.
Vane-in-Cup tests were conducted with a six-bladed vane.

Rheometric transient flow classification

Rheometric analysis

Parallel plates
Large amplitude sweep

Oscillatory flow tests

Parallel plates
Static small amplitude sweep

Parallel plates
Decreasing step-rate protocol

Vane-in-Cup
Decreasing step-rate protocol

Rotational flow tests

Vane-in-Cup
Static yield stress test

Viscoplastic flow

Structural buildup

Viscoelastic flow

Figure 4.6: Rheological tests

Rotational dynamic flow tests were conducted to calculate viscoplastic properties. Tests
were carried out in parallel plates and the Vane-in-Cup system. Oscillatory flow tests served
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for the calculation of viscoelastic properties and were carried out with parallel plates. Struc-
tural buildup measurements were conducted in the Vane-in-Cup system with a rotational
static yield stress setup, and in parallel plates with an oscillatory amplitude sweep setup.
All protocols are shortly introduced. Raw data handling followed the theoretical basics in-
troduced in Chapter 2.3. More detailed information about raw data handling and specific
applied experimental and analysis methods are found in each corresponding publication.

Dynamic rotational flow tests

Dynamic flow of cementitious pastes was analyzed with rotational dynamic step-rate tests.
Figure 4.7 (a) shows a parallel-plate test with decreasing γ̇ in s−1 as input parameter and
the measured stress values τ. Figure 4.7 (b) depicts the Vane-in-Cup test with defined
rotational speed values n in [rpm] with the measured torque value T . A constant pre-shear
of γ̇ = 40 s−1 or n = 40 rpm was defined to homogenize the sample. Following, γ̇ or n
decreased stepwise from γ̇ = 80 s−1 to γ̇ = 0.02 s−1 (n = 80 rpm to n = 0.02 rpm ). In
the parallel-plate tests, the shear stress τ was directly calculated from the torque T . In the
Vane-in-Cup test, the torque was plotted.

γ̇− τ flow curves, see Figure 4.8 (a), were calculated from the equilibrium value of each
γ̇-step , displayed in Figure 4.7 (a). n− T curves, see Figure 4.8 (b) were calculated from
the Vane-in-Cup measurements.

(a) Rheometric profile with parallel plates (b) Rheometric profile with Vane-in-Cup

Figure 4.7: Viscoplastic analysis with dynamic stepwise decreasing shear rate profiles

Figure 4.8 displays the flow curves for the test series CEMI-0.52-250. Each rheometric
test was conducted three times, and the average was calculated with standard deviations
provided in gray shades. Figure 4.8 shows that below a certain shear rate γ̇ or rotational
speed n, the corresponding measured shear stress or torque increases. This phenomenon is
referred to as structural increase, as the load of γ̇ or n is not sufficient to break the material’s
structure. The corresponding γ̇ or n was calculated as γ̇cri t or ncri t .
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(a) γ̇−τ flow curve (b) n - T flowcurve

Figure 4.8: Calculated flow curves from rheometric raw data from parallel plates and Vane-in-Cup
tests

Flow curves of all test series from the dynamic rheological analysis are available in A.1.
All flow curves were analyzed in a phenomenological regression analysis using PYTHON.
Regression fits of the models introduced in Chapter 3.4, namely the Bingham model, the
Herschel-Bulkley model, the modified Bingham model, the Casson model and the Toussaint
model (see Chapter 3.4, Eq. 3.10 to Eq. 3.14)) were applied to the experimental flow data.
A minimal code example is made available, see information in B. The regression analysis
was solely conducted for the range of shear rates γ̇ > γ̇cri t . Figure 4.9 displays the results
of the regression analysis for (a) the shear-thinning test series CEMI-0.45-250; and (b) the
shear-thickening test series CEMI-0.55-250.

(a) Regressions for CEM I 0.45-250 (b) Regressions for CEM I 0.55-250

Figure 4.9: Phenomenological regression functions applied to experimental flow curves
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The error, subsequently, was calculated as mean squared error (MSE). Figure 4.10 (a) as-
sembles all calculated yield stress values τ0 of the test series CEMI-250, but depending
on Φs. The dotted line displays the analytical yield stress value τ0,slump calculated from the
measured slump diameter by applying Eq. 3.29. Figure 4.10 (b) displays the respective cal-
culated error for all test series. All rheological parameters, calculated by fitting the different
phenomenological models, are collected in A.1,

Figure 4.10: (a) Comparison of calculated yield stress values according to different phenomenolog-
ical models and (b) overall error comparison of regression

Large Amplitude Oscillatory Sweep tests: LAOS

LAOS tests were conducted to analyze viscoelastic properties. In a strain-controlled oscil-
latory experiment, γ0 ranged from γ0 = 1 · 10−3% to γ = 1 · 102% at a constant frequency
of ω = 10 rad/s, and the resulting stress τ(t) was measured, see 4.11 (a). The rheometer
software performs oscillatory cycles using a single input pair of [ω ; γ0] until the mate-
rial reaches a stable state, followed by oversampling of the raw data cycles [Ewoldt and
McKinley (2017); Mezger (2016)]. Since cement paste is a constantly evolving material,
the regulation of the rheometer software for steady-state was restricted to ten oscillatory cy-
cles, followed by the rheometer-automated oversampling. Both inter-cyclic and intra-cyclic
oscillatory techniques were applied to analyze viscoelastic properties. The first harmonics
of each oscillatory cycle were directly calculated in the rheometer software, namely the
storage modulus G′ and the loss modulus G′′. The γ−G′/G′′ - diagram in 4.11 (b) displays
the deformation γ on the x-axis and the resulting first order G′ and G′′ on the y-axis, as
introduced in Chapter 2. Subsequently, the evolution of the phase shift angle δ, the stor-
age modulus at the end of the LVE range, critical strain rate γl , the crossover point, and
corresponding yield strain γy were calculated using PYTHON protocols. The first harmon-
ics γ− G′/G′′ - diagrams and inter-cyclic parameter analysis of all test series are found in
Appendix A.2. A minimal code example is made available, see information in B.
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(a) Time-normalized measurement profile (b) First harmonics in a γ− G′/G′′ - diagram

Figure 4.11: Oscillatory rheometric measurement

Intra-cyclic material analysis was conducted with the amplitude data sets of [γ(t),τ(t)].
4.12 (a) shows the time-resolved raw data, which were smoothed to analyze intra-cyclic
viscoelastic properties, see 4.12 (b). Intra-cyclic viscoelastic parameters as introduced
in Chapter 2 were evaluated with the software MITlaos, https://web.mit.edu/nnf/
research/phenomena/mit_laos.html, see also [Ewoldt et al. (2007)].

(a) Raw data [γ0,τ0] (b) Exemplary smoothed LB curve

Figure 4.12: Intra-cyclic data evaluation on time-resolved [γ(t),τ(t)]

The application of the software MITlaos to calculate Chebyshev polynomials and the further
data handling is elaborated in Appendix C.

Structural buildup measurements: SYS and SAOS

Structural buildup of cementitious pastes was analyzed with static yield stress tests (SYS) in
the Vane-in-Cup device and oscillatory sweep tests with strain amplitudes below the critical

https://web.mit.edu/nnf/research/phenomena/mit_laos.html
https://web.mit.edu/nnf/research/phenomena/mit_laos.html
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strain (SAOS) in parallel plates. In the SYS test, the paste was left at rest for 30 s, followed
by a short shear period of 6 s with n = 0.115 min−1. The procedure was repeated five
times, illustrated in Figure 4.13 (a). The time at rest doubled with every resting period,
i.e. 60 s, 120 s, 240 s, and 480 s, leading to a measurement time of 960 s. Following
the mathematical fundamentals introduced in Section 3.4, linear and nonlinear structural
buildup models were applied to the experimental data, see Figure 4.13 (b).

(a) Raw data n(t), T (t) (b) Regression functions applied to τ(t)

Figure 4.13: Structural buildup analysis with the rotational SYS test

(a) Raw data γ(t), G′(t)/G′′(t) (b) Calculated data G′(t), G′′(t) and δ

Figure 4.14: Non-destructive SAOS test

Figure 4.14 illustrates the structural buildup analysis with the non-destructive SAOS test
at a constant strain γ = 5 · 10−3 %, and the corresponding measurement of G′(t) and
G′′(t). The measurement time was about 1000 s. Figure 4.14 (b) illustrates the average
and standard deviation of G′ and G′′ from three measurements, together with the evolution
of the phase shift angle δ(t). Model approaches as introduced in Section 3.4, and further
developed model techniques to analyze the structural buildup and the flocculation time,
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were applied. Consequently, the linear and nonlinear structural buildup at rest with the
corresponding parameters Athix ( Athix ,earl y , Athix late, cAthix) and the nonlinear structural
buildup during an oscillatory SAOS test with the parameters Gri g , Θ, c was analyzed. Raw
data and calculated data of structural buildup of both the SYS test and the SAOS test are
avalable in A.3 and A.4. Minimal code examples of the applied methods are made available,
see information in B.

4.2.5 Flow tests

The mini slump flow test and the L-Box test were applied as flow tests to analyze workability,
and to calculate rheological parameters from empirical correlation functions as introduced
in Section 3.6. The mini slump flow test was conducted with the Hägermann cone as stan-
dardized in DIN EN 1015-3:2007-05 [DIN1015]. After placing the sample in the cone (see
Figure 4.15 (a)), the cone was lifted. After flow stoppage, which occurred within several
seconds, the diameter was measured at two perpendicular locations, and their average was
calculated (see Figure 4.15 (b)).

(a) Mini cone before lifting (b) Measuring the slump flow diameter

Figure 4.15: Mini-Slump flow test

A small L-Box with a modified geometry was designed for a test volume of 0.5 l, illustrated
in Figure 4.16: The horizontal section of the L-Box had an inner width of 50 mm and a
length of 1200 mm with a clearance height of 50 mm. The vertical section exhibited an
inner width of 50 mm, an inner depth of 45 mm with a total height of 540 mm. Both
sections were separated with a gate. Plexiglas was used as material to build the L-Box
to minimize wall effects while paste flow. The L-Box was filled at closed gate, which was
subsequently lifted slowly to minimize inertia effects. The flow procedure was filmed. The
final flow length and height at the beginning and end of the flow body were measured. The
flow time could, depending on the test series, vary between several seconds and minutes
until flow had stopped.
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(a) Empty mini L-Box (b) Mini L-Box during a flow test

Figure 4.16: L-Box test with a modified L-Box geometry

4.2.6 Numerical simulations with OpenFOAM

Numerical simulations were conducted with the software OpenFOAM (Open-source Field
Operation And Manipulation, https://openfoam.org), which is an open-source soft-
ware that comes with a package of functions and algorithms to solve the Navier-Stokes
equations as introduced in Chapter 2.4. The software uses the programming language C++.
In this thesis, the OpenFOAM version 7 with release date from 8th July from 2019 was used.
OpenFOAM uses the Finite Volume Method (FVM) to solve the transport equations. The
Volume-of-Fluid method (VOF) is a numerical technique to compute the free-surface flow
of cementitious pastes, which was applied to simulate the mini slump flow test and the
mini L-Box test. In VOF calculations, the Navier-Stokes transport equations, introduced in
Chapter 2, are extended by a weighting quantity α, see Eq. 4.1:

∂ α

∂ t
+Ï · (αu) = 0 (4.1)

The momentum equation is extended by the contribution from surface tension effects be-
tween the two phases air and paste, displayed by the term fσ in Eq. 4.2 [Brackbill et al.
(1992)]:

∂ ρu
∂ t
+Ï · (ρuu) = −Ïp+Ï ·τ+ρg + fσ (4.2)

The fluid density ρ is calculated from the contributions of the two phases ρ1 and ρ2 de-
pending on α:

ρ = αρ1 + (1−α)ρ2 (4.3)

https://openfoam.org
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Numerical setup and modeling strategy

As elaborated in Chapter 2.4, numerical modeling requires pre-processing of the geometry
and all boundary conditions, the simulation itself and post-processing of the data. The
numerical procedure followed in this thesis is schematically illustrated in Figure 4.17. All
steps require different software packages, which are specified in light grey boxes.

Numerical setup

interFOAM
solver

Processing

Iteration 
rules

Meshing

Transport 
model

Pre-processing: Model setup

Numerical model

Post-Processing

PARAVIEW

PYTHON

Multphase flow simulation Transient flow analysis

BLENDER

GMESH

OPENFOAM

Flow length

Simulation 
parameters

Rheological
parameters

OPENFOAMBoundary
conditions

Numerical
rules

Figure 4.17: Numerical procedure to pre-process, process and post-process simulations in this thesis

Pre-processing: Implemented geometries, boundary conditions and transport models

The implementation of the L-Box and cone geometry comprised of different approaches.
The L-Box was defined in OpenFOAM’s blockmesh dictionary. The dimensions and defined
blocks are illustrated in Figure 4.18.

1000 mm 200 mm

54
0 

m
m

4

2 31

Figure 4.18: Geometrical and box definitions of the L-Box

The first block is the region where the suspension is defined before lifting the gate. The
second box is the horizontal section until 1 m length, which is the area where the horizontal
section has a top cover. The third box was defined without a top cover. The fourth section
was the remaining vertical part of the L-Box.
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Figure 4.19: Geometrical setup of the L-Box model

Figure 4.19 illustrates a visualization of the L-Box with the post-processing software PAR-
AVIEW (https://www.paraview.org/) prior to the flow test. The suspension is shown
in red, the blue parts represent the air. The fine mesh is visible in the magnification.

The cone geometry was defined in the open-source software BLENDER https://www.
blender.org/. BLENDER generates an .stl file, which can be implemented into the Open-
FOAM structure. The cone from the .stl file was placed in a pre-generated blockmesh box,
illustrated in Figure 4.20: Figure 4.20 (a) shows the cone generation in BLENDER. Figure
4.20 (b) shows the visualization with PARAVIEW.

(a) Geometrical model in BLENDER (b) Model with Slices in PARAVIEW

Figure 4.20: Geometrical setup of the cone model

Finally, solely a slice of the cone was set up as whole geometry, to take advantage of the
cone symmetry and reduce computational costs. OpenFOAM provides a wedge condition,
which enables the definition of a two-dimensional slice from axi-symmetrical geometries.
The general idea is illustrated in Figure 4.21:

https://www.paraview.org/
https://www.blender.org/
https://www.blender.org/
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Figure 4.21: Definition of slices with a wedge condition in OpenFOAM [OpenFOAM (2017)]

The slice geometry was defined in the open-source mesh generator GMESH https://gmsh.
info/. GMESH creates a .geo extension file. Figure 4.22 (a) illustrates the slice geometry
from GMESH. Figure 4.22 (b) depicts the visualization in PARAVIEW; with a magnification
view in Figure 4.22 (c).

(a) (b) (c)

Figure 4.22: Geometrical setup of the slice model

For all geometries, initial and boundary conditions at the faces needed to be declared. As
both test methods are general free-surface flow procedures, no external pressure besides
gravity was employed. User-dependent artifacts from both test procedures (lifting the gate
in an L-Box test and lifting the cone for slump flow measurements) were not considered. In
all geometries, a distinction was made between fixed walls and free surfaces (in OpenFOAM,
declared as atmosphere). Table 4.5 collects the boundary conditions introduced in Chapter
2.4 for the variables U , p, α and S, which was employed as additional structural buildup
derivative, developed for OpenFOAM by [de Schryver, Robin (2022)].

The boundary velocity at fixed walls was defined as Dirichlet condition to be 0, and no addi-
tional pressure besides gravity at atmospheric phases was defined. All remaining boundary
conditions were defined as Neumann condition, which defines the gradient towards a face.

https://gmsh.info/
https://gmsh.info/
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Table 4.5: Boundary conditions in OpenFOAM

Boundary
face

Field Type Conditions Value
Fi

xe
d

w
al

ls
u Dirichlet noSlip u= 0
p Neumann fixedFluxPressure Ïp = 0
α Neumann zeroGradient Ïα= 0
S Neumann zeroGradient ÏS = 0

A
tm

os
ph

er
e u Neumann pressureInletOutletVelocity Ïu= 0

p Dirichlet totalPressure p = 0
α Neumann inletOutlet Ïα= 0
S Neumann zeroGradient ÏS = 0

As Table 4.5 shows, all Neumann conditions were defined to be zero. The implementation
of more complicated boundary conditions was beyond the scope of this thesis.

Processing

The numerical solution schemes are collected in Table 4.6.

Table 4.6: Numerical solution schemes in OpenFOAM

Setting Field
Discretization

Scheme

ddtScheme default Euler

gradSchemes default Gauss linear

divSchemes

default Gauss linear
div(phi, U) Gauss linear
div(phi, α) Gauss linear
div(phi, S) Gauss upwind

laplacianSchemes default Gauss linear

interpolationSchemes default linear

While in preliminary research, the effect of numerical schemes on the numerical error was
investigated, stable schemes for all simulations finally were chosen. A further analysis was
beyond the scope of this thesis.

