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Abstract
Rheological modeling of special concretes such as ultra-high performance concretes (UHPCs), self-compacting concretes 
(SCCs), or environmentally friendly concretes with low clinker contents but containing many fine particles increases model 
complexity because high amounts of colloidal and fine particles and complex chemistry result in strongly non-Newtonian 
rheological behavior. Straight-forward viscoplastic rheological models such as the well-known Bingham- or Herschel-Bulkley 
approach do not fit the flow behavior on a large scale at and lead to boundary value problems in numerical flow simulations. 
Increased viscoelastic properties due to chemical admixtures are not described by pure viscoplasticity analysis methods. To 
fill this gap, our research presents viscoplastic and viscoelastic linear and non-linear rheological characterization methods 
for common and strongly non-Newtonian cement pastes and combines the methods for a comprehensive viscoelastoplastic 
modeling of cementitious building materials. We illustrate and discuss the benefits and boundaries of each measurement 
technique in dependence of cementitious paste complexity. Three solid volume fractions from � = 0.45 to 0.55 and three 
different flowability ranges, adjusted through varying superplasticizer amounts, were investigated in respect of steady-state 
and transient yield stress, viscosity, and non-linear viscoelastic material properties. Our results reveal that with increasing 
solid volume fraction and polymer amount, viscoelastoplastic modeling describes rheological flow on a large flow scale more 
appropriately than common viscoplastic methods. The results show a new approach for a full quantitative and qualitative 
rheological classification of cementitious building materials and thus improve the understanding of densely packed colloidal 
cementitious suspensions. The findings serve as prospective guideline to model complex cementitious building materials 
both at low and high shear rates, and to find an appropriate rheological description at the boundaries of flow.

Keywords  Rheological classification · Non-linear viscoelasticity · LAOS · Rheological fingerprinting · Transient rheology · 
Fourier-Transform rheology · Cement-based materials

Introduction

Concrete rheology describes concrete flow dependent on 
external shear forces and internal material structuring effects 
arising from physical and chemical interactions within the 
cementitious suspension. Cementitious suspensions are 
two-phase suspensions with colloidal and non-colloidal 

cement particles and a carrier liquid. Above the percolation 
threshold, cement particles flocculate due to colloidal and 
interparticle forces and build up a network (Barnes 1999; 
Firth und Hunter 1976). The particle network strength 
and thus its resistance against deformation and breakage 
depends on attractive and repulsive interparticle forces 
(Kee and Man Fong 1994) (Lowke 2013)) and hydration 
nucleation products that build up over time. The paste 
mixture and the ions within determine interparticle forces 
and hydration speed and thus the particle network strength 
(Flatt und Bowen 2007). Particle distances decrease with 
increasing solid volume fraction, causing attractive forces 
and frictional forces during shear (stated already by Krieger 
und Dougherty (1959) for cement pastes by Coussot et al. 
(2002)). The suspension starts to flow as soon as viscous 
forces exceed interparticle forces, which is defined as yield 
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stress �0 (Barnes 1999; Genovese 2012). During shear, par-
ticle networks are increasingly destroyed. Below the critical 
shear rate and at rest, structural build-up of the cementitious 
particle network takes place dependent on attractive forces 
and hydration nucleation. Thixotropy is the fully reversible 
and thus solely flocculation-dependent structural build-up, 
which determines several workability properties in cementi-
tious building materials such as additive manufacturing. Pre-
cise characterization of the yield stress �0 , viscosity � , and 
structural build-up � is essential for workability predictions, 
processing adjustment, and efficient numerical modeling of 
concrete flow.

However, varying concrete and cementitious paste proper-
ties and abundant investigation and calculation methods make 
the rheological material classification difficult. Inappropriate 
rheological set-up and analysis methods lead to inaccuracies 
in the rheological description (Wallevik et al. 2015), and the 
choice of appropriate parameter calculation methods depends 
on the overall material behavior (e.g. shear-thinning or shear-
thickening) and the focus of processing. Whilst steady-state 
material characterization is needed to describe fast pumping, 
and extrusion in additive manufacturing requires the parame-
ter for full structural build-up during rest, transient processing 
description requires shear gradient and flow property analysis 
over a wider shear range (Wallevik und Wallevik 2017).

General rheological analysis of non-Newtonian materials 
ranges from Bingham’s ideal viscoplastic model (Bingham 
1916) to Maxwell’s ideal elastic, ideal viscous, and viscoe-
lastic classification and various classifications in between. 
Figure 1 illustrates two simplified constitutive models: 
Fig. 1a depicts an ideal viscoplastic Bingham model with a 
dashpot and a block.

Figure 1b illustrates a rheological model as a combina-
tion of viscoelastic deformation prior to flow and viscous or 
viscoplastic flow once the yield point is exceeded (adapted 
from Souza Mendes and Thompson 2012). The complex-
ity of non-Newtonian material analysis was investigated by 
Coussot et al. (2002) and reviewed extensively by Malkin 
(2013). In concrete rheology, straightforward viscoplastic 
models adequately describe concrete flow. However, spe-
cial concretes such as UHPC, self-compacting concrete, or 
environmentally friendly concretes with low clinker content 

exhibit more complex rheological behavior especially at very 
high or low shear rates. Containing high colloid and fine 
particle content and chemical additives, they become strong 
non-Newtonian materials with discontinuous rheological 
properties, which is why the rheological parameters yield 
stress �0 and viscosity � become functions of time and shear. 
In this case, state-of-the-art rheological modeling does not 
depict the material properties. On the contrary, in polymer 
sciences, more sensitive viscoelastic material characteriza-
tion using oscillatory rheometric methods describes the full 
range of transient and non-linear material behavior. Since 
Pipkin’s extensive research of viscoelastic materials (John 
et al. 1986), viscoelastic matter is described qualitatively 
through Lissajous-Bowditch curves that display stress as a 
function of deformation � and frequency � and by calculat-
ing elastic and viscous parts and their change as a function of 
strain � and time t . Two mean characterization approaches, 
i.e., Fourier transformation (FT), introduced in Wilhelm 
et al. (1998), and stress decomposition using Chebyshev 
polynomials, proposed by Ewoldt et al. (2008), allow sen-
sitive qualitative and quantitative material characterization 
for strongly non-Newtonian, nonlinear viscoelastic behav-
ior. Recently, Ewoldt and McKinley extended the traditional 
two-dimensional Pipkin-diagram to a three-dimensional 
structure-implementing analysis in order to characterize 
thixo-elastoviscoplastic (TEVP) material behavior in Ewoldt 
und McKinley (2017), and also compared simple shear with 
viscoelasticity analysis (Ewoldt et al. 2010).

Certain researchers investigated viscoelastic properties 
in cement and concrete as well (Haist 2009; Nehdi and Al 
Martini 2007; Roussel et al. 2012; Struble et al. 2000), and 
approaches for comparing calculated yield stresses and 
oscillatory viscoelastic analysis can be found in Ukrainc-
zyk et al. (2020) and Yuan et al. (2017), for example. Conte 
and Caouche analyzed cement pastes beyond the viscoelas-
tic regime in Conte und Chaouche (2016) using Lissajous-
Bowditch figures and quantitative techniques. However, 
transient and non-linear rheological analysis for different 
cementitious building materials is not state-of-the art in con-
crete sciences, as was recently stated in Roussel et al. (2019). 
Also, a comparative approach between traditional dynamic 
steady-state and complex viscoelastic material analysis is 

Fig. 1   Idealized rheological models: a Type I ideal viscoplastic Bingham model with a Newtonian damper and a St. Venant-element, b Idealized 
viscoelastoplastic model with a spring stiffness for elasticity prior to viscous or viscoplastic flow
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still lacking, even if sensitive rheological techniques allow 
understanding and adjusting complex cementitious materi-
als. A clear understanding however will support prospective 
complex cementitious building material development and 
bring forward computational fluid dynamics in this field, 
as already successfully implemented for soft gels, worm-
like micelles (see Kim et al. 2013) or blood aneurisms (see 
Elhanafy et al. 2019).

