
The 9th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2024

3–7 June 2024, Lisboa, Portugal

TIME-DEPENDENT FLOW SIMULATION OF
THIXOTROPIC CEMENTITIOUS PASTES

MAREIKE THIEDEITZ1 AND JITHENDER J. THIMOTHY1

1 Technical University of Munich;
TUM School of Engineering and Design,
Department of Materials Engineering,

Center for Building Materials,
e-mail: jithender.timothy@tum.de

Key words: Thixotropy, Cement paste, Time-dependent flow, Computational Fluid Dynamics

Summary. Understanding the flow of cementitious pastes is essential for optimizing their pro-
cessing and application in construction, ensuring material performance and structural integrity.
Computational Fluid Dynamics (CFD) provides deeper insights by enabling the detailed simu-
lation and analysis of the complex, time-dependent flow behaviors of cementitious pastes, which
are difficult to capture through experimental methods alone. However, the computational inves-
tigation of time- and shear rate-dependent transient properties in increasingly non-Newtonian
and thixotropic cementitious pastes remains unexplored due to its significant challenges. This
research investigates the transient properties of a thixotropic cementitious paste rheologically,
in experimental flow tests and computationally using CFD. The slump flow test and the L-Box
test were performed to analyze the cement paste flowability, and subsequently replicated in a
CFD simulation using OpenFOAM. The paste thixotropy, characterized by structural buildup
and breakdown, was analyzed with rheometry. A regularized thixotropy model with viscoplas-
tic Herschel-Bulkley flow and a structural parameter λ was implemented into OpenFOAM to
model the time- and shear rate- dependent paste flow. The numerical simulation of the flow
tests was analyzed with special regards to transient processes and the evolution of the structural
parameter. The thixotropy parameters flocculation time and structural breakdown value were
found to affect the flow progress independent of time during slow flow. Thixotropy parameters
investigated in the lab could approximate the simulated flow in comparison to the real flow. The
time-dependent L-Box flow was affected by thixotropy rather than the fast-stopping slump flow
test. Prospectively, an explicit thixotropy modeling can considerably improve the accuracy of
the simulation of time-dependent flow phenomena of cementitious building materials.

1 INTRODUCTION

The numerical simulation of concrete flow enables the prediction, adjustment, and opti-
mization of concrete processing by applying transport equations from fluid dynamics, typically
through Computational Fluid Dynamics (CFD), or by utilizing the fundamental principles of
solid mechanics, particularly through Discrete Particle Modeling (DPM). Numerical calcula-
tions have enabled researchers to estimate the final flow result of poured concrete, especially
Self-Compacting Concrete (SCC) [26], material properties during pumping [11], or the buildabil-
ity of layered concrete in Additive Manufacturing processes. Furthermore, numerical methods
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facilitate the investigation of the shear rate distributions during mixing [27]. Frequently, the
standardized workability tests slump flow test according to DIN EN 1015-3 [8] and DIN EN
12350-8 [10] or the L-Box test according to DIN EN 12350-10 [9] are replicated in numerical
simulations to validate rheological models or the numerical framework.

However, while the numerical simulation of concrete flow has become popular, the implemen-
tation of rheological properties into numerical models is still a field of ongoing research [18, 13].
Many state-of-the-art numerical simulations do not account for the flow properties of modern
concrete mixtures such as SCC, Ultra-High-Performance Concrete (UHPC) and ecological con-
cretes with reduced clinker amounts. Due to a higher fraction of fine and reactive particles
in the cementitious paste matrix, a higher amount of chemical admixtures and lower water-
to-cement (w(c) [15], these concretes increasingly incorporate non-linear viscosities, viscoelastic
contributions and time- and shear rate- dependent thixotropic structural buildup [12, 2, 1].
First thixotropy-implemented rheological models have been tested in simulation setups of con-
crete flow, such as [6, 7]. However, the effect of thixotropy on time-dependent flow is yet to
be investigated. Therefore, this research analyses thixotropic properties of cementitious pastes
on their effect on the slump flow test and the L-Box test. It combines the rheometric analysis
and rheological modeling of transient thixotropy of a densely packed cementitious suspension
with the CFD analysis of free-surface cementitious paste flow, and compares the results with
experimental flow tests.

2 MATHEMATICAL FUNDAMENTALS

2.1 Thixotropy of cementitious pastes

Cementitious pastes are colloidal, multi-phase suspensions. Once the particle solid volume
fraction Φs surpasses the percolation threshold, particle interactions occur and the cementi-
tious paste exhibits a yield stress τ , a structural viscosity η and, depending on the particle
network strength and particle interactions, thixotropic structural buildup or breakdown, which
is the time-dependent change of viscosity [5, 19]. As the cementitious paste undergoes con-
stant microstructural alterations due to the hydration reaction, it incorporates both reversible
thixotropy and irreversible structural buildup [20]. The constitutive equation for shear stress τ
that depends on both the shear rate and thixotropy was proposed by [4]:

τ = τ(γ̇, λ);
dλ

dt
= −k1γ̇λ+ k2(1− λ) (1)