The OpenFOAM implemented interFoam solver was chosen for the solution of the dis-
cretized Navier-Stokes equations. The interFoam solver utilizes the PIMPLE algorithm to
couple the discretized equations for pressure and velocity, which is a combination of the
SIMPLE algorithm for steady-state calculation and PISO algorithm for transient flow solv-
ing, see detailed algorithm explanations in [OpenFOAM (2018)]. The PIMPLE algorithm
offers the advantages of capturing transient flow behavior while offering a stable solution
for dealing with complex flow conditions and geometries. Convergence control and compu-
tational costs are determined by the definition of convergence criteria and the specification
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of the iterative loops. The solver settings are collected in Table 4.7. The smoothed Gauss-
Seidel method was determined as numerical solver. The smoothed Gauss-Seidel method is
a method where the solution of a quantity is updated iteratively by sweeping through the
grid points of a geometric mesh; and updating each point based on the current values of
its neighboring points. The "smoothed" version, or Smoothed Gauss-Seidel, introduces a
relaxation factor to control the rate at which the solution is updated. A smaller relaxation
factor tends to improve stability but may slow down convergence, while a larger relaxation
factor can speed up convergence but may lead to instability. The PIMPLE algorithm was
chosen with a total number of three inner correctors.

Table 4.7: Solver settings in OpenFOAM

Setting U p α S

Solver smoothSolver PCGr smoothSolver smoothSolver
Smoother symGaussSeidel symGaussSeidel symGaussSeidel symGaussSeidel
Tolerance 1e−7 1e−7 1e−8 1e−7

relative tolerance 0 0.005 0.005 0.005
Relaxation factor 1 0.95 0.95 0.95

Post-Processing: Data extraction

The three-dimensional flow bodies after flow stoppage of the Cone geometry and the L-Box
geometry are exemplified in Figure 4.23. Here, only the last time step of the simulated flow
time is illustrated.

Figure 4.23: Three-dimensional flow length visualization in PARAVIEW

Transient processes and the time-dependent evolution of all parameters specified in Table
4.8 were analyzed by a time-resolved data extraction from OpenFOAM and PARAVIEW, and
further analysis in PYTHON. For each simulated time step, text files were generated with
all calculated field and scalar values for each cell. The parameters of interest and the final
calculation result are collected in Table 4.8.



78 Methodology

Table 4.8: Post-Processing parameters

PARAVIEW analysis PYTHON analysis

Field /
Value

Unit
Post-Processing

Method
Field operation Unit Result

α [-]
1D Flow

extraction
α ·ρ [kg/m3]

flow evolution and
final flow length

u [m/s] 2D Matrix data u ·α ·ρ [kg/(m2s)] Flow rate

γ̇ [1/s] 2D Matrix data γ̇ ·α [1/s]
Shear rate

distribution

ν [m2/s] 2D Matrix data ν ·α ·ρ [Pas]
Viscosity

distribution

S [-] 2D Matrix data S ·ρ [-]
Structural
parameter

distribution

Re [-] 2D Matrix data Re ·α [-]
Characteristic
flow number

Co [-] 2D Matrix data Co ·α [-]
Numerical flow

number
residuals [−] 2D Matrix data Visualization [-] Convergence

A minimum post-processing set-up was followed for all simulations. First, the finished sim-
ulation was imported into the post-processing software PARAVIEW. The three-dimensional
flow was visualized, and one-dimensional data in x-direction at y = 0 (1D Flow extraction
through the PARAVIEW utility plotoverline) and two-dimensional data for one geometrical
slice in x-y direction (2D Matrix data through the PARAVIEW utility Slice) were extracted
as .csv files. The data were finally processed in PYTHON. 1D flow data and 2D rheological
properties are exemplary visualized in Figure 4.24.

(a) Flow over time in a slump flow test (b) 2D visualization of γ̇ in the L-Box

Figure 4.24: Exemplary post-processing visualization of flow data from slump and L-Box simulations
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5. What affects the analysis of
rheological parameters?

5.1 Comparative small and large gap rheometry for non-
Newtonian cementitious pastes

This section summarizes published studies of the author of this thesis:

[Pre1] Thiedeitz, M.; Kränkel, T. (2024) Comparative Small and Large Gap Rheometry for
Cementitious Pastes. Preprints, 2024020703,
doi.org/10.20944/preprints202402.0703.v1

Author’s contribution: The first author conceptualized and conducted the rheological mod-
eling, analysis and conclusions. Maik Hobusch and Rundi Zhang provided laboratory support
for experimental investigations. Thomas Kränkel reviewed and edited the article.

5.1.1 Motivation and scope

Different rheometric devices yield variations in the measured or calculated rheological pa-
rameters, see Chapter 2.3. Large-gap rheometers, such as the Couette or Vane-in-Cup
devices, offer the advantage of measuring materials with large particle diameters. How-
ever, the shear field is heterogeneous, and a direct calculation of rheological parameters is
unattainable. Conversion formulations provide approximations for the calculation of the
yield stress τ0 and viscosity µ outgoing from rheometric raw data torque T and rotational
speed ω. [Nguyen and Boger (1985); Wallevik et al. (2015); Haist et al. (2020)] calcu-
lated flow data of cementitious pastes from large gap rheometry and compared them to
results obtained from small gap geometries, such as parallel plates. [Haist et al. (2020)]
found that the Reiner-Riwlin equation, see Eq. 2.28, calculates viscosities of Newtonian
fluids well. However, because the Reiner-Riwlin equation derives τ0 and µ based on the
linear Newtonian or Bingham model, the Reiner-Riwlin equation introduces errors for ce-
mentitious suspensions deviating from Bingham flow behavior. Furthermore, once the flow
behavior deviates from linear viscoplastic flow, the choice of rotational velocity values (ω),
used as input data for the Reiner-Riwlin equation, significantly affects the results.

Therefore, cementitious pastes with increasingly non-Newtonian flow properties were tested
in a rotational Vane-in-Cup (ViC) test. The rheological parameters τ0 and µwere calculated

https://doi.org/10.20944/preprints202402.0703.v1 


Comparative small and large gap rheometry for non-Newtonian cementitious pastes 81

using the Reiner-Riwlin equation, but varying input data for the conversion formulation
[ωmin;ωmax]. The aim was not only to test the variation of calculated rheological parame-
ters but also to compare the results to absolute parallel plate (PP) measurements, and yield
stress values calculated through Eq. 3.29 from a slump flow diameter.

5.1.2 Experimental investigations and findings

Pastes from an Ordinary Portland Cement (OPC) CEM I 42.5 R and a Limestone Calcined
Clay Cement (LC3) were prepared with three solid contents Φs = 0.45,Φs = 0.52 and
Φs = 0.55. The macroscopic flowability was adjusted to a slump flow value of 250±5 mm.
An analytical yield stress τ0,A,R from each slump flow value was calculated by application
of Eq. 3.29. Rheometric dynamic PP tests and ViC tests were conducted with a step-rate
down profile as introduced in Chapter 4. τ− γ̇ - flow curves were directly obtained from PP
raw data, and the Bingham model and Herschel-Bulkley model were applied to calculate
corresponding yield stress values τ0,B and τ0,H−B. ViC raw data were first converted from
T in [mNm] to T in [Nm], and n in [rpm] to ω in [ rad

s ]. Subsequently the Reiner-Riwlin
equation (see Eq. 2.28) was applied to calculate τ0 and µ. Different input ranges of raw
data [ωmin;ωmax], both varying in the range size and the section of input data [ωmin;ωmax]
(subsequently labeled ω steps for RR iteration), were applied.

The procedure is exemplary illustrated in Figure 5.1 for OPC-0.52 with a section size of
four ω steps for RR iteration. With a section size of four, five ranges of [ωmin;ωmax] are
obtained from the raw data. Figure 5.1 (a) displays the whole range of ω, Figure 5.1 (b)
displays the low velocity values. For each fitted [T ;ω] series, the maximum ω,τ0 and µ
are labeled.

Figure 5.1: Calculation of T −ω flow curves with different ranges of ω, [Thiedeitz and Kränkel
(2024b)]
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Fits that satisfy the experimental data at high velocity values, do not fit them at low velocity
(see Figure 5.1 (b) ), and vice versa. The illustrated calculation was performed for each of
the six test series, for all possible input variations of ω.

Figure 5.2 displays the differently calculated yield stress values. With increasing Φs, Bing-
ham yield stress results τ0,B show increasing deviations. The grey scaled boxes illustrate the
variation of τ0,B,ViC depending on the parameter range [T ;ω] used for the Reiner-Riwlin
calculation of τ0 and µ. Detailed analytical data and error plots can be obtained in the
referring publication.

Figure 5.2: Comparison of all τ0 values gained from ViC data with different Reiner-Riwlin approx-
imations, PP tests with different regression functions and analytical yield stress from slump flow
measurements, [Thiedeitz and Kränkel (2024b)]

The results reveal the strong dependency of the calculated yield stress on the chosen rheo-
metric device, regression method and input data for the Reiner-Riwlin equation. With in-
creasing Φs, calculated τ0 values vary up to 100 % (for CEMI-0.55). Variations are larger
for the CEMI test series than for the LC3 test series. The ViC system offers numerous advan-
tages for the analysis of rheological parameters. Its large gap allows the measurement of
pastes containing particles up to 4 mm, enabling the analysis of materials like mortar. The
system’s large vane minimizes the impact of paste inhomogeneities, such as segregation ef-
fects, making it particularly suitable for measurements over time. However, the rheological
analysis of strongly non-Newtonian cementitious pastes evaluated in large gap rheometry
should introduce extended raw data conversion formulations, which consider the nonlinear
material behavior. Data analysis of τ and µ in large gap rheometries is only beneficial if
rheological information at one certain velocity range are required.
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5.2 Effect of Pre-Shear on Agglomeration and Rheological
Parameters of Cement Paste

This section summarizes published studies of the author of this thesis:

[Pre2] Thiedeitz, M.; Dressler, I.; Kränkel, T.; Gehlen, C.; Lowke, D. (2020). Effect of Pre-
Shear on Agglomeration and Rheological Parameters of Cement Paste. Materials, Vol.
13, No.9, p. 2173, doi.org/10.3390/ma13092173 .
Licence: https://creativecommons.org/licenses/by/4.0/

Author’s contribution: Mareike Thiedeitz and Inka Mai (born Dressler) shared conceptu-
alization and original writing. The author of this thesis conceptualized and conducted all
parts of rheological experimental investigations, rheological modeling, analysis and conclu-
sions. Thomas Kränkel, Dirk Lowke and Christoph Gehlen reviewed and edited the article.

5.2.1 Motivation

Cementitious suspensions flocculate during rest due to attractive interparticle forces, and
desagglomerate when shear is induced. The mixing procedure determines the state of floc-
culation and, thus, affects the rheological properties. The effect of mixing history, initial
shear, shearing time and energy of the applied shear on rheological properties of cementi-
tious suspensions was investigated e.g. by [Castillo et al. (2012)]. [Ferron et al. (2013)]
investigated the aggregation and breakage kinetics of fresh cement paste depending on
different shearing conditions and shear history. [Han and Ferron (2016)] found a signifi-
cant effect of the mixing method on rheological properties. [Mazanec et al. (2010)] and
[Han and Ferron (2015)] investigated the use of high mixing intensities on densely packed
suspensions to optimize rheological properties.

Subsequently, the effect of the mixing time on rheological properties of the cementitious
pastes in this study was evaluated.

5.2.2 Experimental investigations and findings

Pastes from an Ordinary Portland Cement CEM I 42.5 R were prepared with three solid
volume fractions Φs = 0.45,Φs = 0.48 and Φs = 0.52. The macroscopic flowability was
adjusted to a slump flow value of 250 ± 5 mm. The test series CEMI-0.45 was prepared
with and without the addition of PCE. After the mixing procedure, cement paste was left
at rest and sheared up again at t = 8 min, 11.5 min or 12.5 min after water addition,
respectively. Consequently, the pre-shear before conducting dynamic rotational PP tests
was varied from 30 s to 90 s and 300 s. The mini slump flow was measured, followed by
the PP test 15 min after water addition. Additionally, the agglomerate mean diameter was

https://doi.org/10.3390/ma13092173
https://creativecommons.org/licenses/by/4.0/
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measured in-situ using a Focused Beam Reflectance Measurement Probe (FBRM). With the
FBRM technique, a particle or agglomerate diameter is approximated from the scattering
time when light is scattered back from a particle that was hit by the light of a rotating
laser beam [Heath et al. (2002); Krauss et al. (2018)]. FBRM tests were conducted at the
Technical University of Brunswick. The results are available in [Thiedeitz et al. (2020a)].
Here, solely the rheological parameters depending on the pre-shear time are summarized.
Rheological parameters yield stress τ0,B and viscosity µ were calculated using the Bingham
model, to be able to compare linear plastic viscosity values µ. Results are presented in
Figure 5.3.

Figure 5.3: Effect of preshearing time on (a) τ0,B and (b) µ for all test series, Thiedeitz et al. (2020a)

Figure 5.3 shows the decrease of rheological parameters when the pre-shear time was in-
creased from 30 s to 300 s. The test series without PCE was most affected by the increase
of pre-shear: Both the values for τ0,B and µ decreased significantly. While the effect or
pre-shear on the Bingham yield stress τ0,B was less for pastes with PCE, the plastic viscosity
µ showed decreased values of about up to 30 %, approaching an infinitity viscosity µ∞ at
infinite pre-shear time.

Theoretically, the most de-flocculated state depicts an optimum reference of the particle
network to correlate the rheology of cementitious suspensions with their microstructural
properties [Roussel (2012); Ma et al. (2018)]. However, an increase of pre-shear time
introduces additional mixing energy, and thus, heat, into the cementitious paste, which
affects its chemical reactions.

Summarized, the pre-shear time affects the suspenion’s rheology. The rheology is not only
a function of the granulometry of the raw binder system, but significantly depends on the
mixing history. A compromise needs to be defined between deflocculation and additionally
applied energy. A direct comparison between rheological experimental test results, once
the laboratory preparation is not similar, yields errors.
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5.3 Thixotropic Structural Build-Up of Cement Pastes at
Low Shear Rates

This section summarizes published studies of the author of this thesis:

[Pre3] Thiedeitz, M.; Kränkel, T.; Bauer, B.; Gehlen, C. (2019). Thixotropic Structural
Build-Up of Cement Pastes at Low Shear Rates. In: Ivankovic, A. et al. (Ed.): Interna-
tional Conference on Sustainable Materials : Challenges in Design and Management
of Structures : RILEM Publications, Vol. 4, p. 272–279 E-ISBN: 978-2-35158-218-3

Author’s contribution Thomas Kränkel conceptualized the research framework, Bianca Bauer
conducted the rheological tests. Result analysis and interpretation, writing and illustration
were done by the author of this thesis.

5.3.1 Motivation

Thixotropy investigations for cementitious building materials are, most often, correlated to
the measurement of static yield stress increase at material rest, also referred to as thixotropy
parameter Athix (see Chapter 3.4). However, thixotropy during flow depends on the applied
shear rate γ̇, as introduced in Chapter 2. The calculation of partial structural buildup be-
comes crucial to implement thixotropy into the calculation of flow processes rather than
buildup at rest. Therefore, the evolution of a partial Athix depending on low shear rates
was investigated as initial incentive to understand shear rate dependent thixotropy.

5.3.2 Experimental investigations and findings

Investigations on partial Athix were conducted on two cementitious test series using OPC
CEM I with w/c ratios of 0.3 and 0.4 (corresponding to solid volume fractions of Φs = 0.45
and Φs = 0.52). The evolution of static yield stress for the cementitious paste was measured
as introduced in Chapter 4. For the calculation of Athix , only the linear increase from 120 s
to 360 s was taken into account. The "applied shear rate during rest" was increased for eight
test series from γ̇ = 0s−1 to γ̇ = 0.055s−1. Thixotropy at rest was defined as 100% Athix .
Figure 5.4 displays the results of calculated Athix values for different low shear rates γ̇ at
rest.

Figure 5.4 demonstrates that already at slight increase of γ̇, thixotropy decreases rapidly,
approaching an equilibrium value with increasing γ̇. Due to the hydrating nature of ce-
mentitious pastes it can be assumed that the equilibrium value of Athix is connected to a
continuous structural build-up due to early nucleation hydration. Athix values for the ce-
mentitious paste with higher solid volume fraction are higher, with Athix = 1.5 Pa/s at rest
for the test series CEMI-0.52 (w/c= 0.3) being nearly four times higher than for CEMI-0.45
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Figure 5.4: Athix in dependence on γ̇ during rest, [Thiedeitz et al. (2019)]

(w/c = 0.4) with Athix = 0.4 Pa/s. However, the general relation between Athix decrease
and increasing γ̇ is similar for the different test series.