In this publication, we aim to phenomenologically model 
complex cementitious pastes as viscoplastic and viscoelastic 
suspensions to benefit from a combined viscoelastoplastic 
modeling approach. We discover paste-dependent appropri-
ate calculation methods and suitable material parameters, 
and also benefits and boundaries of different analysis set-
ups. A generalized property map with material-relevant 
parameters shall give an overview of the whole range of 
cementitious paste flow properties and prospectively shall 
serve as guideline for precise rheological analysis of com-
plex cementitious mixtures.

Phenomenological rheology of cementitious 
suspensions

Viscoplastic rheological characterization 

Steady‑state modeling

In “true yield stress” analogies, cementitious building materials 
are considered as viscoplastic suspensions with a finite yield 
stress and Newtonian or non-Newtonian behavior beyond yield. 
𝛾̇ − 𝜏 — flow curves easily describe steady-state phenomeno-
logical flow behavior. The most common rheological scalar 
constitutive equations for cementitious building materials are 
the Bingham model, which describes Newtonian fluids with a 
yield stress ( 𝜏 = 𝜏B + 𝜇𝛾̇ ; with �B = Bingham yield stress in 
(Pa), � = plastic viscosity in (Pas), and 𝛾̇ as shear rate in (s−1)) 
and, more sufficiently, the Herschel-Bulkley model, which, 
once a yield stress is exceeded, describes shear rate–dependent 
shear-thinning or shear-thickening behavior:

with �0,HB = Herschel-Bulkley yield stress in (Pa), k as flow 
coefficient in (Pas), n as Herschel-Bulkley-index with n < 1 
for shear thinning behavior, n = 1 as ideal viscous behavior, 
and n > 1 for shear thickening behavior. Viscosity curves 
describe yield stress–independent viscosity functions: the 
cross model (Eq. (2)) is a common viscosity model, origi-
nally invented for the characterization of uncrosslinked 
polymers:

(1)𝜏 = 𝜏0,H−B + k𝛾̇n

with 𝜂(𝛾̇) as shear-dependent viscosity, �0 as zero shear-rate 
viscosity in (Pas), �∞ as infinite shear-rate viscosity in (Pas), 
and c and p as material fitting constants. Advantageously, 
this model can describe the viscosity in very slow, transient, 
and fast flow conditions through the implementation of a 
zero- and infinite shear-rate viscosity as boundaries, but has 
the drawback of not considering a yield stress in its math-
ematical function nor elastic recovery after stress relief; also, 
it does not contain shear-thickening behavior or viscosity 
bifurcation description (Haist 2009).

Transient and discontinuous modeling

Below the critical shear rate, agglomeration and flocculation 
processes lead to an increase in microstructural strength and 
thus a shear stress increase at constant shear rates.

Material models for the implementation of structural 
build-up, viscosity bifurcation, and thus discontinuous flow 
exist in different disciplines, e.g. Bénito et al. (2008), Le-
Cao et al. (2020), Mujumdar et al. (2002), Souza Mendes 
(2009), Souza Mendes and Thompson (2013), and Zarei 
und Aalaie (2020). Often, phenomenological expressions 
are combined with microstructural formulations to explain 
the increase in shear stress through agglomeration pro-
cesses (Kee and Man Fong (1994), Le-Cao et al. (2020), 
Phan-Thien und Mai-Duy (2017)). In cement and concrete 
sciences, Roussel proposes a phenomenological equation for 
the stress � based on structural processes:

with a structural parameter ( �) , dependent yield stress �0 , and 
a common Herschel-Bulkley equation beyond the startup of 
flow. The structural build-up parameter � is defined as

where Θ is the material-dependent flocculation time, and 
� and m are (de-)flocculation-dependent fitting parameters 
(Roussel 2006).

Equation  (3) and Eq.  (4) depict an indirect phenom-
enological fitting approach; the structural build-up param-
eter � has no clear physical foundation. This was critically 
reviewed by de Souza Mendez et al. in Souza Mendez und 
Thompson (2012), who then proposed a viscosity-based 
steady-state model with a critical bifurcation shear rate 𝛾̇crit 
and defined dynamic and static yield stress:

(2)𝜂(⋅𝛾) =

(
𝜂0 − 𝜂∞

)

1 + (c𝛾̇)p
+ 𝜂∞

(3)𝜏 = (1 + 𝜆)𝜏0 + k𝛾̇n

(4)
𝜕𝜆

𝜕t
=

1

Θ𝜆m
− 𝛼𝜆𝛾̇

(5)
𝜂ss(𝛾̇) =

[

1 − exp

(

−
𝜂0 𝛾̇

𝜏0,S

)]{
𝜏,0,S − 𝜏,0,d

𝛾̇
e−𝛾̇∕ ̇𝛾 ,c +

𝜏,0,S

𝛾̇
+ k𝛾̇n−1

}

+ 𝜂∞
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where �0,S is the static yield stress, �0,d the dynamic yield 
stress, 𝛾̇c the critical shear rate, k the consistency index, 
and n the power-law index. The proposed Eq. (5) avoids a 
fitting-based structural parameter � , but has seven variables 
of which at least four parameters need to be fitted ( k , n , �0,d , 
�0,S ) and three parameters should be calculated in advance 
( �0 , 𝛾̇c,�∞ ) to reduce the fitting error. Furthermore, Eq. (5) 
only describes shear-thinning material behavior, wherefore 
not all cementitious materials can be adequately described. 
Therefore, Zarei et al. propose a case-dependent discontinu-
ity function in (Zarei und Aalaie 2020). Single functions fI 
and fII distinguish the viscosity evolution below and above 
the critical shear threshold 𝛾̇crit:

The functions fI and fII contain rheological models that 
best fit the experimental rheological behavior, e.g., the 
cross-model (Eq. (2)) or the de Souza Mendez function 
(Eq. (5)). Zarei et al. propose different functions to cor-
rectly predict shear-thickening rheological behavior with 
similarities to Eq. (2) in Zarei und Aalaie (2020):

In Eqs. (7) and (8), five resp. six parameters need 
to be known, from which only two parameters (c and 
nI in Eq. (7) and c and nII in Eq. (8)) are fitted if the 
boundaries of the viscosity function and the maximum 
investigated shear rate 𝛾̇max are known. Equations (7) 
and (8) enable the rheological f low modeling of 
cementitious pastes over different ranges in a discon-
tinuous way. Further kinetic, phenomenological, and 
structural-based flow descriptions have been the sub-
ject of research both in complex f luid and concrete 
science. A literature review is beyond the scope of this 
paper, but can be found elsewhere (e.g., (Jiao et al. 
2021; Le-Cao et al. 2020; Mewis und Wagner 2009a, 
2009b; Ruckenstein und Mewis 1973; Souza Mendes 
2011; Tattersall und Banfill 1983)).