In Eq. 1, λ is the structural parameter which can be calculated as a temporal derivative
depending on the shear rate γ̇, a structural breakdown parameter k1, and the structural buildup
parameter k2. For the modeling of cement and concrete thixotropy, [5] formulated a similar
calculation of λ:

dλ

dt
=

1

Tλm
− αλγ̇ (2)

With T as characteristic flocculation time in seconds, α as structural breakdown parameter
and m as scaling factor. Based on Eq. 2, [17] formulated a simplified rheological equation
implementing the structural parameter λ into the Herschel-Bulkley model for viscoplastic flow:

τ(γ̇) = (1 + λ)τ0,H.−B. + kγ̇n (3)
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In Eq. 3, τ0,H.−B. is the dynamic Herschel-Bulkley yield stress in Pa, k is a consistency index
in Pasn and n is the dimensionless non-Newtonian index indicating shear-thinning flow when
n < 1, Bingham flow when n = 1 and shear-thickening flow when n > 1.

2.2 Numerical modeling of free-surface paste flow

CFD uses numerical algorithms to solve the Navier-Stokes transport equations of viscous
fluid flow. Most available CFD software discretize the Navier-Stokes equations for a two- or
three-dimensional mesh using the Finite-Volume-Method (FVM). To simulate free-surface flow,
the Volume-of-Fluid method (VOF) is used. In VOF, the Navier-Stokes equations are extended
by the quantity α that weights the phases in dependence on their fluid density:

ρ = αρ1 + (1− α)ρ2 (4)

The continuity equation yields:

∂α

∂t
+ ▽ · (αu) = 0 (5)

The momentum equation yields Eq. 6:

∂ρu

∂t
+ ▽ · (ρuu) = −▽p+ ▽ · τ + ρg + fσ (6)

In Eq. 6, ρ is the fluid density in kg/m3, u is the velocity vector in m⁄s, p is the scalar pressure
in Pa, τ is the deviatoric stress tensor in Pa, g is the gravitational acceleration in m/s2, and fσ
is the contribution from surface tension effects between the two phases [3]. When implementing
yield stress models for ▽ · τ to solve material-dependent flow, the numerical solution becomes
unstable, because no solution for γ̇ = 0 exists. Therefore, rheological models must be regularized
for a continuous solution towards γ̇ → 0. Comprehensive reviews on regularization methods are
found in [21].

3 EXPERIMENTAL AND NUMERICAL FRAMEWORK

This study combines the rheological investigation of cementitious paste thixotropy using
rheometry and experimental flow tests with a numerical simulation approach. While the aim
is to implement experimental rheological parameters into the numerical framework, arbitrary
thixotropy parameters as variation to the experimentally measured and calculated rheological
values are tested as well.

Cementitious paste with a solid volume fraction Φs = 0.55, which equals a w/c ratio of 0.26,
was prepared with an Ordinary Portland Cement (OPC) CEM I 0.42 R, Heidelberg Materi-
als, Germany, and deionized water. The paste composition is shown in Table 1. The paste
temperature was 20◦C. The flowability was adjusted by the addition of polycarboxylather as
superplasticizer (PCE) with 1.40 % by weight of cement (bwoc).

The cementitious paste was mixed for 90 seconds with a hand-drilling machine at 1700 rpm.
The paste was left at rest for 11 min and sheared again for 30 seconds. Experimental flow tests
and the rheological characterization through rheometry were conducted 15 minutes after water
addition.
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Table 1: Cement paste composition

Mixture Φs w/c ratio CEM I Water PCE ρp
[-] [-] [kg/m3] [kg/m3] [%] bwoc [kg/m3]

OPC−0.55 0.55 0.26 1710.5 450 1.40 2160

3.1 Experimental flow tests

In a mini slump flow test using the Hägermann cone according to DIN EN 1015-3 [8], the
paste exhibited a slump flow value of 250 mm after less than two seconds of flow time, see
Figure 1 (a). In a mini L-Box test according to DIN EN 12350-10 [9] but with modified L-Box
dimensions, see [23], the paste showed a final flow length of 435 mm after 20 seconds of flow,
see Figure 1 (b). Slow creeping continued after the measurement time. The L-Box flow was
recorded.

(a) Slump flow (b) L-Box flow

Figure 1: Flow tests: (a) Measurement of the slump flow diameter, (b) Flow body in the L-Box

3.2 Rheometric analysis

Rheometric tests were conducted in the rheometer MCR 502 by Anton Paar, Germany.
Parallel plates with a diameter of 50 mm, serrated surfaces and a gap height of 1 mm were used.
The rheometric tests comprised of a full rheological characterization to describe a material’s
stress response τ(t) as function of γ̇ and λ, depicted by Eq. 2. The rheological characterization
is introduced shortly. Detailed information on the measurement method, raw data treatment
and viscoplastic modeling are available in the author’s publication [24]. The structural buildup
model for λ and its experimental validation are elaborated in the author’s publication [22].