The results reveal the strong dependency of Athix on applied shear rates, as partial structural
breakdown accommodates the ongoing structural increase. However, it is essential to note
that these results, while informative, do not suffice as input for the development of a shear-
and time-dependent structural buildup calculation for λ similar to Eq. 2.14. To address
this limitation, a more in-depth partial structural buildup analysis and a time- and shear-
dependent formulation is required.
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5.4 L-Box Form Filling of Thixotropic Cementitious Paste
and Mortar

This section summarizes published studies of the author of this thesis:

[Pre4] Thiedeitz, M.; Habib, N.; Kränkel, T.; Gehlen, C. (2020).L-Box Form Filling of Thix-
otropic Cementitious Paste and Mortar. In: Materials, Vol. 13, No. 7, p. 1760,
doi.org/10.3390/ma13071760
Licence: https://creativecommons.org/licenses/by/4.0/

Author’s contribution Mareike Thiedeitz and Thomas Kränkel conceptualized the research
framework. L-Box tests and rheological tests were conducted by her and her co-author Nasime
Habib, with the support of Janusch Engelhardt and Maik Hobusch. Result analysis and inter-
pretation, writing and illustration were done by the author of this thesis.

5.4.1 Motivation and scope

Flow tests provide a fast, site-applicable test method to analyze rheological parameters.
Analytical equations for the slump flow, introduced in Eq. 3.29, and for the L-Box test,
introduced in Eq. 3.30, provide a correlation between flow test results and rheological pa-
rameters. For materials with Bingham or Herschel-Bulkley flow behavior, the approach of
correlating stoppage test results with rheological parameters was validated by various re-
searchers, see Chapter 3.6. However, their applicability becomes questionable when testing
materials with increasingly nonlinear flow behavior and thixotropic properties.

As observed in earlier analyses, an increase in the solid volume fraction Φs can result in
structural buildup at low shear rates γ̇. This yields the question of how much these thixo-
tropic effects affect L-Box tests. Unlike slump flow tests, L-Box tests last over an extended
time period at decreasing flow velocities. Thus, the effect of thixotropy, calculated through
linear structural buildup Athix in a rheometric SYS test, on the L-Box flow was analyzed.

5.4.2 Experimental investigations and findings

Tests were performed with cementitious pastes of the test series CEMI-0.45 and CEMI-
0.52. PCE was added until mini slump flow values of 200±5, 225±5, 250±5, 275±5 and
300 ± 5 mm were reached. L-Box tests were conducted on a mini-L-Box with geometric
dimensions as introduced in Chapter 4. Rheological PP tests with a dynamic rotational
profile and the Bingham regression for the analysis of τ0,B and µ, and static SYS tests in the
ViC geometry for the analysis of Athix were conducted. From the mini-L-Box test, the final
flow length, overall flow time and velocity over time of all test series were measured. Wall
effects and inertia were neglected for the calculation and application of Eq. 3.30. Following
correlations were investigated:

https://doi.org/10.3390/ma13071760 
https://creativecommons.org/licenses/by/4.0/
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• Effect of slump flow value on the calculated dynamic yield stress τ0

• Correlation between calculated dynamic yield stress τ0 and final L-Box flow length

• Correlation between final flow length and thixotropy Athix

• Correlation between time of flow, thixotropy and final flow length

Detailed data and illustrations on all results are found in [Thiedeitz et al. (2020b)]. Without
displaying all results here, solely the correlation between final flow length and thixotropy
Athix is shortly summarized, illustrated in Figure 5.5.

Figure 5.5: Effect of thixotropy values on effective flow length in an L-Box, [Thiedeitz et al. (2020b)]

Figure 5.5 (a) depicts the correlation of L-Box flow length and thixotropy in dependence
on the macroscopic flowability data from slump flow. Irrespective of the investigated paste
or mortar, data show that with increasing measured thixotropy Athix , the flow length value
decreases. This is valid for all adjusted slump flow values.

The result clarifies the effect of time-dependency in flow tests once the material exhibits
thixotropy: Slump flow tests are short-range tests. Thus, thixotropic effects do not affect
the flow. This is different for L-Box tests: Here, the flow process takes longer, and slow veloc-
ities enable flow-affecting thixotropic structural buildup (which, again, affects the material
viscosity and thus flow velocity).

Figure 5.5 (b) allows a more detailed look on the interdependence of thixotropy, time of
flow and final flow length. The test series Φ = 0.45p has a low thixotropy of Athix = 0.1
Pa/s. With increasing final flow length, time of flow nearly increases linearly, and structural
changes do not seem to have an effect on the flow properties. Contrary, the test series
Φ = 0.52p exhibits ranging thixotropy; with higher thixotropy values ranging from Athix =
0.22− 0.60 Pa/s. Pastes with less flow length exhibit significantly higher thixotropy. The
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flow time is higher: This is associated to increasing viscosities due to structural buildup at
slow flow, and consequently, decreased velocities.

Summarized, the experimental framework revealed a clear effect of thixotropy on time-
dependent flow tests, as the L-Box flow decreases with increasing thixotropy. The research
findings, however, lack a clear allocation of time-and shear-rate dependent thixotropy to
viscosity increase and velocity decrease, as the flow is a constantly transient process. For
a better understanding of these processes, numerical simulation can aid to visualize flow
fields and local and transient properties.
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5.5 Computational modeling of non-Newtonian viscoplas-
tic cementitious pastes

This section summarizes published studies of the author of this thesis:

[Pre5] Thiedeitz, M.; Timothy, J.; Kränkel, T. (2022). Computational modeling and charac-
terization of non-Newtonian visco-plastic cementitious building materials.. 8th Euro-
pean Congress on Computational Methods in Applied Sciences and Engineering, CIMNE,
doi:10.23967/eccomas.2022.06 9
Licence: https://creativecommons.org/licenses/by/4.0/

Author’s contribution The author of this thesis conceptualized the research framework. She
conducted the rheological tests, with the support of the laboratory stuff members, and numeri-
cal simulations. Result analysis, writing and illustration were done by her. Jithender Timothy
and Thomas Kränkel reviewed and edited the article.

5.5.1 Motivation and scope

CFD has demonstrated its efficacy for cement and concrete flow tests in empirical stoppage
tests [Gram (May 2009); Vasilić (2016); Roussel et al. (2016)] and processing simulations
[Wallevik (2009); Secrieru (2018); Fataei (2021); de Schryver, Robin (2022)]. Yet, the
impact of increasingly non-Newtonian behavior, as well as the thixotropic contribution, in
time-dependent numerical flow simulations needs to be investigated. Since a clear time-
resolved structural parameter has not been implemented so far, and the linear thixotropy
parameter Athix lacks physical significance for transient flow formulations, first CFD analysis
of empirical stoppage tests solely investigated cementitious pastes as viscoplastic material
with increasingly non-Newtonian flow properties.

5.5.2 Experimental investigations and findings

Cement pastes with CEM I as binder, solid volume fractions Φs = 0.45,0.48, 0.52,0.55
and 0.58 and a macroscopic flowability of 250 mm ±5 slump flow diameter were investi-
gated. All pastes were rheologically analyzed with dynamic parallel plate rheometry and the
Herschel-Bulkley phenomenological regression. For the implementation of the Herschel-
Bulkley model into CFD, the bi-viscous regularization model by [O’Donovan and Tanner
(1984)] with η0 = 1000η was chosen to prevent singularity at γ̇= 0:

η=min







η0

τ0

γ̇+ kγ̇n−1

(5.1)

https://www.scipedia.com/public/Thiedeitz_et_al_2022a
https://creativecommons.org/licenses/by/4.0/
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The flow evolution and final flow length values were analyzed using experimental and
numerical flow tests. The computational mesh for both test geometries is displayed in
Figure 5.6.

Block x y z Ratio ΣCells
1 30 25 10 0.94

31
25

002 700 25 10 0.85
3 100 25 10 1.25
4 30 350 10 1.05

Block x y z Ratio ΣCells

1 90 24 90 1.00 194400

1

300 mm

80
 m

m

x

y
z

Figure 5.6: Geometric mesh dimensions, [Thiedeitz et al. (5th - 9th Jun 2022)]

While the detailed computational framework and results are found in [Thiedeitz et al. (5th -
9th Jun 2022)], Figure5.7 displays the comparison of the final flow results of (a) laboratory
experiments and (b) the simulated test cases.

(a) Experimental flow test results (b) Simulated flow test results

Figure 5.7: Experimental and numerical flow test results, modified from [Thiedeitz et al. (5th - 9th
Jun 2022)]

Figure 5.7 (a) demonstrates the divergence in flow behavior between the slump flow and the
L-Box flow. While the slump flow diameters remain constant around d = 250± 5mm with
increasing Φs (originating from the targeted PCE addition), the L-Box flow length decreases
for the same mixtures with increasing Φs. However, Figure5.7 (b) shows that the simula-
tions do not reproduce the experimentally observed flow. A comparison between L-Box ex-
periments and simulations indicates that the numerical L-Box flow length only marginally
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decreases with increasing Φs. These findings underscore that the Herschel-Bulkley model
does not capture thixotropy that affects the experimental L-Box flow. While thixotropy does
not affect the slump flow and, subsequently, numerical simulation results do not diverge,
the accuracy for L-Box simulations decreases and the flow loss is not computed.

Figure 5.8 visualizes the shear rate distribution at t= 2 s for CEMI-0.48-250 and CEMI-
0.58-250 in PARAVIEW. The cementitious pastes possess a large range of low γ̇-values over
the flow field, which in real life flow affects the rheological properties. CEMI-0.58-250
possesses lower shear rates at the same time step. The time- and shear rate- dependent
material changes, however, are not depicted by the viscoplastic Herschel-Bulkley model.

Figure 5.8: Shear rate distribution in L-Box tests with 0.45-250 and 0.58-250 at t=2 s, [Thiedeitz
et al. (5th - 9th Jun 2022)]

Summarized, the CFD simulations reveal the non-sufficiency of the viscoplastic model to
depict time-dependent flow cases. A transient thixotropy parameter, which captures the
shear-and time-dependent structural buildup, must be introduced.

Furthermore, the simulations showed that not only the rheological model, but also the mesh
design and the regularization method affect the numerical accuracy. Therefore, prior to the
implementation of a new rheological model and the analysis of transient flow phenomena,
a broad accuracy analysis was required.
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6. Viscoelastoplastic classification of
cementitious suspensions: transient and
non-linear flow analysis in rotational
and oscillatory shear flows

This chapter summarizes research findings published in this article:

[Main1] Thiedeitz, M.; Kränkel, T.; Gehlen, C. (2022). Viscoelastoplastic classification of
cementitious suspensions: transient and non-linear flow analysis in rotational and
oscillatory shear flows. Rheologica Acta 61, 549-570, doi.org/10.1007/s00397-
022-01358-9

Author’s contribution

The author of this thesis conceptualized the research necessity, the modeling approach and
the overall structure of the publication. Laboratory experiments were conducted by her,
Maximilian Prakesch and Maik Hobusch. Data analysis and interpretation, illustration and
writing was done by her. Thomas Kränkel and Christoph Gehlen reviewed and edited the
article.

Copyright Notice

©2022 This article is licensed under a Creative Commons Attribution 4.0 International Li-
cense, which permits use, sharing, adaptation, distribution and reproduction in any medium
or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the material. If mate-
rial is not included in the article’s Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to ob-
tain permission directly from the copyright holder. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/

https://doi.org/10.1007/s00397-022-01358-9 
https://doi.org/10.1007/s00397-022-01358-9 
http://creativecommons.org/licenses/by/4.0/
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6.1 Motivation and scope

Following the preliminary rheological investigations, a comprehensive test program was
designed to investigate the viscoplasticity and viscoelasticity of cement pastes as a function
of their suspension composition. The focus was put on:

• Construction of a rheological property map to classify the elasto-visco-plastic material
behavior of cementitious pastes, and application of it on an experimental setup

• Assessment of simple and well-established analysis methods to calculate rheological
parameters, and the analysis of nonlinear elasto-visco-plasticitiy

Cementitious suspensions with a CEM II 42.5 A-LL N and three different solid volume frac-
tions (ΦS = 0.48,Φs = 0.52 and Φs = 0.55 ), and macroscopic flowability values of slump
flow = 200 ±5mm, 250 ±5mm and 300 ±5mm were investigated.

Viscoplastic characterization methods

For viscoplastic characterization, phenomenological regression analysis was applied to flow
curves from rotational dynamic parallel plate rheometry. Different regression functions
were applied:

• Analysis of τ− γ̇ flow curves: Bingham- and Herschel-Bulkley regression

• Analysis of η − γ̇ viscosity curves: Application of the continuous Cross model and
discontinuous modeling, adapted from [Zarei and Aalaie (2020)]

• Agglomeration analysis below the critical shear rate γ̇cri t through thixotropy formu-
lation by [Roussel (2006)] et al., Eq. 3.22

Viscoelastic characterization methods

Viscoelastic analysis in the linear, transient and nonlinear regime was conducted using Large
Amplitude Oscillatory Shear (LAOS) rheometry with parallel plates, and different mathe-
matical methods were tested:

• Inter-cyclic linear viscoelastic material analysis in the linear-viscoelastic regime (LVE)

• Intra-cyclic transient and nonlinear viscoelastic analysis of higher harmonics graphi-
cally with LB curves and mathematically applying stress decomposition

All mathematical equations, the referring rheological parameters and significance for ce-
ment paste rheology are elaborated in [Thiedeitz et al. (2022)]. Main findings are presented
in the following.
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6.2 Main findings

Viscoplastic modeling

Flow curves from dynamic parallel plates rheometry were plotted as τ− γ̇-curves and η− γ̇-
curves, and the regression analysis of the flow curves with the different phenomenological
models followed in PYTHON. The focus of investigation was placed on (I) correctness of the
regression method as introduced in Chapter 4, (II) robustness of the rheological model and
(III) informative value of the rheological parameters gained through the regression method.
Figure 6.1 illustrates different selected rheological parameters from the regression analysis
depending on the paste composition.

Figure 6.1: Viscoplastic parameters from all test series: (a) Yield stress τ0,H.−B., (b) non-Newtonian
index, (c) zero viscosity η0, updated from [Thiedeitz et al. (2022)]

The results show that, as expected, increased slump flow values decrease the yield stress
values τH.−B., see Figure 6.1 (a). The non-Newtonian index n from the Herschel-Bulkley
analysis is illustrated in Figure 6.1 (b). n increases with increasing solid volume fraction Φs.
While the Herschel-Bulkley analysis could describe increasing nonlinearity for all test series,
common viscosity models did not depict the shear-dependent viscosity for pastes with φs =
0.55. However, they provided information on the zero viscosity η0. Figure 6.1 (c) shows the
zero viscosity η0 as extrapolation at γ̇ = 0, which ranges between 0.2 Pas for low-viscous
pastes at low Φs and around 2000 Pas for the highest Φs. Discontinuous viscosity modeling,
applied in [Thiedeitz et al. (2022)], depicted a more detailed analysis of η(Φs), mostly with
a lower regression error. However, continuous mathematical modeling is preferred over
discontinuity functions, as they can yield instabilities especially when implementing them
into numerical CFD models.

Viscoelastic modeling: First harmonics

First harmonics analysis of all test series revealed significant differences in the viscoelastic
material response depending on the cement paste composition. While LAOS curves can



Main findings 97

be looked up in [Thiedeitz et al. (2022)], Figure 6.2 illustrates the main outcome of the
viscoelasticity analysis in the LVE regime.

Figure 6.2: Viscoelastic parameter analysis of the first harmonics: (a) complex viscosity η∗, (b)
phase shift angle δ and (c) the yield index, updated from [Thiedeitz et al. (2022)]

Figure 6.2 (a) illustrates the complex viscosity η∗ for the linear viscoelastic range, which,
in comparison to Figure 6.1 (c), depicts a clear dependence between flowability and η∗LV E.
With increasing superplasticizer amount, η∗LV E decreases. Alternatively, the complex shear
modulus or the storage modulus could have been chosen for description. Figure 6.2 (b)
shows the phase shift angle δ in the LVE in comparison to the non-Newtonian index n from
the viscoplastic analysis. Generally, with increasing n (and, thus, also Φs), the phase shift
angle δ decreases indicating a more pronounced elasticity. Figure 6.2 (c) illustrates the
yield index, which is the ratio between viscous and elastic range. Again, the correlation
to n x is illustrated. A general trend is obvious that with increasing n, the yield index de-
creases, which corresponds to an increased elastic region compared to viscous flow. In this
case, not only Φs, but also the superplasticizer amount become important: With increased
superplasticizer amount, elasticity increases. While the results correspond to previous find-
ings of elasticity of polymer structures, e.g. [Hyun et al. (2011)], combined chemical and
microstructural investigations would be required to prove the root of increased elasticity.