Viscoelastic rheological characterization

Compared to dynamic flow rheology, oscillatory measure-
ments allow a sensitive material characterization of viscoe-
lastic material properties especially at very low 

(6)𝜂(𝛾̇) =

{
fI(𝜂(𝛾̇)), 0 ≤ 𝛾̇ ≤ 𝛾̇crit

fII(𝜂(𝛾̇)), 𝛾̇crit ≤ 𝛾̇ ≤ 𝛾̇max

(7)𝜂I(𝛾̇) =
(𝜂0 − 𝜂crit )

1 +
[
c
(

𝛾̇2

𝛾̇c−𝛾̇

)]𝜂I + 𝜂crit

(8)𝜂II(𝛾̇) =
(𝜂c − 𝜂max)

1 +
[
c
(

𝛾̇−𝛾̇crit

𝛾̇max−𝛾̇

)
𝛾̇

]𝜂Ii + 𝜂max

deformations. At a constant angular frequency � , the ampli-
tude of the load, i.e., strain amplitude �0 or stress amplitude 
�0 , is increased with time. The system response at each 
measuring point (for strain amplitude tests, the stress 
response � , and vice versa) is determined as a function of 
angular frequency and time. In strain-controlled amplitude 
tests, the oscillatory strain is �(�, t) = �0sin(�t) , with �0 as 
strain amplitude, � as frequency in (rad/s), and t as time in 
(s). The strain rate 𝛾̇ is 90° out-of-phase of the inserted strain 
� : 𝛾̇(t) = 𝛾0𝜔cos(𝜔t) . The shear response in fully elastic 
materials is in phase with the applied strain, which corre-
sponds to the Hooke elasticity law �(t) = G∗�(t) , where G∗ 
as complex shear modulus is the proportionality constant in 
(Pa) between �(t) and � . The stress response in fully viscous 
materials is in phase with the strain rate 𝛾̇ . The rheological 
model corresponds to the Newtonian law �(t) = �∗ ⋅ �(t) with 
the complex viscosity �∗ . The shear modulus G∗ decomposes 
in to  a  v i scous  and  e las t ic  shear  modulus , (

G∗ =

√(
G

�
)2

+
(
G

��
)2
)

 , (G∗ =)where the storage modulus 

G
′ corresponds to the elastic retention and the loss modulus 

G
′′ as complex component corresponds to the viscous dis-

sipation, both in (Pa). Nearly all materials are viscoelastic, 
which leads to a partial stress response in phase with the 
strain � and a partial stress response in phase with the strain 
rate 𝛾̇ , or calculated as �(t) = �

0
(G

�
sin�t + G

��
cos�t) . The phase shift 

angle � (°; rad) indicates the phase shift of the system 
response compared to the initial oscillatory load and is cal-
culated as tan(δ) = G

��

G
�  . � is a simple indicator for the viscoe-

lasticity of a material: The larger the phase shift angle � , the 
more viscous the material. Figure 2a shows the normalized 
schematic system input � as function of � and t and resulting 
stress � for three different input strains. In Fig. 2b, the time- 
and frequency-resolved γ − τ-relationship is plotted, also 
referred to as Lissajous-Bowditch curves (LB curves).

The enclosed area of one LB cycle stands for the dis-
sipated energy within (Ewoldt 2009). In the ideal-elastic 
case, the ellipse becomes a line. In the ideal viscous case, 
the ellipse is a circle. For viscoelastic material, the phase 
shift angle � can be interpreted as the tilt angle of the ideal 
circle to an ellipse. As soon as the induced strain results in 
particle destruction, non-sinusoidal stress output follows a 
sinusoidal input deformation (see Fig. 2a and b, transient 
and non-linear curves). LB curves then appear backward- 
and forward-tilted (see Fig. 2b, transient and non-linear 
plot). Mathematical methods, e.g. Fourier transformation, 
describe the non-sinusoidal outputs: In order to analyze and 
interpret the system response and thus the material behavior, 
the non-harmonic periodic signal is decomposed into sev-
eral sinusoidal, i.e., harmonic, oscillations (Mezger 2016). 
In non-linear rheology, the Fourier transformation provides 
harmonic decompositions from which rheological quantities 
can be obtained, e.g., higher-order moduli, but to which no 
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clear physical meaning can be assigned when considered 
alone. (Hyun et al. 2011).

Linear viscoelastic material analysis (inter‑cyclic analysis)

Linear viscoelastic analysis provides meaningful mate-
rial information in the non-destroyed regime. The 
amplitude sweep captures the change in storage and 
loss modulus of the first harmonic decomposition with 
increasing �0 (also referred to as inter-cyclic material 
analysis). Figure 3 shows the schematic first-order stor-
age and loss moduli during a small amplitude oscilla-
tory shear (SAOS) protocol. The � − G diagram with 
deformation � on the x-axis and the resulting first-order 
storage and loss moduli on the y-axis classify the linear-
viscoelastic regime (LVE), the transient yielding zone, 
and non-linear material behavior after the cement paste 
starts to flow.

Within the LVE regime, the storage modulus and 
loss modulus possess almost constant values. If the 
storage modulus G′ in the LVE region is greater than 
the loss modulus G′′ , the substance is in the solid or gel 
state because the elastic component predominates. Con-
versely, if G′′ > G′ , the material is in the liquid state. 
In the LVE range, the storage modulus G′ , the loss 
modulus G′′ , and the corresponding � provide sufficient 
information about viscoelasticity. The yield point �� at 
the linearity limit �L is determined as the value above 
which the storage modulus drops significantly (Mezger 
2016). The yield stress �F at the flow deformation �F , 
also referred to as gel point, is the shear stress at the 
intersection of the G′ and G′′—curves. A direct calcula-
tion of the yield stress �F , corresponding to the yield 
stress �0 , is not possible in a strain-controlled oscilla-
tory amplitude test because �F generally is beyond the 
linear range and contains a non-harmonic, non-sinu-
soidal system response. The region between �� and �F 

is the yielding zone. The closer the yield index is to 1, 
which is the ratio of �F and �� , the more brittle material 
fails. Beyond �F , the material is assumed to flow.

Intra‑cyclic transient and non‑linear viscoelastic analysis

Beyond the LVE regime, higher harmonics of the Fourier 
Transformation need to be considered. Fourier-transform 
analysis or stress decomposition with Chebyshev polyno-
mials enables a mathematical analysis for every LB curve 
of each given strain amplitude �0 (also referred to as intra-
cyclic material analysis). Fourier-transformation rheology 
(FT-rheology) in general, but especially for polymers, 

Fig. 2   a Schematic normalized 
stress response �(t) after a sinu-
soidal strain input �(�, t) in the 
LVE, transient, and nonlinear 
regime and b time-resolved 
Lissajous-Bowditch plots

Fig. 3   Schematic rheological response of cement paste during an 
oscillatory measurement with resulting storage and loss moduli
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was intensively investigated by Wilhelm et al. in Hyun 
et al. (2011) and Wilhelm et al. (1998), applied by vari-
ous researchers and comprehensively reviewed by Hyun 
et al. in [21]. In FT-rheology, the non-sinusoidal oscilla-
tions (see Fig. 5) are decomposed into a row of harmonic, 
sinusoidal viscous, and elastic parts:

with �0 as strain amplitude and G′

n
 and G′′

n
 as odd storage and 

loss components of the odd higher harmonics n. The higher 
order harmonic components represent the nonlinearity. An 
intensity ratio I3∕1 between the third and first harmonic dis-
plays the non-linearity material properties: during the linear 
viscoelastic response, I3∕1 ≈ 0.

Besides FT-rheology, harmonic analysis using stress 
decomposition and Chebyshev polynomials was investi-
gated by Ewoldt et al. (Ewoldt 2009; Ewoldt et al. 2008). 
The general assumption is a stress decomposition into an 
elastic and a viscous stress:

Orthogonality allows the individual polynomials, and thus 
the elastic and viscous properties of one order, to be consid-
ered independently of those of the other orders. The coeffi-
cients en and vn describe the elastic and viscous behavior of the 
nth order (Ewoldt et al. 2007) whereas often, the third-order 
coefficients e3 and v3 classify the material sufficiently into

Ewoldt et al. describe further non-linear material param-
eters based on LB curves: The elastic material behavior is dis-
played by a tangent module G0,M (with M as minimum strain) 
at � = 0 and a secant module G0,L (with L as large strain) at 
� = �0 . These modules are directly related to the Chebyshev 
coefficients e3 and v3 (Fig. 4):

(9)� = �0

∑

n,odd

[G
�

n
���(n�t) + G

��

n
cos(n�t)]

(10)

�(t) = �0

∑

n,odd

en
(
�, �0

)
Tn
(
x
)
+ �0�

∑

n,odd

vn
(
�, �0

)
Tn(y)

e3 =

{
Elastic shear − stiffening, e3 > 0

Elastic shear − softening, e3 < 0

v3 =

{
Viscous shear − thickening, v > 0

Viscous shear − thinning, v3 < 0

(11)G
�

M
=

d�

d�

|||
|�=0

=
∑

n,odd

nGn
�

(12)G
�

L
=

�

�

|||
|�=±�0

=
∑

n,odd

Gn
�(−1)(n−1)∕2

G
�

L describes the slope of the secant at maximum defor-
mation, and G�

M describes the slope of the tangent at mini-
mum deformation (similarly to η�

,L and η�

,M ). The comparison 
between G�

L and G�

M or η�

L and η�

M allows the analysis of 
the intra-cyclic change in elastic and viscous behavior. Ewoldt 
et al. defined the dimensionless elastic shear stiffening index S 
and the viscous shear thickening index T [11] for an enhanced 
parameter comparability:

Materials and methods

Material modeling and material matrix

Viscoplastic material parameters presented in “Viscoplas-
tic rheological characterization” together with viscoelastic 

(13)𝜂
�

M
=

d𝜏

d𝛾̇

|||
|𝛾̇=0

=
1

𝜔

∑

n,odd

nGn
��(−1)(n−1)∕2

(14)𝜂
�

L
=

𝜏

𝛾̇

|||
|𝛾̇=± ̇𝛾0

=
1

𝜔

∑

n,odd

Gn
��

(15)S =
G

�

L
− G

�

M

G
�

L

(16)T =
�
�

L
− �

�

M

�
�

L

Fig. 4   Description of G′

,L and G′

,M within one harmonic cycle, �(t) 
and �(t) illustrated as smoothed normalized values
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material parameters presented in “Viscoelastic rheological 
characterization” allow a precise material characterization. 
Depending on the point of interest, flow curves or inter-
cyclic material analysis describe suspensions on a macro-
scopic scale. Shear rate–dependent structure analysis or 
intra-cyclic viscoelasticity analysis methods provide more 
sophisticated material information on a microscopic scale. 
The relevant rheological parameters are collected in a rheo-
logical property map in Fig. 5a: Depending on cementitious 
paste parameters such as solid volume fraction � and poly-
meric content (through the addition of superplasticizers), 
elastic and plastic indices prior to flow and viscoelastic 
deformation and viscoplastic flow parameters during load 
define the overall viscoelastoplastic material behavior. 
Figure 5b presents a macroscopic spatial approach for the 
definition of viscoelastoplasticity for cementitious pastes 
through the definition of phase shift angle � , non-Newtonian 
index n , and the yield index.

The experimental program presents the material charac-
terization of different cementitious pastes for all methods 
from Eq. (1) to Eq. (16) and finally maps viscoelastoplas-
ticity acc. Figure 5. To analyze the effect of paste composi-
tion, nine cementitious paste series were investigated using 
dynamic and oscillatory shear rheology at increasing load 
and analyzed with different mathematical models in order 
to classify their rheological behavior, schematically shown 
in Fig. 6.

As cementitious suspensions satisfy the full range of 
behavior from shear-thinning to shear-thickening dependent 
on their solid volume fraction and added chemicals, inves-
tigations were conducted for three different solid volume 

fractions (ϕ = 0.45, ϕ = 0.48, and ϕ = 0.55). Flowability was 
investigated and compared through mini slump flow meas-
urement according to Norm DIN EN 1015–3 and analytical 
yield stress conversion �0A,R acc. Roussel et al.:

where �0 is the yield stress in (Pa), � the density of the tested 
material, V the tested volume, and R the final slump flow 
radius. For the sake of flowability comparability, three 
flowability values were defined by increasing PCE dos-
ages (corresponding to slump flow values of 200 mm ± 5, 
250 mm ± 5, and 300 mm ± 5) for each solid volume frac-
tion, respectively. The mixture compositions are given in 
Table  1. For the experimental investigations, Ordinary 
Portland Cement (OPC) CEM II 42.5 A-LL N (Heidelberg 
Cement, Germany), demineralized water with temperature 
adjusted for a constant paste temperature of 20 °C, and a 
PCE superplasticizer (BASF, Germany) were prepared. For 
each test series, 0.5 l of paste was prepared by mixing water 
and dry cement using a hand mixer with a 4-bladed screw 
for 90 s at 1700 rpm. PCE was dosed 30 s after mixing had 
started. The paste was left at rest until 12:30 after water 
addition. An external pre-shear of 30 s with the hand mixer 
led to a pronounced de-flocculation and erased the effect of 
structuration history. Rigorous research into the effect of 
pre-shear time on rheological parameters was published by 
the author et al. in Thiedeitz et al. (2020). Rheometric meas-
urements then were started directly after external pre-shear 
15 min after water addition.

(17)�0A,R ≈
225�SgV

2

128�2R5

Fig. 5   a Schematic mapping of viscoplastic and viscoelastic rheological behavior of cementitious pastes and b spatial approach for viscoelasto-
plasticity description
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All cementitious pastes were investigated using linear 
and non-linear rotational and oscillatory rheometry (sche-
matically depicted in Fig. 6). The rheological measurements 
were conducted with an Anton Paar Rheometer MCR 502 
(Anton Paar, Germany). Parallel plates with a diameter of 
50 mm and a serrated surface to prevent wall-slip were used, 
and the gap was set to h = 1 mm. Raw data handling for the 
different measurement techniques is given subsequently.

Rotational dynamic shear rheometry

Dynamic steady shear analysis was conducted using rota-
tional decreasing step-rates from 𝛾̇ = 80 s−1 to 𝛾̇ = 0.02 s−1, 
with each step having a duration of 6 s (see Fig. 7). The 
shear profile was chosen in order to grasp the rheological 
response of cementitious pastes over a large applied range 
of shear rates. Prior to the step-rate sequence, a pre-shear 
rate of γ˙ = 40 s−1 with a duration of 30 s took place to erase 
heterogeneous placement effects into the rheometer (see 
Fig. 7a and c). Figure 7a presents the decreasing step-rate 

protocol with time. A rheometer measures the resulting 
torque after an induced rotational speed � . The shear rate 
𝛾̇ at the radius r is then calculated as a function of ω as 
𝛾̇ =

𝜔r

H
 , and the shear stress τ is calculated from torque T  

as �(R) = 2T

�R3
 (Souza Mendes et al. 2014). Thus, towards 

the outer radius R , shear rates 𝛾̇(r) increase and also vary 
over the height H (see Fig. 7b). The larger the gap (espe-
cially from H > 1 mm), the greater the risk of inhomogene-
ous shear behavior. For Newtonian fluids, calculation errors 
from raw data to rheological data have been investigated 
extensively for different shear field assumptions and con-
version factors. Assuming steady shear conditions, Mezger 
proposes an effective average shear rate calculation of 𝛾̇ at 
r =

2

3
R , which leads to conversion formulas for averaged 

shear rate 𝛾̇m and shear stress �m of 𝛾̇m =
2

3
𝛾̇(R) =

4nR

3H
 and 

�m =
2

3
�(R) =

4T

3�R3
.

This conversion approximation was analyzed for several 
benchmark fluids and cementitious paste in a Round Robin 
test including the authors, published in Haist et al. (2020). 
It was shown that especially for cementitious pastes, the 

Fig. 6   Methodological scheme 
for material characterization 
from rheometry to material 
modeling

Table 1   Cement paste mixtures

1 The water content of the PCE was subtracted from the water amount to be added
2 Analytical yield stress acc. Equation (17) for analytical flowability comparison

Mixture w/c ratio Slump 
flow 
(mm)

�(–) Cement (kg/m3) Water (kg/m3)1 PCE (% bwoc) �0A,R(Pa)2

0.45–200 0.40 200 0.45 1381.5 550.0 0.15 37.60
0.45–250 0.40 250 0.45 1381.5 550.0 0.27 12.03
0.45–300 0.40 300 0.45 1381.5 550.0 0.39 5.06
0.48–200 0.35 200 0.48 1473.6 520.0 0.33 39.31
0.48–250 0.35 250 0.48 1473.6 520.0 0.44 13.21
0.48–300 0.35 300 0.48 1473.6 520.0 0.57 5.40
0.55–200 0.26 200 0.55 1688.5 480.0 0.94 33.13
0.55–250 0.26 250 0.55 1688.5 480.0 1.19 13.75
0.55–300 0.26 300 0.55 1688.5 480.0 1.48 5.31
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chosen test geometry and conversion function affect the 
rheological data, but are comparable with Newtonian fluids 
as long as steady shear conditions are assumed. The gap 
height of 1 mm and serrated plate surfaces prevent both plug 
flow and wall slip, wherefore the aforementioned conversion 
equations were chosen, as also indicated in the shear-rate 
conversion in Fig. 7a and the shear stress conversion of raw 
data in Fig. 7c. All flow curves reached equilibrium measur-
ing conditions within one rate step within steady-state flow 
zone (see Fig. 7d, left). Steady-state flow represented the 
shear range without material restructurations. The critical 
shear rate 𝛾̇crit was calculated as the shear rate beyond which 
the applied shear led to increasing shear stress (or, with-
out conversion, torque) within one constant rate step (see 
Fig. 7d, right). Flocculation below critical shear can affect 
the shear field homogeneity due to possible shear banding 
effects (intensively discussed in Ovarlez et al. (2009) and 
Fall et al. (2009) and schematically shown in Fig. 8).