Viscoelastic modeling: Higher harmonics

The nonlinear viscoelastic material behavior was analyzed graphically through the analysis
of LB curves, and mathematically through the evaluation of the strain stiffening ratio S,
shear thickening ratio T , strain stiffening ratio e3 and shear thickening ratio v3. Results
for all test series and each LB curve are elaborated in detail in [Thiedeitz et al. (2022)].
Nonlinear viscoelastic analysis methods revealed intra-cyclic differences of the viscoelastic
evolution depending on the paste composition.

Exemplary, Figure 6.3 visualizes LB curves for the test series 0.45-250 and 0.55-250. Figure
6.3 (a) shows the whole evolution of the test series 0.55-250. Figure 6.3 (b) reveals the
differences of three LB curves in the LVE, transient and highly nonlinear zone. The widening



98 Viscoelastoplastic classification of cementitious suspensions . . .

of the elastic LB curve over time signifies a reduction in the ratio of storage modulus to loss
modulus inter-cyclically.

(a) LB curves for CEMII-0.55-250 (b) CEMII-0.45-250 and CEMII-0.55-250

Figure 6.3: nonlinear viscoelastic Lissajous-Bowditch curves at different strain amplitudes γ0,
[Thiedeitz et al. (2022)]

Mathematically, the evolution of Chebyshev parameters with increasing applied strain am-
plitude γ0 revealed material transitions from elastic to viscous behavior. Within the yielding
zone, S and T revealed intracyclic elastic shear stiffening and viscous shear thinning be-
havior. Strain stiffening behavior increased with Φs, but decreased depending on the PCE
content. In the nonlinear regime, the material exhibited elastic shear softening (S decreases
below 0) and viscous shear thinning (T increases towards 0), leading to increased domi-
nance of viscous effects and improved flowability inter-cyclically.

Rheological mapping

Finally, a rheology map for the classification of elasto-visco-plasticity was designed, which
grasps descriptive rheological parameters, see Figure 6.4. Figure 6.4 depicts the distinction
between elasticity, plasticity and viscosity. The design idea was adopted from the PIPKIN

diagram, invented by Pipkin in 1972, see [John et al. (1986)]. From left to right, deforma-
bility (through description of shear deformation γ) and flowability ( through description of
the shear rate γ̇) increase. From the bottom to the top, interparticle forces increase. The
inner part of the map shows the variation of cementitious pastes, simplified to the increase
of PCE and the increase of solid volume fraction.

The shift from plasticity to viscosity happens through the rheological parameter yield stress
τ0. Below τ0, flocculation can occur. Beyond, viscous shear flow occurs as a function
f (γ̇). The change between elasticity and viscosity happens at a critical strain rate γl , while
flow starts at γF . The yield index stands for the viscoelastic character between soft and
brittle failure. Before yielding, the linear-viscoelastic range is described through the storage
modulus G′ and γl . After yielding, S(γ), T (γ), e(γ) and v(γ) describe nonlinearities.
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Figure 6.4: Rheological parameter map for viscoelastoplastic classification, modified and updated
from [Thiedeitz et al. (2022)]

Figure 6.5: Elasto-visco-plastic mapping through non-Newtonian index n, phase shift angle δ and
yield index, modified and updated from [Thiedeitz et al. (2022)]

A simple combined mapping of elasto-visco-plastic characterization of all test series is illus-
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trated in Figure 6.5. The rheo-box combines the non-Newtonian index n, phase shift angle
δ and yield index. With increasing solid volume fraction Φs and superplasticizer content,
non-Newtonian behavior changes from viscous and brittle to increasingly soft and elastic
while increasing the nonlinear viscosity.

6.3 Conclusion and outlook

A methodology was presented to measure viscoplastic and viscoelastic properties of cemen-
titious pastes, and to couple the analysis for a descriptive rheological mapping.

Summarized, the viscoplastic characterization revealed the transition from shear-thinning
towards shear-thickening behavior with increasing Φs. Viscosity bifurcation below a critical
shear rate γ̇cri t was best depicted through discontinuous modeling. For viscoelastic char-
acterization, the first order oscillatory parameters G′, γl , δ and η∗ in the LVE range; and
the overall evolution of these parameters together with the yield index γF/γl , characterized
viscoelastic properties in the most descriptive way. nonlinear material analysis, however,
gave insights into intracyclic strain-softening or strain-stiffing material behavior.

The mathematical methods to characterize nonlinear viscoelasticity require a higher com-
putational effort. However, they gain the benefit of a distinct analysis of microstructural
effects, such as the effect of chemical admixtures on viscoelastic properties. Elasto-visco-
plastic properties were crucially affected by both Φs and the polymeric content.

Finally, it was found that a phenomenological unifying approach of combined dynamic
and oscillatory linear and nonlinear rheological analysis provides elaborated information
about the effect of the paste composition on rheological properties. A combination of the
presented methods does not lead to comparative (as suggested in previous research) but
to complementary material parameters that help to fingerprint the viscoelastic or even
elasto-visco-plastic deformation and flow. Prospectively, these methods can be applied effec-
tively test cement-superplasticizer-interactions and optimize the flowability of cementitious
pastes.



7. Steady and transient
phenomenological thixotropy modeling
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This chapter summarizes research findings from an article intended for publication. The article
was submitted in 08/2023. Review is pending.
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Author’s contribution

The author of this thesis conceptualized the research necessity, the modeling approach and
the overall structure of the publication. Modeling ideas were a process where Maximil-
ian Prakesch and Thomas Kränkel supported with ideas. Data analysis and interpretation,
illustration and writing was done by her. Thomas Kränkel reviewed and edited the article.
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7.1 Motivation and scope

Following the elasto-visco-plastic rheological classification, thixotropy modeling and its
combination with experimental rheology tests was required for the evaluation of a time-
and shear rate dependent parameter λ. Figure 7.1 displays the viscoplastic and thixotropic
range of cementitious pastes: Figure 7.1 (a) shows the dynamic τ− γ̇ - flow curves of two
different cement pastes, varying in their solid volume fraction ΦS but with similar consis-
tencies due to the addition of superplasticizer. The paste with ΦS = 0.45 has nearly ideal
viscoplastic flow behavior. A steady flow model can be chosen to describe nearly the whole
range of shear. The paste with ΦS = 0.55, however, possesses a critical shear rate γ̇cri t:
Below γ̇cri t , agglomeration takes place and the stress response increases with decreasing γ̇.
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Figure 7.1: Structural buildup in a one-dimensional flow curve below a critical shear rate γ̇ because
of agglomeration processes, [Thiedeitz and Kränkel (2024a)]

The flow curve is, thus, distinguished into a viscoplastic range > γ̇cri t and a thixotropic
range < γ̇cri t . The investigation covered two main research aims:

• The mathematical formulation of a time- and shear rate dependent structural param-
eter λ based on existing models, which can be combined with experimental tests

• Assessment of different rheometric procedures on their applicability to analyze thixo-
tropy parameters, and a concluding strategy which procedures serve which benefit

7.1.1 Rheological model definition

A simplified kinetic model, based on the formulation from [Cheng and Evans (1965)], was
chosen to describe the structural parameter λ:

dλ
d t
=− k1γ̇λ+ k2(1−λ) [−] (7.1)

In Eq. 7.1, k1 is the structural breakdown parameter that depends on the shear rate γ̇,
and k2 is the structural buildup parameter. A similar formulation of λ is found in [Le-Cao
et al. (2020)]. While the constitutive equation is kept in a generalized form, it equals the
thixotropy model from [Coussot et al. (2002)], adapted by [Roussel (2006)]:

dλ
d t
=

1
Tλm

−αλγ̇ [−] (7.2)
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Comparing Eq. 7.1 and Eq. 7.2, it becomes clear that k1 equals the deflocculation parameter
α; and k2 is the reciprocal of the flocculation time Θ, and, thus k2 = 1/Θ. The main
difference is that Eq. 7.1 is strictly normalized to the range 0 ≤ λ ≤ 1. This makes Eq. 7.1
applicable to use λ as scaling factor to other rheological parameters, such as τ(t) = τ dλ

d t

and η(t) = η dλ
d t . While a constitutive model illustration for both k1 and k2 can be looked

up in the referring publication, the whole constitutive formulation Eq. 7.1 is illustrated in
Figure 7.2 with regards to the boundary condition λ0, which is the initial structural state.

(a) (b)

k1=0.08
k2=0.01
𝜆𝜆0= 0.5

𝑑𝑑𝜆𝜆
𝑑𝑑𝑑𝑑

= −𝑘𝑘1�̇�𝛾𝜆𝜆 + 𝑘𝑘2(1 − 𝜆𝜆)
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Figure 7.2: Constitutive λ(t) modeling with different boundary parameters λ0 and structural pa-
rameters k1 and k2, [Thiedeitz and Kränkel (2024a)]

Figure 7.2 (a) shows the shear-rate dependent evolution of λ(t) for a defined boundary
condition of λ0 = 0.5. Figure 7.2 (b) illustrates λ(t) for each λ0 = 0 and λ0 = 1. The
time scale until 1000 s in (a), and 100 s in (b) was chosen with regards to real life flow-
and rest processes. The maximum structural value of λ= 1, in any case, is reached after a
certain time. However, a difference between the presented modeling and real cementitious
paste structural buildup must be considered: Due to hydration effects, irreversible structural
buildup would, differently than depicted in Figure 7.2 (a), continue. With regards to the
scope of this thesis, hydration contributions to structural buildup are not considered. More
information on irreversible structural buildup modeling are, e.g., found in [Reiter (2019);
Marchesini et al. (2019)].

7.2 Experimental procedures and main findings

Analysis of structural buildup and structural breakdown parameter

Experimental procedures to investigate structural buildup and breakdown parameters are
collected in Figure 7.3, with more detailed information from Figure 7.4 to Figure 7.6.
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Figure 7.3: Rheometric procedure, [Thiedeitz and Kränkel (2024a)]

A dynamic rotational test at different constant shear rate values γ̇ was employed to investi-
gate k1, which is illustrated in Figure 7.4. Different shear rates were employed, and the cor-
responding stress response was fitted to the constitutive breakdown equation dλ

d t = −k1γ̇λ.

Shear after rest

Shear without rest

𝜏𝜏 𝑡𝑡 =
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𝑑𝑑𝑡𝑡

= −𝑘𝑘1�̇�𝛾𝜕𝜕

(a) (b)

Figure 7.4: Dynamic rotational shear test at constant γ̇, [Thiedeitz and Kränkel (2024a)]

Figure 7.4 (a) shows the experimental data for γ̇ = 40s−1, 20s−1 and 5s−1. Figure 7.4 (b)
vizualizes the effect of different shear histories. For the shear rates γ̇= 5s−1, 2s−1 and 1s−1,
tests were carried out after a certain time of rest, wherefore the boundary condition λ0 = 1,
and without resting time, wherefore λ0 = 0. While the quantitative data can be looked up
in the belonging publication, it shall be noticed that the initial structural state, together
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with shear history, becomes important for the structural breakdown parameter k1.

To analyze k2, two methods were employed. In general, k2 was investigated through iden-
tification of the flocculation time Θ, and calculating the reciprocal k2 = 1/Θ. Figure 7.5
shows the oscillatory SAOS and rotational static SYS test to analyze the structural buildup
and flocculation time.
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Figure 7.5: (a) Non-destructive oscillatory test and (b) static yield stress test, both to obtain k2

through flocculation time analysis, [Thiedeitz and Kränkel (2024a)]

Figure 7.5 (a) shows the storage modulus G′ and phase shift angle response δ in an os-
cillatory test. G′(t) was fitted to Eq. 3.28. Additionally to the flocculation time Θ f i t , a
structural parameter c and the rigidification rate Gri g were identified as proposed by [Ma
et al. (2018)]. In another approach, the flocculation time was calculated through the anal-
ysis of δ(t). Θδ was reached once the gradient of δ(t) reached a threshold of 0.1%.

Figure 7.5 (b) illustrates the linear and nonlinear regression analysis for τ(t) as proposed
by [Ma et al. (2018)]. Consequently, a flocculation time ΘAthix and a structural parameter
cAthix could be calculated. Structural buildup was increasingly nonlinear with increasing
Φs, wherefore the nonlinear regression analysis was more descriptive with a smaller math-
ematical error. However, the regression parameter ΘAthix could not be correlated with Θ f i t

or Θδ. The structural breakdown parameter k2 was consequently calculated from Θ f i t .

Transient flow modeling with time- and shear rate-dependent λ

Finally, phenomenological modeling on dynamic flow curves was conducted with a λ -
implemented Herschel-Bulkley model. It is important to note that Eq. 7.1 incorporates a
time-dependent parameter. Thus, to enable phenomenological modeling on experimental
data, the measurement time of each shear rate step needed to be implemented.
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Figure 7.6: Dynamic flow curve, [Thiedeitz and Kränkel (2024a)]

Figure 7.6 shows the difference between a simple Herschel-Bulkley model and a λ- imple-
mented Herschel-Bulkley model. Below the critical shear rate γ̇cri t , the shear stress increase
is accounted for through structural buildup that surpasses structural breakdown. While the
final mathematical formulation is still not perfect, it depicts time- and shear-dependent
thixotropy that is observed in a parallel-plates experiment.

7.3 Conclusion and outlook

A time-dependent λ(t)-implementation into a dynamic flow model allows the computation
of partial structural buildup during the low-shear regime. Knowledge about full structural
buildup and structural breakdown parameter ensures a weighting of both physical phe-
nomena close to reality. Rheometric test methods were used to analyze structural buildup
and breakdown properties. It was found that the calculated parameters fit well into a tran-
sient flow formulation: The buildup parameter k2 can be correlated to the flocculation time
Θ measured during a non-destructive oscillatory test. The understanding of the physical
and chemical relation, and, thus, a more elaborated analysis of flocculation time, requires
more research. The structural breakdown parameter k1 is highly dependent on boundary
parameters and the shearing history.

While the theoretical modeling of Eq. 7.1 is straight-forward and depicts the physical thix-
otropic properties in a meaningful way, the combination with experimental methods yields
challenges: On the one hand, boundary conditions, such as resting time or pre-shear, sig-
nificantly affect structural properties. Secondly, different experimental and mathematical
methods appear promising for the experimental analysis, but yield different results. Global
knowledge about structural buildup and breakdown as a function of the mixture com-
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position requires a broader experimental data pool and further analytical methods, e.g.
calorimetric measurements, analysis of granulometric properties with time and hydration
products. However, the proposed model and experimental setup support the understand-
ing of transient thixotropy-including flow. Additionally, the mathematical formulation can
be implemented into a phenomenological formulation in a Computational Fluid Dynamics
(CFD) setup for the fully resolved time- and shear-dependent flow simulation of thixotropic
cementitious building materials.
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8.1 Motivation and scope

“A computational model relates well to the theory if the computational model describes the
mathematical model well and the mathematical model relates to the theory well”,
[Babuska and Oden (2004)]

First CFD simulations of the slump flow and the L-Box test, see [Thiedeitz et al. (5th -
9th Jun 2022)], revealed challenges in defining an accurate numerical model to compute
transient viscous flow. Many CFD simulations of cementitious paste flow available in the
literature simplify the rheological material behavior (e.g., Bingham flow, [Roussel et al.
(2016)]), focus on steady-state conditions in analytically resolvable geometries [Haustein
et al. (2022)], or neglect testing the impact of numerical boundary and regularization meth-
ods on the computational accuracy (e.g., [Gram (May 2009); Schaer et al. (2018); Pereira
et al. (2022)]). “Ideal numerical benchmark scenarios” compare analytically resolvable
test cases with numerical approximations to optimize the numerical framework towards a
defined mathematical result. Empirical stoppage tests display the fast on-site estimation
of rheological parameters and workability. However, [Frigaard and Nouar (2005)] labeled
them "worst-case scenarios" for the numerical analysis, because no analytical solution for
the velocity field exists, the local simulation domain changes with every time step and reg-
ularization techniques affect the start and stoppage of flow.

Therefore, the article published in [Thiedeitz et al. (2024)] focuses on a reliable compu-
tational framework to compute the free-surface flow of cementitious pastes. The effect
of spatially-temporally refinement, regularization model and regularization parameters in
the slump flow test were investigated. Subsequently, transient properties of cementitious
pastes with varying viscosities, described by the Herschel-Bulkley model, were analyzed
during slump flow. Modeling of a slice geometry was compared to the fully-resolved three-
dimensional cone geometry to save computational costs. The research concept is illustrated
in Figure 8.1:

Rheological model
Translation

Flow experiment

Slump flow Rheometry

Validation

Computational model

Time discretization
Δt

Space discretization
Δ𝑥𝑥, Δy,Δz

Boundary 
conditions Regularization

Figure 8.1: Research framework: Flow tests, rheological model and numerical simulation,
[Thiedeitz et al. (2024)]
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8.2 Numerical procedure and findings

Cementitious pastes were prepared with the binder OPC CEM I and solid volume fractions
φs = 0.45, 0.52 and 0.55. PCE was added for macroscopic flowability values of 250±5mm
as diameter in the slump flow test. Rheometric tests were conducted with the parallel plates
geometry in a dynamic rotational step-rate profile. The Herschel-Bulkley model was applied
to the flow curves for the analysis of rheological parameters.