For the presented research, a shear rate correction due to 
varying shear fields was not conducted, as a distinguished 
shear field localization is not possible, and the gap height 
of 1 mm was assumed to be sufficient to reduce shear field 

errors to a minimum. The average shear stress for each rate 
step in equilibrium condition was calculated from the equi-
librium of each rate step; structural build up within one rate 
step below critical shear was included into transient yield 
stress analysis as time-dependent parameter. After raw 
data conversion, flow curves were analyzed regarding their 
steady-state and transient viscoplastic flow properties (Eqs. 
(1) to (9)). Model regression was conducted using python 
protocols with optimization algorithms.

Oscillatory viscoelastic rheometry

Viscoelastic analysis in the linear, transient, and non-linear 
regime was conducted using Large Amplitude Oscillatory 
Shear (LAOS) rheometry with parallel plates, as previously 
presented by the authors in (Prakesch and Thiedeitz 2021). 
A strain-controlled protocol with a strain amplitude increase 
from �0 = 0 to 100% and constant frequency at � = 10 rad/s 
was used, as illustrated in Fig. 9a. The pre-shear time prior 
to the oscillatory measurement equaled the pre-shear from 
dynamic measurements (not depicted in Fig. 9a), which 
ensured a fixed deflocculation state of each paste.

Fig. 7   Raw data handling in rotational parallel plates rheometry: a Dynamic shear profile with decreasing step-rates, b geometry-dependent 
shear field assumption, c flow curves for all test series, and d steady-state and slow flow regime of c 
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Generally, the rheometer software conducts oscilla-
tory cycles with one oscillatory input pair of� , �0 until a 
steady material state is reached; subsequently, a set num-
ber of cycles is oversampled, as explained in detail (Ewoldt 
et al. 2010; Hyun et al. 2011). With cement paste being an 
agglomerating and chemically hardening material, steady-
state regulation of the rheometer software was limited to 
ten oscillatory cycles. The resulting data were oversampled 
for each strain amplitude�0 , the results shown exemplarily 
for the test series 0.55–200 in Fig. 9b. To calculate linear 
viscoelastic parameters, the freely available software MIT-
laos, provided by Ewoldt et al. (2007), was used. It contains 
an optimization algorithm for the Fourier transformation 
of input raw data pairs ( �0;�0 ), which results in smoothed 
time-resolved strain–stress-cycles as exemplarily shown in 
Fig. 9c and d. All raw data cycles were analyzed regarding 
linear and non-linear viscoelastic parameters as explained in 
“Viscoelastic rheological characterization” using the soft-
ware MITLaos, python, and MATLAB protocols.

Results and discussion 

Viscoplastic rheological modeling

All flow curves of dynamic rotational rheometry are plotted 
(log–log) in Fig. 10. Figure 10a−c show the flow curves for 
each solid volume fraction, distinguished by their flowabil-
ity value. Changing non-Newtonian behavior is observed 
with increasing solid volume fractions and independently 
of different flowabilities: whereas the � = 0.45 fraction 
generally behaves in a shear-thinning manner, � = 0.48 

approaches Bingham-like flow. Pastes with the highest solid 
volume fraction � = 0.55 exhibit shear-thickening behav-
ior. Viscosity bifurcation below critical shear increases with 
increasing solid volume fraction. Viscosity curves are given 
in Fig. 10d−f. They clearly show differing non-Newtonian 
behavior at high shear rates. Pronounced discontinuity due 
to structural build-up below critical shear is shown for each 
viscosity curve. Viscosity increase at very low shear rates is 
pronounced especially for the highest solid volume fraction.

Viscoplastic modeling of the phenomenological flow 
curves is shown in Table  2 and Fig.  11. Steady-state 
description beyond critical shear for shear stress (Her-
schel-Bukley, Eq. (1)), and viscosity (Cross, Eq. (2)) is 
presented in Fig. 11 with the calculated material param-
eters given in Table 2. Figure 11 shows the results for the 
whole shear range with the magnified excerpts for steady 
state. With increasing solid volume fraction � , the non-
Newtonian index n increases independently of flowabil-
ity. Flowability, indeed, affects yield stress and viscosity 
ranges: With increasing superplasticizer amount, yield 
stress �0,H−B , �0 , and �∞ decrease. On the contrary to the 
Herschel-Bulkley model, the Cross model describes vis-
cosity at the boundaries of flow (zero shear-rate viscosity 
�0 and infinite shear-rate viscosity �∞ ), which is a benefit 
concerning numerical flow simulation. However, it is only 
feasible for steady-state shear-thinning viscosity descrip-
tion, wherefore it is presented solely for the test series 0.45 
(all) and 0.48–200 and additionally for 0.48–250 to illus-
trate application limits (Fig. 11d−e). The zero shear-rate 
viscosity �0 decreases with increasing flowability as does 
the infinite shear-rate viscosity �∞ , whereas �∞ increases 
with increasing solid volume fraction. Due to the differ-
ences between �0 and �∞ , c also decreases with increas-
ing flowability. An increasing p value indicates a low 
change of viscosity with increasing shear rate, wherefore 
the applicability for Newtonian or Bingham-like flow is 
not given: p approaches infinity. The test series 0.48–250 
thus depicts the boundary of the model. Below critical 
shear, material behavior is not described. For pastes with 
low interparticle forces and thus little or no restructuring 
effects, the mathematical description is sufficient. As soon 
as secondary effects as interparticle forces lead to higher 
network structures, low shear rheology is not depicted.

Structural build-up included yield stress analysis as 
described in Eqs. (3) and (4), and discontinuous viscosity 
modeling as described in Eqs. (7) and (8) is presented in 
Table 3 and Fig. 12.

As Table 3 shows, the initial structural build-up param-
eter generally increases with increasing solid volume frac-
tion and stiffness and is greater for visibly more pronounced 
structural build-up below the critical shear (see Fig. 12). � 
is the flocculation parameter, which generally increases as 
the shear stress increases more quickly and thus stands for 

Fig. 8   Theoretical flow curve correction below critical shear in case 
of shear banding
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enhanced thixotropy. Discontinuous viscosity modeling 
shows that the zero shear-rate viscosity �0 , the viscosity at 
critical shear 𝛾̇crit , and infinite shear-rate viscosity �∞ aligned 
with the viscosity fitting parameters c , nI , and nII , describe 
viscosity in both shear zones below and beyond critical 
shear, and, thus, allow a viscosity characterization for shear-
thickening material behavior and give a regression function 
for low shear zones.

Summarized, dynamic simple shear rheology in com-
bination with viscoplastic material models grasps the 
rheology of cementitious suspensions at lower solid vol-
ume fractions and without consideration of low-shear 
zones. At higher solid volume fractions, rheometry and 
raw data conversion get more unsecure, and also math-
ematical modeling contains challenges. At low or no 
shear, rheology is weakly described and might contain 
errors due to secondary effects such as interparticle 
forces. Discontinuity functions can display viscosities 
at the boundaries of shear but also contain uncertain-
ties due to probably heterogeneous shear fields and thus 
raw data conversion errors. Viscoelastic modeling, thus, 

presents another approach to describe rheology of com-
plex suspensions in linear, transient, and non-linear state.

Viscoelastic analysis 

Linear viscoelastic analysis

Qualitative and quantitative macroscopic viscoelas-
tic analysis for all test series is shown in Table 4 and 
Figs. 13 and 14. Table 4 gives all relevant viscoelastic 
parameters: The storage modulus G′ , loss modulus G′′ , 
phase shift angle � , and complex viscosity �∗ are given at 
the linearity limit �L . The yield stress �L at the linearity 
limit is calculated according to the Hookean model. The 
gel point �F is the deformation at the first measurement 
point at which G′<G′′ . The linearity limit �L was defined 
as the deformation with a storage modulus deviation of 
10% from the plateau, which was adapted from existing 
standards. The yield index was calculated to determine 
the elasticity of the material. With decreasing yield 
index, elasticity increases.

Fig. 9   Oscillatory rheometry setup and raw data handling: a Amplitude sweep with input strain and output stress, b full raw data (time-resolved) 
plot, c transient material response, d non-linear post-yield material response
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The qualitative linear-viscoelastic analysis for the first 
harmonic storage and loss modulus and phase shift angle � 
is given in Fig. 13.

At low deformations, the storage modulus G′ exceeds the 
loss modulus G′′ . All suspensions are gel-like with a pro-
nounced elastic part that increases with increasing solid vol-
ume fraction � . G′ and G′′ first show maxima and then drop 

sharply, which is caused by initial percolation of the particle 
network and cannot be prevented due to constantly evolv-
ing material changes. The phase shift evolution indicates 
viscoelastic material properties at increasing strain load. In 
Fig. 13a, the strong increase of δ corresponds to brittle fail-
ure. The evolution of δ changes significantly with increasing 
ϕ : A constant � is followed by a � increase at higher �0 for 

Fig. 10   Flow curves for all paste compositions (a–c) and viscosity curves for all paste compositions (d–f)

Table 2   Regression analysis for 
steady state flow

Test series Herschel-Bulkley analysis Cross analysis

𝛾̇crit �0,H−B[Pa] k[mm] n[-] �0
[Pa*s]

�∞
[Pa*s]

c

[-]
p

[-]

0.45-200 0.04 13.3 5.05 0.54 4.24 0.39 0.81 1.0
0.45-250 - 7.9 1.55 0.70 1.58 0.37 0.63 1.5
0.45-300 - 4.0 0.44 0.88 0.51 0.24 0.34 2.0
0.48-200 0.02 26.3 1.79 0.81 4.53 0.64 1.79 0.9
0.48-250 0.32 12.8 0.67 0.95 0.64 0.52 0.20 7.1
0.48-300 0.63 4.0 0.18 1.06 no meaningful analysis 
0.55-200 1.25 33.0 0.40 1.36
0.55-250 1.25 13.8 0.25 1.64
0.55-300 0.63 5.7 0.19 1.40
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0.48–250, which is even more shifted for 0.55–250 in (c). 
For a macroscopic viscoelasticity comparison, Fig. 14 shows 
first-order storage moduli (see Fig. 14a−c and phase shift 
angular evolution (see Fig. 14d−f), for all test series distin-
guished by flowability value, respectively. With increasing 
� and flowability, viscoelasticity develops from brittle fail-
ure and thus strong viscoplasticity (see 0.45–200) to large 
elastic response and thus more pronounced viscoelasticity 
(see 0.55–300).

With increasing � , � decreases indicating a more pro-
nounced elasticity, independently of the paste flowability. 
Figure 14d−f shows that the phase shift angle evolution 
illustrates viscoelasticity and its change with increasing 

load clearly. The linear viscoelastic limit can be calculated 
clearly as the end of phase shift angle linearity. Subse-
quently, paste properties in the transient yielding zone are 
clearly distinguished by the phase shift angle comparison. 
With increasing flowability, G′ decreases (despite higher 
solid volume fractions). This is explained due to the super-
plasticizer amount and its structure. Hot has determined (Hot 
et al. 2014) that the retained elastic strength of the particle 
network is much more extensive with high polymer con-
tent. With an increasing polymer amount, particle distances 
increase, which reduces direct interparticle forces (Flatt und 
Bowen 2007). Thus, with increasing polymer content at 
high solid volume fractions, the overall elastic deformation 

Fig. 11   Steady-state viscoplastic regression analysis: a–c Herschel-Bulkley regression and d–f Cross regression for all test series with magnifi-
cation of steady state shear zones

Table 3   Regression analysis for 
transient and non-linear paste 
flow

Test series Transient Roussel 
regression

Viscosity discontinuity function

𝛾̇crit �0(–) �(–) m(–) �0(Pa*s) �c(Pa*s) cI(–) �max(Pa*s) nII(Pa*s) cII(–)

0.48–300 0.63 0.26 1.23 1.0 13 0.99 166.3 0.43 0.09 100
0.55–200 1.25 1.34 1.49 1.0 1990 0.69 11,300 2.59 0.30 1.9
0.55–250 1.25 1.15 2.15 1.0 241 0.87 1786 1.80 0.41 0.35
0.55–300 0.63 0.84 2.37 1.0 94 0.85 1206 1.45 0.34 0.25
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at the shear surface of particles exceeds rigid particle sur-
face interactions, and elastic retention and shear-thicken-
ing rheological behavior occur. Strong interparticle forces 
between densely packed particles can accommodate greater 
stresses than the polymers, but might fail at much lower 

deformation if no elastic forces are incorporated. This can 
explain the most brittle failure for the test series 0.45–300, 
as the particle distances are high due to enough excess water 
and additional steric repulsion due to PCE. The lowest yield 
index and thus least rigidity is observed for the highest solid 

Fig. 12   Discontinuous viscosity and  transient shear stress modeling with low shear zones included for test series 0.48–300 and all 0.55 test 
series

Table 4   Linear viscoelastic 
paste characterization

Mixture G
′(Pa) G

′′(Pa) � ∗(Pa*s) �L(%) �y(Pa) �F(%) �F(°) Yield index (–)

0.45–200 1120.3 600.4 127.1 0.005 0.064 0.050 28.2 0.10
0.45–250 374.6 210.0 42.9 0.008 0.034 0.025 29.3 0.32
0.45–300 216.2 118.9 24.7 0.032 0.078 0.127 28.8 0.25
0.48–200 1163.5 405.0 123.2 0.025 0.312 0.253 19.2 0.10
0.48–250 432.3 125.5 45.0 0.063 0.285 1.590 16.2 0.04
0.48–300 233.3 59.1 24.1 0.032 0.243 3.180 14.2 0.03
0.55–200 786.8 134.6 79.8 0.127 1.014 40.00 9.7 0.003
0.55–250 279.8 54.4 28.5 0.320 0.906 40.00 11.0 0.008
0.55–300 167.5 35.1 17.1 0.400 0.685 31.80 11.8 0.013

Fig. 13   First harmonics of storage modulus G′ and loss modulus G′′ and phase shift angle � for the test series 0.45–250 (a), 0.48–250 (b), and 
0.55–250 (c)
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volume fraction, as the particle network is strong and retains 
elastic energy due to the polymers.

Non‑linear viscoelastic analysis

Following the macroscopic viscoelasticity analysis of the 
oscillatory first harmonics, non-linear intra-cyclic analysis 
characterizes the viscoelastic material properties within one 
load cycle and with increasing load more sophistically. Qual-
itative LB curves and quantitative Fourier and Chebyshev 
coefficients were analyzed for each test series. For each load 
�0 , an LB curve can be plotted, which is shown schemati-
cally for the whole test series 0.55–250 in Fig. 15a. In the 
low amplitude range, the LB curves show a narrow elliptical 
shape. As the deformation increases, deviations from the 
ellipse become steadily more apparent, with the slope of the 
LB curves increasing near the specified maximum ampli-
tude. Beyond LVE, the width of the LB curves increases, 
which means the transition from solid to viscous state. A 
direct comparison between LB curves of two different pastes 
(0.45–250 and 0.55–250) is shown in Fig. 15b.