The numerical accuracy was tested in a sptial-temporal refinement study. Subsequently, the
three-dimensional cone geometry and the slice geometry were compared on their accuracy.
Different regularization techniques and parameters were tested on the most accurate nu-
merical model. The numerical accuracy analysis was solely investigated for the test series
OPC-0.45. The computational study of viscous flow was performed on all test series.

8.2.1 Numerical accuracy

The spatial-temporal refinement analysis comprised of simulations with (1) only fixed time
step ∆t, (2) only fixed ∆x;∆y;∆z and (3) coupled spatial and temporal refinement. The
cone geometry was discretized three times with meshes containing cubical cells (aspect
ratio = 1) with dimensions ∆x;∆y;∆z = 0.004 m, 0.002 m and 0.001 m, reaching a
maximum of 7.2 million cells in the finest mesh refinement. In contrast, for the slice setup,
four mesh refinements with a maximum of 63,441 cells in the finest setup were employed.
The cell sizes were defined as ∆x and ∆y= 0.004, 0.002, 0.001 and 0.0005 m at a slice
angle of 3 ◦. Time steps ∆t were studied between ∆t = 4 × 10−3 to ∆t = 3.125 × 10−5

s. The maximum Courant number Co was evaluated for each simulation. The numerical
error was calculated as deviation between the numerical final flow radius rx ,num and the
experimental final flow radius rx ,ex p.

(a) Numerical errors of cone simulations (b) Numerical errors of slice simulations

Figure 8.2: Error plots for all mesh and time refinements, [Thiedeitz et al. (2024)]
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Convergence plots for each test series are available in [Thiedeitz et al. (2024)]. In this sum-
mary, Figure 8.2 displays error plots for all simulations depending on the chosen refinement
pairs. Figure 8.2 (a) illustrates the error for the three-dimensional cone geometry, Figure
8.2 (b) illustrates the error for the slice geometry. The convergence study revealed a signifi-
cant combined spatial and temporal discretization effect on the final flow result. Optimized
spatial-temporal refinement reduced the error for the cone geometry to ex = 8% and for
the slice geometry to ex = 4%. Generally, decreasing Courant numbers contributed to a
reduction in the final error.

Geometrical comparison

While the slice geometry provided more accurate simulation results due to higher possible
mesh refinement, the cone geometry displays the closest approximation to the experimental
test case. Figure 8.3 illustrates the comparison of simulation results for the finest cone and
slice models, respectively.

(a) Shape comparison (b) Flow over time comparison

Figure 8.3: Comparison of cone and slice simulations with the highest numerical refinement,
[Thiedeitz et al. (2024)]

The comparison reveals shape deviations between the three-dimensional geometry and the
slice geometry during the flow. However, because the final flow length showed similar
results, the slice geometry was applied for further parameter analysis due to reduced com-
putational costs.

Regularization study

The Herschel-Bulkley-implemented Papanastasiou regularization, see Eq. 3.31, and the
bi-viscous model, see Eq. 3.32, were tested with varying regularization parameters. For
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the Papanastasiou regularization, m was varied at m = 1, 10,100 and 1000. For each m
variation, γ̇cri t was fixed as γ̇cri t = 0.001s−1, and γ̇cri t = 0.16s−1, respectively. While γ̇cri t =
0.001s−1 displays an arbitrary value to define the start of the blending function, γ̇cri t =
0.16s−1 is the mathematically analyzed critical shear rate from the rheological experiment.

For the bi-viscous model, four zero viscosities η0 were defined, i.e. η0 = 1, 10,100, and
1000 Pas. Figure 8.4 illustrates the flow over time for all variations:

(a) Papanastasiou regularization
with γ̇= 0.001

(b) Papanastasiou regularization
with γ̇= 0.16

(c) Bi-viscous regularization
with different η0

Figure 8.4: Regularization-dependent flow over time, [Thiedeitz et al. (2024)]

Figure 8.4 (a) and Figure 8.4 (b) show the Papanastasiou model with γ̇cri t = 0.001s−1 and
γ̇cri t = 0.16s−1. Once a minimum shear rate of γ̇cri t = 0.001s−1 is chosen, the regularization
parameter m does not affect the slump flow radius at all. At γ̇cri t = 0.16s−1, m affects the
flow. Increasing m values lead to a slower flow evolution. Figure 8.4 (c) shows that the
bi-viscous regularization affects the flow to the highest extended. With decreasing η0, the
flow velocity (slope of the curve rx(t)) is higher and the final slump flow radius increases.
The numerical error ex decreases with increasing η0.

In the numerical slump flow test, regularization plays a crucial role, influencing both the
flow result and the transient flow. The Papanastasiou regularization method reduces the
numerical compared to experimental results. However, the selection of the parameters γ̇cri t

and m affects the numerical outcome.

8.2.2 Viscous flow simulation

Ultimately, the flow of cementitious pastes with increasing Φs, namely OPC-0.52 and OPC-
0.55, was simulated, utilizing the slice geometry with the most accurate mesh, and the
Papanastasiou regularization with m= 1000. γ̇cri t was varied again, with an arbitrary fixed
γ̇cri t = 0.001s−1 and the experimental γ̇cri t . Results are displayed in Figure 8.5. Figure 8.5
(a) shows that no variations for different γ̇cri t appear, because the blending parameter m
has been chosen high. Figure 8.5 (b) illustrates the flow of OPC-0.45, OPC-0.52 and OPC-
0.55. With increasing Φs, and thus, higher viscosities, flow proceeds slower. While the
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numerical slump of OPC-0.45 and OPC-0.52 exceeds the experimental result at 0.2 s, the
simulation for OPC-0.55 continues to increase, and would require more simulation time.

(a) Shape comparison (b) Flow over time comparison

Figure 8.5: (a) Regularization study for viscous pastes (b) Flow over time for different test series,
[Thiedeitz et al. (2024)]

(a) γ̇ in CEMI-0.45-250 slump (b) γ̇ in CEMI-0.52-250 slump

(c) γ̇ in CEMI-0.55-250 slump

Figure 8.6: Local variation of γ̇ for two-dimensional shapes, [Thiedeitz et al. (2024)]

Finally, the transient properties of γ̇, see Figure 8.6, and the cell Reynolds number Rec, see
Figure 8.7, were investigated. The shape plots and parameter distribution provide insights
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into the transient flow properties of different viscous pastes. A colorbar illustrates the varia-
tion of rheological properties over the two-dimensional shape, and a distribution histogram
exemplifies the parameter distribution over the cells.

(a) Rec in CEMI-0.45-250 slump (b) Rec in CEMI-0.52-250 slump

(c) Rec in CEMI-0.55-250 slump

Figure 8.7: Local variation of Rec for two-dimensional shapes, [Thiedeitz et al. (2024)]

The illustration visualizes the locally different flow patterns: While after 0.2 s, the flow has
already stopped around x r = 0m, hy = 0m, high γ̇ occur towards the maximum rx and a
thin layer close to the bottom of the slump, with the maximum values specified in Figure
8.6. The test series with lower viscosity quickly approach the final slump flow radius, with
the velocity gradient predominantly directed toward the outermost region of the paste. In
contrast, the flow occurs more slowly in pastes with a higher solid volume fraction φs and
consequently a higher apparent viscosity η. With increasing Φs, both γ̇ and Rec decrease
strongly.

8.3 Conclusions

The study reveals the influence of the numerical model on the simulation result, and, fol-
lowed by this, transient flow phenomena of different viscous pastes. The findings serve
as basis to implement further rheological parameter studies and to investigate slow flow
and time-dependent phenomena of cementitious pastes more closely. Further studies could
develop distinct characteristic numbers to describe the non-Newtonian flow evolution, e.g.
through shape analysis over time, and relate low Reynolds numbers to viscous flow effects.
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9.1 Motivation and scope

Finally, the transient flow of cementitious pastes with special regards to time-dependent
properties was investigated.

In [Thiedeitz et al. (2020b)], see summary in Chapter 5, it was demonstrated that thix-
otropy affects flow results in L-Box tests. With increasing thixotropic structural buildup,
measured by static yield stress test rheometry, L-Box flow decreased and exhibited slower
velocities. When replicating the L-Box flow in CFD in combination with a viscoplastic model
for cementitious pastes without the consideration of thixotropy, the flow decrease was not
computed, see [Thiedeitz et al. (5th - 9th Jun 2022)]. The implementation of a thixo-
tropy model into the numerical CFD algorithm required a time- and shear rate-dependent
resolvable derivative dλ

d t , rather than a formulation for structural buildup at rest, as previ-
ously investigated through Athix . Furthermore, preliminary CFD studies revealed numerical
inaccuracies in the chosen numerical models.

Chapter 7, [Thiedeitz and Kränkel (2024a)] presents the analysis of time- and shear rate-
dependent structural buildup. Chapter 8, [Thiedeitz et al. (2024)] offers a reliable and
accurate CFD model with error-reduced geometric mesh refinement and mathematical reg-
ularization. The results were combined to simulate the slump flow and L-Box flow of a thix-
otropic cementitious paste. Transient flow, the effect of thixotropy on local flow properties
and the particular effect of structural buildup and structural breakdown was investigated.

9.2 Numerical framework and findings

9.2.1 The rheological model

The flow of the test series OPC CEM I with a solid volume fraction of Φs = 0.55 was inves-
tigated in the slump flow test and the L-Box test. Rotational dynamic step-rate tests and
the Herschel-Bulkley regression were conducted to analyze the viscoplastic flow parame-
ters τ0,H.−B., k and n. The structural breakdown parameter k1 was analyzed during steady
shear after a period of rest. Structural buildup was analyzed in an oscillatory strain ampli-
tude profile at γ = 5 · 10−3%. The increase of the storage modulus G′(t) over a period of
20 min was fitted to Eq. 3.28 as previously applied in Chapter 7. For the subsequent use in
OpenFOAM, solely the flocculation time Θ was utilized.

The numerically implemented rheological model is Eq. 9.1:

η(γ̇) =
(1+λ)τ0(1− e−m γ̇

γ̇cri t )
γ̇

+ kγ̇n−1 [Pas] (9.1)

In Eq. 9.1, the shear-rate dependent viscosity η(γ̇) is calculated by the Herschel-Bulkley
equation, blended by the Papanastasiou regularization with m as the blending parameter.
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Following the findings from Chapter 8, m = 1000. γ̇cri t is the critical shear rate. λ is the
structural parameter, which is calculated as time- and shear rate- dependent derivative. The
code implementation of λ into OpenFOAM was developed by [de Schryver, Robin (2022)],
who employed the variable S as structural parameter. The implemented thixotropy formu-
lation in OpenFOAM resembles the model proposed by [Roussel (2006)]:

dλ
d t
=

1
Tλ
−αλγ̇ [−] (9.2)

T is equivalent to the flocculation time Θ. The breakdown parameter α corresponds to k1.

Several simulations with varying buildup and breakdown parameters were carried out. For
the flocculation time, values of T = 50, 100,200 and 500 s were tested. For the breakdown
parameter, α= 0.10, 0.15 and 0.20.

9.2.2 Numerical flow simulation

Simulation results for all simulations are displayed in Figure 9.1. Figure 9.1 (a) shows
the flow over time for the slump flow simulations in comparison to the final experimental
flow radius rx , f in. Figure 9.1 (b) illustrates the flow over time for all L-Box simulations in
comparison to the experimental flow length lx .

(a) Numerical slump flow results (b) Numerical L-Box flow results

Figure 9.1: Flow over time results for different thixotropy parameters for both geometries

While the slump flow simulation was recorded for 2 s, flow proceeded fast and reached the
experimentally measured slump radius after 1 s. The variation of thixotropy parameters did
not affect the flow radius. On the contrary, L-Box flow simulations were recorded for 20 s
of flow. The simulation time did not suffice to compute the flow stoppage. Furthermore,
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thixotropy parameters affected the flow: Longer flocculation times T and higher defloccu-
lation values of α led to faster flow evolution. Conversely, increased thixotropy reduced the
flow velocity.

9.2.3 The effect of thixotropy on transient and local flow properties

Transient flow properties were analyzed by evaluating the two-dimensional shapes. In Fig-
ure 9.2, the shear rate distribution γ̇ and the structural parameter S are visualized for the
simulation cases T50-α0.1 over the two-dimensional shapes of the slump (see Figure 9.2
(a) and Figure 9.2 (b)) and the L-Box flow body (see Figure 9.2 (c) and Figure 9.2 (d)).
The density distribution of the rheological parameters is stored in the histogram of each
graphic, with bin values for the density distribution of 100. The graphics are not normal-
ized to one maximum value to see differences within one flow simulation and point in time
mor clearly.

(a) γ̇ distribution during slump flow (b) S distribution during slump flow

(c) γ̇ distribution during L-Box flow (d) S distribution during L-Box flow

Figure 9.2: Two-dimensional shear rate and structural buildup distribution after 0.2 s of flow

The graphics reveal that shortly after flow start, higher shear rates are apparent in the L-
Box, possibly due to a higher pressure field originating from higher gravitational forces and
increased acceleration onto the paste. Still, already after 0.2 s of flow, higher structural
values S exist in the L-Box, with Smax = 0.31 compared to a maximum value of Smax = 0.09
in the slump test. Furthermore, the density distribution illustrates the broad variation of S
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values over the two-dimensional shape of the L-Box compared to the S distribution in the
slump shape.

The time-dependent evolution of the structural parameter S increases the paste viscosity
and, along with that, reduces shear rates. Reduced shear rates during flow are exemplary
visualized in Figure 9.3. After 1 s, slump flow has nearly stopped. While γ̇max = 13.26s−1,
both the density distribution and the color distribution in Figure 9.3 (a) illustrate that flow
only occurs at the outer radius, but flow has stopped or nearly stopped for the rest of the
slump flow body. However, only little structure has built up: Figure 9.3 (b) shows that
Smax = 0.2. Because structural buildup evolves time-dependently, little structural buildup
can affect the flow after 1 s. On the contrary, the L-Box is affected by the constantly evolving
structural parameter S. Figure 9.3 (c) shows low shear rates for the L-Box flow after 10 s of
flow. Comparing these data with Figure 9.1 (b), it becomes evident that flow continues for a
longer period of time, but at low shear rates. This gives chance to the structural parameter
S to evolve, with a maximum value of Smax = 0.7 in Figure 9.3 (d).

(a) γ̇ distribution during slump flow (b) S distribution during slump flow

(c) γ̇ distribution during L-Box flow (d) S distribution during L-Box flow

Figure 9.3: Two-dimensional shear rate and structural buildup distribution after 1 s of flow for the
slump and 10 s of flow for the L-Box

Figure 9.4 shows the evolution of the structural parameter. Two values for all simulation
cases were calculated: Once, only the maximum structural value smax for each calculated
time step is illustrated. The virtual value Scum demonstrates the calculated area under the
density distribution previously illustrated in the histograms of Figure 9.2.
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(a) Numerical slump flow results (b) Numerical L-Box flow results

Figure 9.4: Evolution of structural parameter over time

The flocculation time T affects the structural parameter significantly: With decreasing floc-
culation time, structural buildup proceeds stronger. The deflocculation parameter α shows
little influence on both the maximum structural value Smax and on Scum. However, defloc-
culation also affects local flow properties significantly, which becomes visible in Figure 9.5.
For a chosen time step of t = 4 s, the distribution of the viscosity η is visualized for four
different L-Box simulations with varying T and α.

(a) η distribution for T50-a0.1 (b) η distribution for T50-a0.2

(c) η distribution for T200-a0.1 (d) η distribution for T200-a0.1

Figure 9.5: Two-dimensional distribution of the viscosity η after 4 s of flow for the L-Box
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The viscosity depends on the structural evolution. Once the deflocculation parameter α is
increased, η, while exhibiting similar ηmax values, varies over the two-dimensional shape.
However, the effect of α on the viscosity also depends on T : If the flocculation time T is
high, in 9.5 (c) and 9.5 (d) T = 200 s and, therefore, structural buildup is weaker com-
pared to lower T values, α affects the viscosity compared to simulations with a flocculation
time of T = 100 s. The theoretical model for dλ

d t , presented in Eq. 7.1 in Chapter 7, has
already illustrated these dependencies, see Figure 7.2. It beomes clear that with the chosen
simulation setup, these dependencies can be replicated and local and transient phenomena
of thixotropic paste flow can be calculated and visualized.