Fourier coefficients and Chebyshev parameters acc. Equa-
tions (9), (15), and (16) describe the ellipse shapes and their 
corresponding material behavior mathematically from low to 
large deformations. LB-curves for each test series are given 
for three characteristic points within the linear viscoelas-
tic (LVE), transient, and non-linear regime, respectively, in 
Fig. 16, with consecutive quantitative description in Table 5. 
For each flowability value and solid volume fraction, nor-
malized LB curves are plotted in the linear viscoelastic (red), 
transient (blue), and non-linear (green) regime. LVE param-
eters were analyzed shortly below the linearity limit, as indi-
cated Fig. 15b, to reduce the effect of noise (see raw data 
handling, Fig. 9). For test series with the lowest solid volume 
fraction, i.e., 0.45–200 and 0.45–250, the calculation of Fou-
rier coefficients still led to inhomogeneities, which is why 
this paste composition can be seen as a boundary for non-
linear LAOS viscoelastic analysis. The transient material 
behavior above the linearity limit was investigated between 
�L and �F . Non-linear material analysis was performed above 
the gel point. For the sake of comparability, the deformation 
at the amplitude of �0 = 80% was analyzed for all test series. 
Fourier coefficients were calculated up to the 7th order for 
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Fig. 14   Viscoelastic classification of first harmonics with storage modulus evolution for all pastes (a–c) and phase shift angle evolution for all 
pastes (d–f)
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all calculations and plots. To understand viscoelastic char-
acterization by LB curvatures, in Fig. 16, all LB curves are 
plotted dimensionless normalized by the maximum value 
(i.e., strain, stress). Thus, solely the curvature shape, not 
the surface area, should be compared within one test series.

Generally, test series with dense solid volume fractions 
possess more solid-like behavior with narrow ellipses. Low 
solid volume fractions possess wider ellipses (and thus more 
viscous material behavior). With increasing amplitudes, 
viscosity increases. All test series show intra-cyclic nonlin-
ear material behavior. As early as in the linear viscoelastic 
regime, slight deviations from the elliptical shape are vis-
ible, which increases for the transient and non-linear regime. 
The deviation from ellipsoid shape is more pronounced with 
increasing solid volume fraction. For all 0.45 test series, 
the deviation is quite low, whereas the 0.55 shows a strong 
increase in stress towards the maximum amplitude in the 
transient regime (backward-tilted shape, depicting shear-
thickening behavior) and a decrease of stress towards the 
maximum amplitude in the non-linear regime (forward-
tilted, depicting shear thinning behavior). Finally, the LB 
curves are clearly deformed, and the viscous material prop-
erties predominate.

Relative intensity I3∕1 and Chebyshev parameters S, T, 
e3 and v3 are given in Table 5 for the transient and non-
linear regime. I3∕1 increases with increasing ϕ and increasing 
flowability. In the linear viscoelastic regime, neither Fourier 
coefficients nor Chebyshev polynomials are meaningful, and 
parameter analysis acc. Table 4 is sufficient. As elastic and 

viscous moduli stay more or less constant in the linear vis-
coelastic regime, Chebyshev parameters approach the value 
0. The general ellipsoid shape is similar for the all test series 
— however, absolute values and the inter-cyclic evolution 
change greatly, which is adequately described through the 
Chebyshev constants. Generally, beyond linear viscoelastic-
ity, the elastic shear stiffening index S is positive and the 
viscous shear thickening index T is negative. e3 is positive 
(elastic shear-stiffening), and v3 is negative (viscous shear-
thinning). Within a ϕ series, e3 decreases with increasing 
flowability value; v3 increases towards 0. The Chebyshev 
parameters increase positively with increasing slump flow 
value. An exception is the series 0.45–300. As the paste 
is extremely fluid, secondary effects such as sedimentation 
or increased wall slip might lead to contrary results, which 
should be investigated in further analysis.

As LB analysis indicates, Chebyshev parameters describe 
non-linear rheology in a sophisticated way. Thus, S,T , e3 , and 
v3 are plotted for each load cycle in Fig. 17. Figure 17a shows 
the inter-cyclic evolution of the strain stiffening ratio S , 
Fig. 17b shows the inter-cyclic evolution of the shear thick-
ening ratio T  , Fig. 17c shows the intercyclic evolution of 
the strain stiffening ratio e3 , and Fig. 17d shows the inter-
cyclic evolution of the shear thickening ratio v3 . For clear 
presentation of material properties, all graphics are given in 
log-lin scale for the load range from �0 = 10

−1 − 10
2 . Below 

γ0 = 10
−1 , Chebyshev parameters are close to 0 due to linear 

viscoelasticity.

Fig. 15   a LB curves for amplitudes of the test series 0.55–250 and b comparative LB-curves for test series 0.45–250 and 0.55–250 in the LVE, 
transient, and non-linear regime
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Fig. 16   Dimensionless LB curves for characteristic LVE, transient and non-linear intra-cyclic material behavior for all test series at � = 10 rad/s

Table 5   Exemplary intra-cyclic paste characterization for load cycles in the transient and non-linear state

Test series �LVE(%) �M(%) I3∕1(–) e3,M(–) v3,M(–) SM(–) TM(–) �NL(%) I3∕1(–) e3,NL(–) v3,NL(–) SNL(–) TNL(–)

0.45–200 0.05 0.05 0.05 17.8  − 0.9 0.17 0.01 80 0.15  − 1.0  − 0.1  − 1.60  − 1.32
0.45–250 0.03 0.03 0.02 1.63  − 0.45 0.32  − 0.6 0.13  − 0.5  − 0.03  − 1.95  − 0.94
0.45–300 0.05 0.05 0.01  − 0.1  − 0.37  − 0.1  − 0.2 0.18  − 0.4  − 0.03  − 4.99  − 0.90
0.48–200 0.04 0.13 0.05 27.9  − 0.69 0.21 0.1 0.23  − 2.3  − 0.2  − 2.50  − 1.74
0.48–250 0.06 0.80 0.14 9.78  − .061 0.48  − 0.6 0.24  − 1.2  − 0.1  − 3.35  − 1.54
0.48–300 0.13 1.60 0.19 5.34  − 0.41 0.45  − 0.8 0.25  − 0.6  − 0.1  − 3.97  − 1.50
0.55–200 0.10 20.1 0.33 4.44  − 0.85 0.62  − 7.8 0.25  − 3.8  − 0.4  − 2.04  − 1.77
0.55–250 0.25 20.1 0.32 2.51  − 0.57 0.52  − 4.8 0.27  − 1.9  − 0.3  − 2.57  − 1.64
0.55–300 0.32 15.9 0.33 2.67  − 0.55 0.54  − 5.4 0.28  − 1.3  − 0.1  − 3.33  − 1.44
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In the transient regime, all solid volume fractions show an 
increase of the elastic stress response in the maximum defor-
mation range, which corresponds to a positively increasing 
elastic shear stiffening ratio S plotted in Fig. 17a. With an 
increasing solid volume fraction, the positive increase of S is 
more pronounced and takes until a larger �0 , which is larger 
for higher ϕ values. The viscous shear thickening ratio T  is 
consistently negative and drops significantly further with 
increasing � . Combining the LB curves with the quantita-
tive Chebyshev parameters, it can be seen that beyond the 
gel point �F , the slope of the elastic shear stress drops and the 
LB curves change their shape significantly, as they deviate 
from the ellipse. The indices S and T are negative beyond that 
region. Thus, the viscous properties dominate and the material 
flows. Intracyclic elastic shear stiffening and viscous shear 
thinning description clearly illustrates the viscoelasticity in 
the yielding zone between the linearity limit and the gel point. 
In the nonlinear regime, all elastic stress curves are sharply 
decreasing near the maximum amplitude, which corresponds 
to negative S and T  values. The increase in the width of the 
elastic LB curve over the measurement process shows the 
reduction of the ratio of storage modulus and loss modulus 

inter-cyclically. Intra-cyclically, the material behavior changes 
to elastic shear softening ( S decreases below 0) and viscous 
shear thinning ( T  increases its magnitude towards 0). This 
results in an increasing dominance of viscous effects and an 
inter-cyclic increase in flowability. A possible explanation for 
this observation is that the deformation applied above the gel 
point exceeds the interparticle interactions to such an extent 
that the “yield point” of all elastic components of the suspen-
sion is exceeded and the bonds of the particle network are 
irreversibly destroyed. A permanent deflection of the particles 
relative to each other occurs, and the suspension flows. In 
combination with the analysis of first-order moduli G′ and 
G

′′ , the superplasticizer-dependent reduction of stiffness and 
rigidity of cement pastes is described.

Viscoelastoplastic modeling

The presented analysis methods help to describe large-range 
rheological flow behavior of different cementitious suspen-
sions and reveal the strong paste composition effect on vis-
coelastoplastic properties. Dependent on the solid volume 
fraction � and polymeric content, fundamentally different 

Fig. 17   Non-linear material 
analysis through Chebyshev 
coefficients for all test series: 
a strain stiffening ratio S, b 
shear thickening ratio T, c strain 
stiffening ratio e3, and d shear 
thickening ratio v3
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flowability (viscoplastic) and deformability (viscoelastic) 
properties appear. Dynamic rheological analysis of the test 
series illustrates clear viscoplastic parameters for macro-
scopic shear-thinning or shear-thickening behavior and 
viscosity bifurcation; oscillatory rheological measurements 
are able to depict more elaborate transient inter- and intra-
cyclic material behavior and viscoelastic parameters. While 
the first-order oscillatory parameters � , �∗, and the yield 
index can be used to characterize the overall viscoelastic 
behavior, non-linear analysis gives insight into intracyclic 
shear-thinning or shear-thickening material behavior and 
thus knowledge especially regarding the effect of chemical 
admixtures. Figure 18 illustrates macroscopic viscoplastic 
and viscoelastic results for all test series.

Paste composition effects are illustrated in Fig. 18a−c: 
With increasing � , the non-Newtonian index increases inde-
pendently of polymeric content. With increasing PCE dosage, 
both viscoplastic yield stress �0,H−B and viscoelastic com-
plex viscosity �∗ decrease. Not illustrated here, but analyzed 
before, is the effect of polymeric content on further rheological 

parameters such as zero and infinite shear-rate viscosity and 
critical yield stress. Figure 18d and e show the combination of 
viscoplastic non-Newtonian index n and viscoelastic param-
eters phase shift angle � and yield index (as description of 
viscoelastic range). The results clearly indicate an increas-
ing viscoelasticity with increasing non-Newtonian flow. Fig-
ure 18f maps the cementitious pastes regarding their viscoelas-
toplastic range as indicated in Fig. 5b. The results reveal that, if 
oscillatory and dynamic rheometric characterization methods 
are combined, they enable a material characterization both for 
viscoplastic steady-state flow and for admixture-dependent 
viscoelastic rheology.

Conclusions 

The experimental investigations have shown that cementi-
tious paste deformability and flowability are paste compo-
sition dependent with varying viscoelastoplastic behavior. 
Pastes with adjusted flowability values may behave similarly 

Fig. 18   Macroscopic viscoelastoplastic characterization of test series. 
Paste composition-dependent viscoplastic parameters in a and b, 
polymer-dependent complex viscosity in c. Macroscopic viscoplastic 

vs. viscoelastic characterization in d and e and combined viscoelasto-
plastic classification map in f 
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in one flow range but differ completely below or beyond. 
Therefore, the same rheological constitutive model and 
mathematical parameter calculation might fit one test series 
but falsify the rheological characterization of another series. 
This results in different appropriate rheological analysis 
methods. Particularly in case of viscosity bifurcation (and 
thus structural build-up at low shear), the rheological char-
acterization of cementitious building materials through (tra-
ditional) dynamic flow curves is of limited use: Secondary 
flow effects during rheometric measurements can lead to 
unknown flow fields and thus errors during raw data con-
version. Furthermore, mathematical regression methods 
at the boundaries of flow (no and low or very high shear 
ranges) incorporate potential calculation errors. Steady-state 
rheological evaluation in an explicit flow equation is only 
physically justified for a true viscoplastic (e.g., Bingham 
or Herschel-Bulkley) fluid or for a clearly identified load 
range. These boundary material analyses can be scoped with 
oscillatory analysis methods that clearly identify viscoe-
lastic parameters in the linear viscoelastic range. In recent 
research, dynamic and oscillatory parameters, especially the 
yield stress, have generally been compared in order to shift 
rheological parameters. However, we consider that it is more 
beneficial to combine the methods and both identify viscoe-
lastoplastic material behavior over a large range of shear 
and take advantage of sophisticated non-linear measurement 
techniques in the transient material states. The main research 
findings are.

1.	 Dynamic phenomenological analysis of complex non-
Newtonian cementitious pastes requires a distinct choice 
of the mathematical regression model. Depending on the 
point of interest, large-range flow analysis or boundary 
rheological parameters can be identified. However, tran-
sient or discontinuous material properties during shear 
or the choice of an insufficient rheological model can 
lead to tremendously wrong material characterization.

2.	 A main benefit of distinct mathematical viscosity mod-
eling is the clear analysis of zero and infinite shear-rate 
viscosity, which are mandatory input parameters for the 
starting point of flow calculation, e.g., flow simulations 
using computational fluid dynamics (CFD). A combina-
tion of viscoplastic simple shear and viscoelastic oscil-
latory methods can provide reliable material parameters 
for both no and high shear rates.

3.	 A phenomenological unifying approach of combined 
dynamic and oscillatory linear and non-linear rheologi-
cal analysis provides more information regarding rheo-
logical flow behavior of cementitious suspensions over 
a broad range. 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 elastovisco-
plastic deformation and flow.

4.	 The rheological property map gives an indication 
about the effect of solid volume fraction and flowa-
bility index on wide-range rheological flow behavior. 
From a phenomenological point of view, this approach 
helps to characterize cementitious building materials 
according to their most appropriate rheometric inves-
tigation and constitutive equation. Nevertheless, the 
bifurcation points, i.e., the dynamic critical shear 𝛾̇crit , 
elastic linearity limit �L , and gel point �F depend on 
interparticle forces of cementitious suspensions, which 
themselves are a function of chemical and physical 
composition of the colloidal particle network. A com-
prehensive modeling approach for cementitious sus-
pensions would need to add a microstructure dimen-
sion that includes further microstructural parameters.

Open questions mean that further research is essential:

1.	 Broadening of the rheological property map over the 
material scale (investigation of effect of various other 
additives or admixtures) and over the material analysis 
scale (phenomenological rheological description)

2.	 Broadening of the rheological property map from a 
purely phenomenological to a microstructure-imple-
mented rheological description. A more general 
approach to classifying a broad range of cementitious 
building materials and linking flow behavior to mixture 
composition, flow history, and processing is needed for 
the prediction of complex concrete flow and holistic 
material characterization. The presented research serves 
as basis for further microstructural and kinetic analysis.

3.	 Applicability of the chosen rheological models in further 
flow analysis, e.g., through linking to numerical fluid 
dynamics, needs to be investigated.

In summary, the research presents a holistic material 
characterization approach of complex non-Newtonian 
cementitious building materials. Established and state-of-
the-art analysis methods were analyzed and critically dis-
cussed. It was found that especially for the case of complex 
non-Newtonian behavior, more than standard mathematical 
models need to be chosen for material characterization. The 
additional viscoelastic analysis described rheology in the 
low- and no shear rate zone, transient material behavior, 
and inter-cyclic non-linearity in a more elaborated way than 
common analysis methods. Finally, a rheological map with 
different rheological models and hence calculation methods 
was presented that will to serve as aid for the prospective 
analysis of complex cementitious building materials.
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