9.3 Conclusions and outlook

By integrating experimentally determined rheological properties of the cementitious paste
into a numerical CFD model, transient and local flow properties were investigated. The
slump flow test converged fast towards its ultimate flow diameter. Varying thixotropy pa-
rameters did not affect the flow performance of the slump flow test, indicating its classifi-
cation as a time-independent flow test.

On the contrary, the L-Box flow was affected by thixotropy. As flow duration increased, the
structural parameter evolved, influencing rheological parameters and subsequently shear
rates during flow. Given that slower flows facilitate additional flocculation, structural buildup
exerts a more pronounced effect on the suspension over time. While this relationship is not
directly quantifiable, numerical simulation provided the visualization of the thixotropy’s
influence on local flow phenomena. The two-dimensional visualization of rheological pa-
rameter distributions facilitated the comprehension of local and transient flow properties.

However, several research questions remain open. Firstly, research must focus on further
experimental analysis of structural buildup and breakdown parameters through rheometry
and their subsequent integration into numerical frameworks to model thixotropy accurately
and close to reality. Secondly, the impact of mathematical regularization techniques for
thixotropy-implemented yield stress equations requires further investigation.
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10. Summary and conclusions

A methodology was presented to understand transient rheology of cementitious pastes. The
effect of the paste composition on the viscoelastic, viscoplastic, and thixotropic properties
was investigated. Consequently, their flow behavior in flow tests was depicted through nu-
merical simulations. The rheology of cementitious pastes was classified, and solutions were
proposed for conducting straightforward, applicable, and adoptable rheometric investiga-
tions, rheological phenomenological modeling, and numerical simulations.

10.1 Phenomenological flow classification

A general rheology map was introduced to classify the elasto-visco-plastic (EVP) properties
of cementitious pastes. Critical yield strains γl displayed the threshold between elastic de-
formation and viscous flow behavior. With increasing Φs and superplasticizer amount, γl

increased. The parameters e and S gave insights into the intra-cyclic deformation behavior,
which supports the description of superplasticizer effects on nonlinear viscoelastic prop-
erties. Meanwhile, the critical yield stresses γ̇cri t displayed the threshold between plastic
contribution and viscous flow for the viscoplastic characterization. While the viscous part
beyond γ̇cri t required different phenomenological models as "best fit", the plastic part below
γ̇cri t was led by flocculation behavior and the elastic contribution. Following a comprehen-
sive study of linear and nonlinear viscoplastic and viscoelastic parameters, the final mapping
was reduced to the non-Newtonian index n, the phase shift angle δ and the yield index.

As introduced in Chapter 6, the mapping of the macroscopic EVP properties over all test
series is depicted in Figure 10.1 (a). All raw data are stored in Appendix A. Figure 10.1 (a)
shows all test series regarding their solid volume fraction Φs, irrespective of their binder
composition or flowability. The transition from "viscoplastic rigid pastes" to "viscoelastic
soft pastes" happens with increasing Φs: Because more superplasticizer is needed, no rigid
behavior but rather a high viscoelastic regime and transition zone are measured. Figure
10.1 (b) shows the increasing non-Newtonian index n with increasing Φs for all test series.1

The increase is most pronounced for the CEMI test series; the LC3 series show the lowest n
values. Surprisingly, n tends to be higher with higher flowability, which means that super-
plasticizer addition does not only affect the intra-cyclic strain-stiffening or strain-softening
viscoelasticity but also the nonlinear viscoplastic flow.

1The regression curves in Figure 10.1 (b) and subsequent Figures 10.2 and 10.3 are solely descriptive but
do not intend to constitute empirical relationships. Regression parameters are attached in A.5.
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(a) EVP mapping with n, δ and Yield index (b) Non-Newtonian index n(Φs)

Figure 10.1: Macroscopic viscoelastic and viscoplastic properties of all test series

Thixotropy was analyzed with different measuring and modeling methods. Finally, a time-
and shear rate-dependent structural parameter, combining an established constitutive for-
mulation with experimental methods, was posed and analyzed for different pastes. Figure
10.2 displays the two most descriptive thixotropy parameters investigated in Chapter 7 for
all test series. Figure 10.2 (a) shows the thixotropy parameter Athix (which is here the early
thixotropy Athix ,earl y from Chapter 7). Athix increases with increasing Φs, as already investi-
gated for a smaller set in Chapter 7. With increasing flowability, Athix yields smaller values
for all test series. With increasing Φs, nonlinear modeling of the static yield stress increase
τ(t) displayed the structural buildup better than the linear Athix . All calculated values for
all test series are attached in Appendix A.3.

(a) Athix depending on Φs (b) Θ depending on Φs

Figure 10.2: Thixotropy and structural buildup analysis for all test series
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Figure 10.2 (b) shows the flocculation time Θ, investigated with the non-destructive SAOS
test. While the analysis of Θ still incorporates uncertainties, the general relation between
Φs and Θ becomes obvious: With increasing Φs, Θ decreases, which corresponds to a higher
thixotropy. However, while Athix solely displayed the structural buildup at rest, Θ could be
integrated as reciprocal of a structural buildup parameter k2 into a time- and shear rate
dependent model for the structural parameter λ. ll calculated values for all test series are
attached in Appendix A.4.

Following the posed research questions at the end of Chapter 3, main findings are briefly
outlined subsequently:

Viscoplastic analysis

• At which point do cement pastes deviate from linear viscoplastic behavior?
→ The solid volume fraction Φs was found to crucially affect the non-Newtonian index
and, thus, the deviation from linear viscoplastic paste flow. The flow curve analysis
of different binder compositions affects the threshold between shear-thinning, linear,
and shear-thickening viscosities. The effect of microstructural properties on the evo-
lution of viscoplastic properties is beyond the scope of this thesis. Varying maximum
solid volume fractions Φmax for the different binders and the subsequent effect on rhe-
ology is shortly analyzed in Appendix A.5. Prospective mathematical modeling could
investigate the relation between the solid volume fraction and the non-Newtonian
index, emphasizing on further microstructural, physical and chemical properties.

Viscoelastic analysis

• What affects viscoelasticity?
→With increasing Φs, therefore decreasing water-to-binder ratios and increasing su-
perplasticizer amount, the elasticity range increases and the yield index decreases.
The strain-stiffening ratio S evolves towards higher peaks at larger strain amplitudes
γ0, and the shear-thickening ratio T possesses lower peaks at larger γ0. The evolu-
tion S(γ0) and T (γ0) reveals strong differences depending on PCE and Φs. Prospective
mathematical modeling could cluster the effectiveness, for example, of superplasti-
cizers.

Thixotropy

• What affects thixotropy?
→ Thixotropic structural buildup increases with higher solid volume fractions. Su-
perplasticizer reduces Athix . The microstructural theories behind, along with the cal-
culation of interparticle forces within a cementitious suspension, has been state of
ongoing research. This thesis shall outline that different rheometric investigations
and mathematical models yield results with different information. For instance, the
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nonlinear structural buildup model for static SYS tests is more descriptive than lin-
ear modeling with increasing Φs. On the contrary, flocculation analysis became more
meaningful with the oscillatory SAOS test.
→ Furthermore, it was elaborated that, while the effect of thixotropy on time- de-
pendent flow is crucial, the structural buildup at rest analysis does not support the
analysis of time-dependent flow. Modeling of a time- and shear rate- dependent struc-
tural parameter λ, along with parameters for structural buildup and breakdown, is
required.
→ The effect of the structural buildup and breakdown parameters k1 and k2 or the
flocculation time T and breakdown parameter α on thixotropy and time-dependent
flow was modeled. Challenges arose for the experimental analysis, because boundary
conditions, such as an initial structural parameter λ0, decisively affected the result.
These boundary conditions, however, are ambiguous, and can vary depending on the
colloidal network behavior, mixture preparation, resting time or other factors.

Model choice

• Which rheological models describe cement paste behavior the best over a large range
of shear rate?
→ Various phenomenological models were tested on their suitability for the experi-
mental flow curves. Depending on the rheological behavior, different models yielded
the "best" results with the least error, see the flow curve evaluation in Appendix A.
However, applying different models for different flow curves means that results are
not directly comparable anymore. Therefore, for this thesis, it was chosen that the
well-established Herschel-Bulkley model, due to its non-Newtonian index n, is ap-
plicable for a wide range of cementitious pastes. It deploys the most meaningful
information to characterize the flow behavior, while solely three rheological model
parameters are applied. The implementation of a structural parameter λ could depict
flocculation behavior also below the critical shear rate. However, also the Herschel-
Bulkley model incorporates drawbacks: It solely displays a consistency index k rather
than values for the viscosity η. In different research frameworks, other models might
yield the most suitable fits. The model choice can be very subjective. For instance:
→ The Cross model provides rheological parameters for the viscosity at zero shear
rate, η0, or infinity shear rates, η∞, which can provide valuable material informa-
tion, e.g. for the calculation and computation of mixing procedures where viscosities
can become rather important than yield stress values.
→ The modified Bingham model divides the viscosity in two contributions, which are
likely to be classified as colloidal contribution and viscous dissipation. It further pro-
vides a yield stress and an exponential index, which can be calculated as deviation
from linear viscoplasticity.
→ Discontinuous viscosity modeling, the viscosity description by de Souza Mendez,
Eq. 3.18, or viscosity modeling as presented by Ogawa, Eq. 3.9, can reveal flow dis-
continuities and nonlinear viscosities more detailed. However, due to an increased
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amount of model parameters, the chance to model rheology in the wrong way in-
creases.

Combined models for viscoelasticity, viscoplasticity and thixotropy pledge a holistic rheo-
logical classification. It is however pointed out that the experimental analysis, along with
single rheological models and a final mapping of relevant parameters, proves to be more
descriptive than one single model. It is, therefore, recommended to not draw one holistic
model but rather a rheological classification map.

10.2 Rheology between modeling and rheometry

Rheological properties were studied both mathematically and experimentally. Briefly sum-
marized, it was found that the geometric device, mixing procedure, rheometric profile, raw
data handling and final mathematical regression functions significantly affected the calcu-
lated rheological parameters. Some key observations and challenges are outlined:

• The challenge of the state of flocculation: The most-deflocculated or most flocculated
microstructural state in cementitious suspensions yields the ideal boundary condition
for a repeatable rheometric test and subsequent combination with microstructural
properties. However, they are not practically achievable. The choice of mixing pro-
cedure therefore depends on the researcher. The effect of all boundary conditions on
rheological parameters should be tested beforehand, and subsequently reported.

• The challenge of the unknown flow field: With increasing solid volume fraction, ce-
mentitious pastes exhibit increasingly shear-thickening consistencies. Rheometric in-
vestigations proved that once cementitious paste deviate from linear viscoplasticity,
large-gap rheometry introduces errors. The shear field in the gap is unknown and,
therefore, conversion equations from raw data to rheological parameters introduce
challenges. Similar challenges arise in small-gap rheometry over the height of the
gap.

• Furthermore, once the relation between rheometric input and output (rotational ve-
locity vs. torque) becomes nonlinear, the calculation of rheological parameters de-
pends on the choice of the raw data input range.
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10.3 Time-dependent paste flow and transient flow com-
putation with CFD

10.3.1 Thixotropy effect on time-dependent flow

Thixotropy is the time-dependent change of viscosity. The computation of flow scenarios
becomes time-dependent once interparticle forces in cementitious pastes lead to thixotropy,
and the applied load to the material (either by an applied pressure field, e.g. in pumping
scenarios, gravitational forces in free-surface fall or flows, or mixing energy) is not sufficient
to prevent flocculation.

In this thesis, the evolution from time-independent flow scenarios towards time-dependent
flow was depicted by the comparison between the slump flow test and the L-Box test. Flow
test results of the L-Box test and the relationship between the L-Box flow length and Athix

for all test series are illustrated in Figure 10.3.

(a) L-Box results depending on Φs (b) L-Box results depending on Athix

Figure 10.3: Effect of mixture composition and the thixoptropy parameter Athix on the flow length
in the L-Box test for all test series

Results for all test series consolidate the findings from previous research summarized in
Chapter 5. Flow length results vary depending on the test series. However, all L-Box flow
length results decrease with increasing Athix . While the relation between thixotropy and
flow length was obvious, transient computation required both CFD modeling and a time-
and shear rate resolved structural parameter λ.
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10.3.2 CFD simulation and analysis of transient features

In the CFD analysis, viscous flow computation, a reliable CFD model for free-surface flow,
and thethixotropy-implemented viscous flow were analyzed. Investigations yielded in reli-
able computational meshes for the slump cone and the L-Box. The effect of the numerical
regularization technique was elaborated and reduced to a minimum error. Finally, a time-
and shear rate-dependent structural parameter was implemented to analyze the effect of
thixotropy on transient flow properties. The findings indicate that parameters such as floc-
culation time and deflocculation parameter affect the computational flow, aligning well
with previously studied thixotropy parameters obtained through rheometry.

Summarized, the accuracy of the computational model is the most significant factor in con-
ducting scientifically reliable analyses of thixotropic free-surface flow. This necessitates
comprehensive preliminary work on the numerical model, which can be time-consuming.
However, once a reliable CFD model is established, it can significantly enhance the under-
standing of rheological phenomena, especially with regards to time-dependent properties
and the effect of thixotropy on the flow evolution. Several key observations and benefits
stemming from this research are briefly outlined:

• The combination of phenomenological modeling and CFD simulation renders model
parameters more meaningful, aiding in the selection of the optimal model for a given
cementitious material and processing scenario. For instance:

1. Do I need an implementation of zero viscosity and infinity viscosity? And if so,
which parameters are suitable?

2. How does a yield stress model in comparison to a viscosity model affect the
numerical flow?

3. Are regularization parameters purely numerical or can they be depicted by phys-
ical model parameters?

• Advanced post-processing methods aid in the understanding of cement and concrete
flow, for example through the visualization of local flow phenomena:

1. Visualization of the shear rate distribution: Dependent on the geometric con-
ditions and flow evolution, how does the velocity field and thus, the shear rate
distribution evolve?

2. Where does thixotropic structural buildup, consequently, affect or even stop the
flow? How do the model parameters need to change to optimize the flow, so
how does the mixture need to change?
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10.4 Outlook and open research questions

Summarized, the thesis introduced a novel framework for categorizing the transient flow
behavior of thixotropic cementitious pastes. A bridging between rheometric values, flow
tests and CFD simulation was possible through time-independent slump flow tests and time-
dependent L-Box tests. The introduced framework is adoptable for the processing scenarios
that cannot be replicated in flow tests, but where the evaluation of thixotropy becomes of
importance. Subsequently, the modeling and simulation of cement and concrete flow offers
a promising avenue for gaining deeper insights into the nonlinear rheology of cement and
concrete, visualizing transient properties, and tailoring rheological properties of mixtures
to suit specific processing requirements.

Despite (or additionally to) the findings, new research questions emerged in each of the
disciplines.

The proposed rheological classification solely offers one approach for measuring and mod-
eling viscoplasticity, viscoelasticity, and thixotropy. However, there is a need to extend this
framework towards a comprehensive Transient Thixo-Elasto-Viscoplastic (TTEVP) classifi-
cation. Such an approach would ensure reliable characterization of composition-dependent
rheological properties through robust measurement protocols. A further research frame-
work could explore a wider range of rheological models, establish mathematical and sta-
tistical thresholds to determine model adequacy, and apply this framework to various ce-
mentitious materials with diverse binder compositions, multi-blended binder systems, and
different chemical admixtures. Furthermore, the developing field of automated statistical
analysis could assess a variety of rheological models, and develop the field of rheological
modeling by introducing novel mathematical approaches.

All applied methods and findings could be coupled with microstructural rheology. The
analysis of particle shapes, particle size distributions, the chemical composition of the car-
rier liquid and hydration products enables the calculation of interparticle forces, and, thus,
an estimation for the deformation or flocculation behavior, of cementitious pastes. Inde-
pendently from this thesis, but along with the research project, the rheological properties
from oscillatory tests (yield stress τy , yield strain γl and structural buildup) were coupled
with microstructural modeling approaches, see [Ukrainczyk et al. (2020); Thiedeitz et al.
(2023)]. Further research is required to develop robust microstructural models to compute
the nonlinear rheological properties. Findings could yield in physically-based constitutive
models for theφs-related non-Newtonian index as illustrated in Figure 10.1, and physically-
and chemically driven models for the analysis of flocculation time as illustrated in Figure
10.2. Consequently, targeted TTEVP rheology could be implemented into the mixture de-
sign of cement and concrete compositions. Prospectively, a strong focus should be put on
the rheology of multi-blended systems and chemical admixtures.

Finally, the application of numerical simulations using Computational Fluid Dynamics yielded
in findings, but even more open questions. While a structural parameter could be tested
in CFD, and its impact on time-dependent flow aligned with the rheological theory behind,
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several mathematical and numerical questions remain open:

• Analysis of the numerical error when highly viscous flow with very low Reynolds
numbers occurs
→ The effect of low Reynolds numbers < 1 on the numerical result, especially the
discretization error, has yet to be investigated. Research to analyze the highly viscous
flow using the Navier-Stokes equations, focusing on the Navier part of the equations,
could enhance the computation of slow flow

• Effect of surface tension in VoF frameworks
→ The surface tension between cement paste and air, or concrete and air, has, so
far, not been investigated. However, the parameter affects the weighting function
of the Navier-Stokes equations in the VoF method. Not only numerical analysis is
required, but especially the coupling with experimental investigations on the real
surface tension and contact angles of cementitious pastes and air

• The gap between rheometric and numerical thixotropy
→ The implementation of structural buildup and breakdown parameters into the nu-
merical transport equations had less effect on the numerical flow than in the experi-
mental tests. Various factors can explain this gap. However, this gap should be investi-
gated, and further thixotropy models should be applied in time-dependent numerical
flow simulations.

• The development of further regularization methods
→ The regularization method affected the flow result where shear rates tended to-
wards zero. While the effect of regularization in combination with viscoplastic mod-
eling was clearly elaborated, precise regularized thixotropy modeling has yet to be
investigated.

• Are viscosity-related models without yield stress a better choice?
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A. Rheological results

The data set of all illustrated raw data is accessible at doi:10.14459/2024mp1741807.

https://mediatum.ub.tum.de/670343?show_id=1741807
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A.1 Viscoplastic flow curve analysis

(a) CEM I 200 (b) CEM I 250 (c) CEM I 300

(d) CEM II 200 (e) CEM II 250 (f) CEM II 300

(g) LC3 200 (h) LC3 250 (i) LC3 300

Figure A.1: Dynamic τ− γ̇ flow curves of all test series with the rotational parallel-plates test

Fig. A.1 illustrates the shear flow curves for the binders CEM I, CEM II and LC3 in a τ− γ̇
- diagram, with slump flow values of 200± 5 , 250± 5 and 300± 5 mm, respectively. All
flow curves are presented in a linear axes scale. The figures present the average flow curve
with standard variations in shaded colors.
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Table A.1: Phenomenological regression analysis for the test series CEMI-200

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

B
in

g-
ha

m τ0 [Pa] x 25.7 33.7 35.9 0.0
µ [Pas] x 0.6 1.0 1.8 4.1

H
er

sc
he

l-
B

ul
kl

ey τ0 [Pa] x 21.4 36.3 45.8 39.5
k [Pasn] x 2.68 0.55 0.51 0.01
n [−] x 0.68 1.12 1.28 2.46

m
od

.
B

in
gh

am τ0 [Pa] x 24.0 35.2 42.1 29.9
µ1 [Pas] x 0.89 0.82 1.23 0.00
µ2 [Pas] x 0.004 0.002 0.007 0.057

C
as

-
so

n τ0 [Pa] x 19.6 19.6 15.6 0.001
η∞ [Pas] x 0.21 0.44 1.08 4.12

To
us

sa
in

t τ0 [Pa] x 19.6 34.5 43.4 10.8
β [Pas] x 0.21 0.01 0.01 1.06
k [Pasn] x 0.00 0.33 0.36 0.00
n [−] x 0.40 1.21 1.34 3.90

Table A.2: Phenomenological regression analysis for the test series CEMI-250

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

B
in

g-
ha

m τ0 [Pa] 11.1 15.9 5.5 5.0 0.0
µ [Pas] 0.38 0.41 0.59 1.82 4.18

H
er

sc
he

l-
B

ul
kl

ey τ0 [Pa] 6.5 14.9 7.5 16.5 24.4
k [Pasn] 3.69 0.69 0.26 0.29 0.01
n [−] 0.49 0.89 1.18 1.41 2.41

m
od

.
B

in
gh

am τ0 [Pa] 9.3 15.4 6.8 13.7 14.9
µ1 [Pas] 0.73 0.46 0.47 0.98 0
µ2 [Pas] 0 0 0 0.01 0.06

C
as

-
so

n τ0 [Pa] 8.4 10.7 1.5 0.2 0
η∞ [Pas] 0.15 0.16 0.45 1.76 4.16

To
us

sa
in

t τ0 [Pa] 6.5 13.5 6.8 11.4 1.1
β [Pas] 0.01 0.04 0.01 0.14 1.75
k [Pasn] 3.24 0.1 0.17 0.09 0
n [−] 0.48 1.18 1.26 1.64 3.90
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(a) τ0 values and mean squared error for different regressions of CEMI-200 test series

(b) τ0 values and mean squared error for different regressions of CEMI-250 test series

(c) τ0 values and mean squared error for different regressions of CEMI-300 test series

Figure A.2: Phenomenological regression analysis of CEMI test series
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Table A.3: Phenomenological regression analysis for the test series CEMI-300

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

B
in

g-
ha

m τ0 [Pa] 4.9 4.0 3.5 x 0.0
µ [Pas] 0.2 0.3 0.5 x 2.5

H
er

sc
he

l-
B

ul
kl

ey τ0 [Pa] 2.3 4.2 5.6 x 8.0
k [Pasn] 1.35 0.22 0.18 x 0.28
n [−] 0.58 1.04 1.23 x 1.52

m
od

.
B

in
gh

am τ0 [Pa] 3.9 4.1 5.0 x 5.2
µ1 [Pas] 0.31 0.24 0.37 x 1.14
µ2 [Pas] -0.002 0.000 0.002 x 0.021

C
as

-
so

n τ0 [Pa] 3.0 1.8 0.7 x 0.001
η∞ [Pas] 0.09 0.16 0.42 x 2.53

To
us

sa
in

t τ0 [Pa] 2.3 3.3 4.9 x 1.0
β [Pas] 0.01 0.04 0.01 x 1.19
k [Pasn] 1.10 0.03 0.11 x 0.002
n [−] 0.57 1.35 1.31 x 2.45
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(a) τ0 values and mean squared error for different regressions of CEMII-200 test series

(b) τ0 values and mean squared error for different regressions of CEMII-250 test series

(c) τ0 values and mean squared error for different regressions of CEMII-300 test series

Figure A.3: Phenomenological regression analysis of CEMII test series
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Table A.4: Phenomenological regression analysis for the test series CEMII-200

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

B
in

g-
ha

m τ0 [Pa] 21.8 27.5 28.06 21.9 1.7
µ [Pas] 0.7 0.8 1.03 2.0 3.3

H
er

sc
he

l-
B

ul
kl

ey τ0 [Pa] 13.5 23.9 32.2 34.8 31.2
k [Pasn] 5.56 2.15 0.44 0.43 0.14
n [−] 0.52 0.77 1.19 1.34 1.73

m
od

.
B

in
gh

am τ0 [Pa] 19.0 26.1 30.7 31.1 27.3
µ1 [Pas] 1.18 0.98 0.81 1.25 0.84
µ2 [Pas] -0.006 -0.003 0.003 0.010 0.032

C
as

-
so

n τ0 [Pa] 16.0 19.8 14.4 6.0 0.001
η∞ [Pas] 0.24 0.29 0.55 1.51 3.33

To
us

sa
in

t τ0 [Pa] 13.2 19.8 30.0 29.5 13.1
β [Pas] 0.04 0.29 0.01 0.06 0.73
k [Pasn] 4.29 0.00 0.25 0.19 0.002
n [−] 0.50 0.50 1.29 1.49 2.55

Table A.5: Phenomenological regression analysis for the test series CEMII-250

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

B
in

g-
ha

m τ0 [Pa] 10.1 14.3 10.7 4.1 0.0
µ [Pas] 0.4 0.5 0.6 1.5 3.0

H
er

sc
he

l-
B

ul
kl

ey τ0 [Pa] 7.5 13.8 13.0 13.1 16.1
k [Pasn] 1.65 0.66 0.28 0.28 0.20
n [−] 0.68 0.95 1.19 1.38 1.63

m
od

.
B

in
gh

am τ0 [Pa] 9.0 14.1 12.2 10.8 12.0
µ1 [Pas] 0.57 0.56 0.50 0.86 1.05
µ2 [Pas] -0.002 -0.000 0.002 0.008 0.027

C
as

-
so

n τ0 [Pa] 6.9 8.4 4.5 0.2 0.001
η∞ [Pas] 0.17 0.25 0.41 1.46 3.00

To
us

sa
in

t τ0 [Pa] 6.8 8.4 11.9 9.7 6.1
β [Pas] 0.17 0.25 0.01 0.08 0.54
k [Pasn] 0.07 0.000 0.16 0.11 0.03
n [−] 0.45 0.40 1.30 1.55 2.02
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Table A.6: Phenomenological regression analysis for the test series CEMII-300

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

B
in

g-
ha

m τ0 [Pa] 4.3 4.5 3.2 0.2 0.0
µ [Pas] 0.2 0.3 0.6 1.1 1.9

H
er

sc
he

l-
B

ul
kl

ey τ0 [Pa] 3.7 4.8 5.3 5.9 4.5
k [Pasn] 0.44 0.24 0.19 0.20 0.16
n [−] 0.87 1.05 1.24 1.38 1.59

m
od

.
B

in
gh

am τ0 [Pa] 4.0 4.7 4.7 4.5 3.2
µ1 [Pas] 0.29 0.27 0.40 0.62 0.69
µ2 [Pas] -0.001 0.000 0.002 0.006 0.018

C
as

-
so

n τ0 [Pa] 2.4 2.0 0.6 0.001 0.001
η∞ [Pas] 0.13 0.18 0.48 1.09 1.84

To
us

sa
in

t τ0 [Pa] 2.4 4.0 4.6 4.0 2.1
β [Pas] 0.13 0.03 0.02 0.08 0.25
k [Pasn] 0.00 0.06 0.11 0.09 0.04
n [−] 0.40 1.28 1.35 1.55 1.86
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(a) τ0 values and mean squared error for different regressions of LC3-200 test series

(b) τ0 values and mean squared error for different regressions of LC3-250 test series

(c) τ0 values and mean squared error for different regressions of LC3-300 test series

Figure A.4: Phenomenological regression analysis of LC3 test series
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Table A.7: Phenomenological regression analysis for the test series LC3-200

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

B
in

g-
ha

m τ0 [Pa] 31.6 34.4 39.0 22.1 3.8
µ [Pas] 0.5 0.6 1.0 1.7 4.1

H
er

sc
he

l-
B

ul
kl

ey τ0 [Pa] 20.3 29.6 38.0 27.2 29.5
k [Pasn] 7.36 3.72 1.21 0.82 0.67
n [−] 0.44 0.60 0.95 1.16 1.41

m
od

.
B

in
gh

am τ0 [Pa] 28.2 32.3 38.6 25.5 23.4
µ1 [Pas] 1.02 1.04 1.03 1.36 2.21
µ2 [Pas] -0.007 -0.006 -0.001 0.004 0.024

C
as

-
so

n τ0 [Pa] 25.1 29.0 25.2 8.1 0.001
η∞ [Pas] 0.15 0.16 0.40 1.14 4.15

To
us

sa
in

t τ0 [Pa] 20.0 29.4 34.2 24.4 16.7
β [Pas] 0.01 0.01 0.08 0.04 0.55
k [Pasn] 6.68 2.74 0.22 0.46 0.13
n [−] 0.42 0.62 1.23 1.26 1.71

Table A.8: Phenomenological regression analysis for the test series LC3-250

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

B
in

g-
ha

m τ0 [Pa] 15.7 15.3 15.5 6.8 0.0
µ [Pas] 0.3 0.4 0.8 1.3 3.3

H
er

sc
he

l-
B

ul
kl

ey τ0 [Pa] 11.1 13.2 15.4 10.5 12.5
k [Pasn] 2.86 1.11 0.82 0.63 0.37
n [−] 0.50 0.75 0.99 1.17 1.52

m
od

.
B

in
gh

am τ0 [Pa] 14.2 14.3 15.4 9.4 8.3
µ1 [Pas] 0.51 0.48 0.80 1.05 1.52
µ2 [Pas] -0.003 -0.002 -0.000 0.004 0.026

C
as

-
so

n τ0 [Pa] 12.3 11.1 7.9 1.2 0.001
η∞ [Pas] 0.09 0.12 0.44 1.14 3.32

To
us

sa
in

t τ0 [Pa] 11.0 12.7 14.6 7.5 3.3
β [Pas] 0.01 0.02 0.01 0.17 0.95
k [Pasn] 2.29 0.42 0.57 0.17 0.03
n [−] 0.49 0.86 1.05 1.39 2.00
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Table A.9: Phenomenological regression analysis for the test series LC3-300

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

B
in

g-
ha

m τ0 [Pa] 8.6 x 4.4 1.8 0.0
µ [Pas] 0.2 x 0.6 1.1 2.5

H
er

sc
he

l-
B

ul
kl

ey τ0 [Pa] 6.4 x 4.5 4.5 6.0
k [Pasn] 1.15 x 0.53 0.43 0.29
n [−] 0.61 x 1.01 1.21 1.51

m
od

.
B

in
gh

am τ0 [Pa] 7.8 x 4.6 3.8 4.0
µ1 [Pas] 0.30 x 0.54 0.77 1.10
µ2 [Pas] -0.001 x 0.000 0.004 0.021

C
as

-
so

n τ0 [Pa] 6.3 x 1.4 0.2 0.001
η∞ [Pas] 0.07 x 0.41 1.05 2.46

To
us

sa
in

t τ0 [Pa] 6.3 x 3.1 2.1 1.5
β [Pas] 0.07 x 0.16 0.35 0.83
k [Pasn] 0.00 x 0.05 0.02 0.01
n [−] 0.80 x 1.40 1.75 2.12
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A.2 Viscoelastic flow curve analysis

(a) CEM I 200 (b) CEM I 250 (c) CEM I 300

(d) CEM II 200 (e) CEM II 250 (f) CEM II 300

(g) LC3 200 (h) LC3 250 (i) LC3 300

Figure A.5: First harmonics of the storage modulus G′ and the phase shift angle δ for all test series
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Table A.10: First harmonic viscoelastic parameters for CEM I test series

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

C
EM

I
20

0

G′ [Pa] x 1,809.3 1,321.7 991.1 1,154.2
G′′ [Pa] x 688.9 240.7 172.2 245.0
γl [%] x 0.02 0.04 0.25 0.08
γF [%] x 0.08 20.30 25.30 31.80
τy [Pa] x 0.31 0.54 2.54 0.94

C
EM

I
25

0

G′ [Pa] 1,137.7 718.5 339.3 397.6 440.3
G′′ [Pa] 717.8 391.8 66.4 76.4 86.4
γl [%] 0.01 0.06 0.25 0.50 0.16
γF [%] 0.10 1.59 14.90 26.30 31.80
τy [Pa] 0.11 0.52 0.87 2.04 0.71

C
EM

I
30

0

G′ [Pa] 326.4 237.3 255.6 258.8 201.3
G′′ [Pa] 279.1 80.2 52.1 55.8 48.0
γl [%] 0.00 0.16 0.32 0.64 0.10
γF [%] 0.03 1.50 11.2 28.3 31.0
τy [Pa] 0.01 0.40 0.83 1.68 0.21

Table A.11: First harmonic viscoelastic parameters for CEM II test series

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

C
EM

II
-2

00

G′ [Pa] 863.7 1,004.9 795.4 693.8 553.5
G′′ [Pa] 476.2 433.8 146.0 125.4 112.4
γl [%] 0.01 0.04 0.16 0.20 0.32
γF [%] 0.03 0.64 20.3 28.3 30.3
τy [Pa] 0.05 0.44 1.29 1.42 1.80

C
EM

II
-2

50

G′ [Pa] 320.2 368.6 339.3 253.2 262.4
G′′ [Pa] 189.4 135.3 66.4 53.1 56.3
γl [%] 0.01 0.10 0.25 0.50 0.63
γF [%] 0.02 1.50 20.1 30.0 33.1
τy [Pa] 0.04 0.40 0.87 1.30 1.70

C
EM

II
-3

00

G′ [Pa] 187.9 189.0 146.9 147.0 142.3
G′′ [Pa] 129.0 56.2 31.4 33.5 36.5
γl [%] 0.05 0.16 0.40 0.63 1.01
γF [%] 0.10 2.53 10.1 25.0 30.0
τy [Pa] 0.1 0.3 0.6 1.0 1.5
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Table A.12: First harmonic viscoelastic parameters for LC3 test series

Model Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

LC
3-

20
0

G′ [Pa] x 2,534.2 1,666.6 1,086.0 1,277.1
G′′ [Pa] x 1,244.6 396.7 216.6 238.6
γl [%] x 0.03 0.03 0.03 0.04
γF [%] x 0.08 3.1 30.1 31.5
τy [Pa] x 0.90 0.43 0.28 0.52

LC
3-

25
0

G′ [Pa] 1,146.1 461.9 339.3 281.3 265.6
G′′ [Pa] 695.2 265.7 66.4 64.4 56.8
γl [%] 0.03 0.06 0.25 0.25 0.25
γF [%] 0.04 0.25 18.0 25.3 33.5
τy [Pa] 0.34 0.34 0.87 0.73 0.69

LC
3-

30
0

G′ [Pa] 593.5 193.1 144.9 95.5
G′′ [Pa] 283.3 87.7 35.6 24.4 x
γl [%] 0.02 0.16 0.20 0.40 x
γF [%] 0.05 1.59 10.1 25.2 x
τy [Pa] 0.10 0.34 0.30 0.39 x
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A.3 Thixotropy analysis: Static yield stress test

(a) CEM I 200 (b) CEM I 250 (c) CEM I 300

(d) CEM II 200 (e) CEM II 250 (f) CEM II 300

(g) LC3 200 (h) LC3 250 (i) LC3 300

Figure A.6: Structural buildup measurements of all test series with the static yield stress test

Figure A.6 illustrates all structural buildup measurements with the static SYS test in the
Vane-in-Cup geometry for the time scale until t= 300 s. The x-axis and y-axis are illustrated
in linear scale. For the different test series, the range of the y-axis varies. With increasing
solid volume fraction, the slope of τ(t) increased significantly.
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Table A.13: Thixotropy parameters for CEM I test series

Series Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

C
EM

I-
20

0 Athix [Pa/s] 0.30 0.86 1.21 3.08 2.56
c [Pa] 227.4 578.9 386.7 580.0 476.5
Θ [s] 18.8 20.0 27.4 29.5 25.7

C
EM

I-
25

0 Athix [Pa/s] 0.26 0.22 1.32 2.24 x
c [Pa] 130.6 412.8 109.5 624.6 x
Θ [s] 21.5 117.5 52.7 146.1 x

C
EM

I-
30

0 Athix [Pa/s] 0.1 0.22 0.26 1.47 1.17
c [Pa] 19.9 58.2 x x x
Θ [s] 32.8 28.6 x x x

Table A.14: Thixotropy parameters for CEM II test series

Series Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

C
EM

II
-2

00

Athix [Pa/s] 0.03 0.10 0.46 1.22 2.77
c [Pa] 0.0 586.8 589.7 728.4 1187
Θ [s] 4.7 22.0 44.1 79.4 116.7

C
EM

II
-2

50

Athix [Pa/s] 0.03 0.17 0.46 0.89 1.63
c [Pa] 0.0 549.5 321.3 428.4 736.8
Θ [s] 2.75 30.8 68.4 102.5 122.2

C
EM

II
-3

00

Athix [Pa/s] 0.08 0.17 0.29 0.48 0.92
c [Pa] 137.5 89.6 129.6 204.9 329.6
Θ [s] 38.7 81.6 108.6 122.1 136.9

Table A.15: Thixotropy parameters for LC3 test series

Series Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

LC
3-

20
0

Athix [Pa/s] 0.49 0.69 0.99 1.85 2.94
c [Pa] 559.9 571.8 587.1 582.1 512.5
Θ [s] 17.0 18.8 23.1 25.9 28.8

LC
3-

25
0

Athix [Pa/s] 0.43 0.53 0.67 1.20 1.26
c [Pa] 366.0 536.3 274.7 379.8 185.6
Θ [s] 18.8 17.4 23.3 24.7 34.7

LC
3-

30
0

Athix [Pa/s] 0.28 0.26 0.33 0.47 0.72
c [Pa] 176.0 104.2 82.2 97.0 x
Θ [s] 20.2 24.0 30.0 33.0 x
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A.4 Structural buildup and flocculation time: SAOS tests

(a) CEM I 200 (b) CEM I 250

(c) CEM II 200 (d) CEM II 250

(e) LC3 200 (f) LC3 250

Figure A.7: Structural buildup measurements of all test series with the SAOS test
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Table A.16: Structural buildup parameters for CEM I test series

Series Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

C
EM

I
20

0

Gri g [Pa/s] 84.4 x 43.0 x x
cSAOS [Pa] 7,878 x 2,284 x x
Θperc [s] 176.4 x 120.1 x x
Θδ [s] 594.4 x 294.4 x x

C
EM

I
25

0

Gri g [Pa/s] 83.9 42.6 52.0 64.0 x
cSAOS [Pa] 75,573 2,302 1,601 1,121 x
Θperc [s] 1145 779 120 126 x
Θδ [s] 783 782 312 333 x

Table A.17: Structural buildup parameters for CEM II test series

Series Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

C
EM

II
20

0

Gri g [Pa/s] 12.4 11.4 12.5 16.9 26.3
cSAOS [Pa] 16,081 6,402 2,535 2,578 2,251
Θperc [s] 1141 462 252 328 320
Θδ [s] 795 779 307 325 314

C
EM

II
25

0

Gri g [Pa/s] 5.6 13.0 6.6 10.9 14.8
cSAOS [Pa] 4180 1812 964 972 954
Θperc [s] 1045 338 362 289 265
Θδ [s] 975 330 375 448 375

Table A.18: Structural buildup parameters for LC3 test series

Series Par. Unit
Solid volume fractions

0.45 0.48 0.52 0.55 0.58

LC
3

20
0

Gri g [Pa/s] 98.7 x 74.0 27.0 x
cSAOS [Pa] x x 1163 969 x
Θperc [s] 803 x 131 122 x
Θδ [s] 775 x 229 191 x

LC
3

25
0

Gri g [Pa/s] 54.2 x 26.9 24.5 x
cSAOS [Pa] x x 338 621 x
Θperc [s] 519 x 128 120 x
Θδ [s] 699 x 299 304 x

The structural buildup analysis with the oscillatory SAOS test showed that the LC3 test series
possessed a higher structural buildup parameter Gri g than the other binder compositions.
This corresponds to its physical properties: The increased specific surface area, see Table
4.3, leads to increased interparticle forces and, thus, higher flocculation than for the CEMI
and CEMII test series.



Microstructural effects on the non-Newtonian index 175

A.5 Microstructural effects on the non-Newtonian index

All test series were described by their actual paste solid volume fraction Φs. However,
physical and chemical analysis, reported in Chapter 4, proved that the different binders
vary in their particle size distribution and, thus, their maximum packing density Φmax and
their water demand with the corresponding packing densityΦwd . To analyze the effect of the
granulometric properties on the rheological properties, the relative solid volume fraction
Φrel was calculated as Φrel = Φs / Φmax .

Furthermore, the ratio between the packing density at the water demand Φwd and Φrel

was calculated. Theory states that when the water amount equals the water demand, the
network strength yields its maximum due to interparticle forces, but also chemical additives
such as superplasticizer become most efficient.

In Figure A.8 (a), n(Φs) is illustrated for all test series. On the contrary, Figure A.8 (b)
n(Φwd/Φrel).

(a) n(Φs) for all test series (b) n(Φwd/Φrel) for all test series

Figure A.8: Effect of microstructural packing density properties on the non-Newtoinian index n

While it appears in Figure A.8 (a) that LC3 compositions possess the lowest non-Newtonian
indices, Figure A.8 (b) reveals that the normalization to the microstructural threshold values
Φwd and Φmax changes the relationship. While CEMI test series still yield the highest n
values with n > 2, the evolution of n(Φs) is different as values on the x-axis are shifted.
Because the ratio Φwd/Φrel did not appear descriptive, a third illustration shows n(Φwd/Φs).
In Figure A.9, the x-axis n(Φwd/Φs) describes the ratio between the actual solid volume
fraction and the optimum solid volume fraction for (I) high interparticle forces and (II)
effective superplasticizer use. At n(Φwd/Φs)> 1, the evolution of n(Φs) is a measure for the
robustness of paste consistency depending on PCE and water. At n(Φwd/Φs)< 1, nonlinear
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flow increases exponentially.

(a) n(Φwd/Φs) for all test series

Figure A.9: Effect of microstructural packing density properties on the non-Newtoinian index n

It was chosen not to model the findings to an empirical correlation equation, because it
could falsify the relationship between cement paste viscosities and physical and chemical
interactions. However, prospective research could combine the results with further mi-
crostructural investigations. Findings could lead to chemical and microstructural-based
modeling of nonlinear flow of cementitious pastes.
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A.6 Regression parameters for plots in the summary

Table A.19: Regression parameters for n(φs) relation

Regression
Test series

CEMI-
200

CEMI-
250

CEMI-
300

CEMII-
200

CEMII-
250

CEMII-
300

LC3-
200

LC3-
250

LC3-
300

Lo
g.

Slope 12.9 12.2 7.5 9.2 6.8 4.7 9.0 8.5 7.0
Intercept -6.6 -6.2 -3.9 -4.8 -3.4 -2.2 -4.9 -4.5 -3.6

R2 0.91 0.95 0.64 0.95 0.95 0.99 0.96 0.97 0.99

Table A.20: Regression parameters for Θ(Φs) relation

Regression
Test series

CEMI-
200

CEMI-
250

CEMI-
300

CEMII-
200

CEMII-
250

CEMII-
300

LC3-
200

LC3-
250

LC3-
300

Lo
g.

Slope -15.8 -22.1 x -9.8 -10.6 x -14.4 -8.3 x
Intercept 13.5 17.0 x 11.4 11.7 x 13.2 10.3 x

R2 0.28 0.94 x 0.50 0.53 x 0.98 0.92 x

Table A.21: Regression parameters for Athix(n) relation

Regression
Test series

CEMI-
200

CEMI-
250

CEMI-
300

CEMII-
200

CEMII-
250

CEMII-
300

LC3-
200

LC3-
250

LC3-
300

Lo
g.

Slope 16.5 21.5 18.9 34.8 30.7 18.8 13.8 8.3 7.3
Intercept -8.6 -11.0 -10.8 -19.2 -17.4 -10.9 -6.9 -4.6 -4.5

R2 0.54 0.97 0.58 0.99 0.94 0.99 0.98 0.90 0.74

Table A.22: Regression parameters for lx(Athix) relation

Regression
Test series

CEMI-
200

CEMI-
250

CEMI-
300

CEMII-
200

CEMII-
250

CEMII-
300

LC3-
200

LC3-
250

LC3-
300

Li
n.

Slope -0.05 -0.07 -0.25 -0.01 -0.06 -0.05 -0.02 -0.07 -0.05
Intercept 0.30 0.54 0.74 0.26 0.45 0.67 0.28 0.45 0.57

R2 0.16 0.69 0.46 0.25 0.98 0.21 0.19 0.18 0.83



B. Minimal code examples

Minimal code examples with experimental raw data are stored in a public repository on
GITHUB, https://github.com. The repository does not show all codes and functions ap-
plied, but provides an overview on several regression functions for the rheological analysis
methods introduced in Chapter 3. The repository is available online at

https://github.com/Mareike-99/rheocem2024_public.git

The folder can be cloned and directly run locally - the codes solely refer to data that are
stored in the same folder. The code is open to use and share, licenced under the MIT Licence
(see https://opensource.org/license/mit/.

The readme.file is copied here to provide an overview.

————————————-

This repository is to show minimal examples on how rheological data of cementitious pastes,
originating from rheometric tests, were analyzed.

Following analysis methods are available:

————————————- "VP-regressions.py"

The file fits experimental flow curves, consisting of the raw data shear rate and shear stress,
to phenomenological models:

• Bingham model

• Herschel-Bulkley model

• modified Bingham model

• Casson model

• Toussaint model

• Cross model

• Sisko model

• Williamson model

Flow curve data are stored in the files "PPdyn_0.45-250.xlsx"
"PPdyn_0.55-250.xlsx"

https://github.com
https://github.com/Mareike-99/rheocem2024_public.git
https://opensource.org/license/mit/
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————————————-

LAOS-intercyclic.py

The code analyzes raw data of a large amplitude oscillatory sweep test with 51 strain am-
plitudes. Both first harmonic rheological data and oscillatory wave data are stored. The
code plots the data as strain-sorage modulus / loss modulus plot. The linear viscoelastic
range, critical strain, crossover point and yield index are calculated. The code reads the
data:

"LAOS_0.55_250_1.csv"
"LAOS_0.55_250_2.csv"
"LAOS_0.55_250_3.csv"

————————————-

"Vane_RenerRiwlin.py"

The code analyzes rheometric raw data from large gap Vane-in-Cup rheometry. Several
functions were implemented:

• Reiner-Riwlin equation for the whole gap

• Reiner-Riwlin equation with a partially sheared gap

• Second-Krieger solution (not applied in this code, but implemented)

• function to loop through the raw data with varying input ranges and input range steps

By running this code, the variation of calculated yield stress and viscosity values is plotted,
together with the MSE.

The code reads the data:

"Vane_0.45-250.xlsx"
"Vane_0.55-250.xlsx"

————————————-

"SYS-Athix-nonlin.py"

This file is to calculate structural buildup in different ways from a static yield stress test.
The procedure in the code is:

• Read the raw data

• Average the raw data

• Read the shear-ups and maximum torque after rest, and store them in arrays
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• From the increasing torque values, calculate structural buildup as:

1. Athix,early

2. Athix,late

3. Nonlinear thixotropy increase

• Plot the data and store parameters in a dataframe

The code reads the data:

"Vane_0.45-250.xlsx"
"Vane_0.55-250.xlsx"
————————————-

"SYS-Athix-nonlin.py"

This code is to analyze structural buildup. The increase of storage modulus is fitted to a
phenomenological function that analyzes the structural increase in two parts: First, with an
exponential function to calculate a flocculation parameter theta. Second, the linear static
increase after flocculation is analyzed as rigidification parameter.

The procedure in the code is:

• read the raw data

• fit the flocculation function with different input arrays

• fit the rigidification function with different input arrays

• find the best fit

The code reads the data:

"SAOS_0.55_250.csv"



C. MITLaos for nonlinear viscoelastic
characterization

The MITLaos software is provided R.H. Ewoldt, A.E. Hosoi, G.H. McKinley, see

https://web.mit.edu/nnf/research/phenomena/mit_laos.html

The software calculates rheological data from a Large Amplitude Oscillatory Shear protocol.
Reference information for the user manual are stored in Ewoldt et al. (2007). The software
provides a MATLAB code that starts a GUI to read data from an oscillatory experiment.

The procedure in this thesis to calculate non-linear viscoelastic parameters was

1. Run a self-employed MATLAB code that converts the experimental data from an oscil-
latory experiment, provided as .csv file, into MATLAB arrays. Data of each amplitude
were stored in a single array

2. Start the MITLaos GUI

3. Read and analyze each MATLAB file for each single amplitude

4. store all calculated viscoelastic parameters e, v, S, T , two-dimensional and three-
dimensional visualizations of LB curves in text files

5. post-process the analyzed data (e.g., in EXCEL, PYTHON or MATLAB)

Output visualization from MITLaos GUI

Figure C.1 depicts the visual output in the user interface of the MITLaos software. The time-
dependent raw data input strain γ(t) and output stress τ(t) are illustrated in the upper left.
Time-resolved LB curves illustrate filtered γ−τ and γ̇−τ curves. The filter function is part
of the MITLaos software. Within the software, Fourier-Transformation as introduced in
Eq. 2.35 and Chebyshev decomposition as introduced in Eq. 2.36 calculate viscoelastic
parameters. They are stored in single text files for each amplitude sweep. The intensity of
the higher harmonics and Chebyshev coefficients are illustrated in the user interface.

https://web.mit.edu/nnf/research/phenomena/mit_laos.html
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Figure C.1: Output data from MITLaos

Visualization of viscoelastic parameters

After all amplitudes o one test series were analayzed with the MITLaos software, LB curves
were plotted directly in a MATLAB protocol, illustrated in Figure C.2. The first harmonics
of the full LAOS experiment are illustrated in the upper left graphic of Figure C.2. In three
plots, LB curves of the linear viscoelastic regime, transient regime and non-linear regime
were visualized. This enabled the graphical interpreation of intra-cyclic strain thickening
or strain thinning material behavior.

The viscoelastic parameters of all test series, stored in text files as output from the MITLaos
software, were finllay read ad visualized in a PYTHON code. Figure C.3 exemplary illustrates
two different visualizations. Figure C.3 (a) illustrates different LB curves for one test series.
The illustration shows the different material behavior within the linear viscoelastic, tran-
sient and non-linear regime. Figure C.3 (b) displays the evolution of the strain-stiffening
ratio S for different test series.
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Figure C.2: Visualizetion of all LB curves from output data generated with MITLaos

(a) Comparison of LB curves (b) Visualization of S(γ)

Figure C.3: Analysis of non-linear viscoelastic parameters
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