The measurement profile and material response of the rotational dynamic shear rate test
are illustrated in Figure 2. The shear rate profile comprised of a pre-shear at γ̇ = 40 s−1 for
30 seconds, followed by a stepwise decreasing rate profile from γ̇ = 80 s−1 to 0.02 s−1. The shear
stress per rate step was calculated as the equilibrium of each step. Subsequently, the γ̇ − τ flow
curve was plotted, see Figure 2 (b). The critical shear rate γ̇crit was defined as the shear rate
where τ exhibited a minimum. The Herschel-Bulkley regression was applied to the flow curve
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in the range of γ̇ > γ̇crit:

τ = τ0,d + kγ̇n (7)

Flowcurve
analysis

Breakdown 
analysis

(a) Stress response to shear rate profile

Steady state flowThixotropy

𝛾̇𝛾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝜏𝜏 𝛾̇𝛾 = 𝜏𝜏0,𝐻𝐻.−𝐵𝐵. + 𝑘𝑘𝛾̇𝛾𝑛𝑛

𝜏𝜏0,𝐻𝐻.−𝐵𝐵.

(b) Calculated γ̇ − τ flowcruve with regression

Figure 2: Dynamic rotational shear test to investigate rheological flow parameters yield stress
τ0, the viscosity and the structural breakdown parameter

A structural breakdown parameter α was calculated by applying Eq. 8 as the first part of
Eq. 2 on the stress evolution τ(t) at γ̇ = 40 s−1:

τ(t) = τ
dλ

dt
;
dλ

dt
= −αγ̇λ (8)

Structural buildup was investigated by applying a small amplitude oscillatory shear protocol
as illustrated in Figure 3. A low strain of γ = 5·10−3%was applied to the paste as non-destructive
strain amplitude. Consequently, the increasing storage modulus G′ and loss modulus G′′ were
measured over a period of 20 minutes. Figure 3 (a) illustrates the measured raw data and the
evolution of the phase shift angle δ, which is calculated as δ = tan G′′

G′ .
Different theories exist on the assessment of buildup parameters and the flocculation time.

In this framework, the buildup curve of the storage modulus G′(t) was fitted to Eq. 9, which
was adopted from Ma [14] and elaborated by the author in [22]:

G′(t) =

{
G′

0 + cλ(t) for t ∈ [0; Θ]
G′

0,rig +Grigt for t ∈ [0; tmax]
(9)

In Eq. 9, the evolution of G′ is divided into a structural buildup part driven by flocculation
for t ∈ [0; Θ] with c as flocculation parameter and λ as structural parameter, and a second
buildup part driven by rigidification with Grig as rigidification rate in Pa/s. As no structural
breakdown occurs during the non-destructive measurement technique, the explicit solution for
the structural buildup-dependent evolution of the storage modulus yields:
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(a) Measured data of G′, G′′ and δ

rigidificationflocculation

G′(𝑡𝑡) = 𝐺𝐺′0,𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)

G′(𝑡𝑡) = 𝐺𝐺′0 + 𝑐𝑐(𝜆𝜆 𝑡𝑡 )

(b) Structural buildup analysis

Figure 3: Oscillatory protocol in the non-destructive strain amplitude regime

G′(t) = G′
0 + c(λ0 − 1)e−

t
Θ (10)

Where λ0 is the start condition and Θ is the flocculation time in s. The regression fits for
Eq. 9 are exemplified in Figure 3 (b).

The Herschel-Bulkley parameters τ0,H.−B., k and n, structural breakdown α and the floccu-
lation time Θ were subsequently implemented into Eq. 3.

3.3 Numerical framework

The numerical simulations were carried out with the software OpenFOAM (Open-source Field
Operation And Manipulation, https://openfoam.org), version 7 (dated July 8, 2019), to solve
the Navier-Stokes equations with the Volume-of-Fluid (VoF) method. For simulating free-surface
flow, OpenFOAM employs the pimple algorithm to couple pressure and velocity. Geometries
for the slump test and the L-Box flow test were created using the meshing software Gmesh and
Blender. Since the cone geometry in the slump test is axi-symmetric, it was implemented as a
two-dimensional slice with a rotational angle of 3 degrees. Convergence analysis was conducted
beforehand and is documented in [25]. The L-Box was designed to closely resemble reality as a
three-dimensional body, as shown in Figure 4. Mesh information are summarized in Table 2.

The boundary velocity u at fixed walls was set as a Dirichlet condition, with a value of 0, while
no additional pressure p was defined apart from gravity. All other boundary conditions were
specified as Neumann conditions, with a value of zero. User-dependent artifacts resulting from
both test procedures (lifting the gate in an L-Box test and lifting the cone for slump flow mea-
surements) were not considered. The Papanastasiou regularization method, proposed by [16],
was chosen as a mathematical blending function. Previous studies by the authors investigated
the optimization of regularization methods and parameters [25]. The final implementation of
the regularized transport model for non-Newtonian thixotropic paste flow is described by Eq. 11:

6
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Figure 4: OpenFoam geometries of flow tests: Three-dimensional L-Box and slice geometry of
the slump cone with cement paste at t = 0 s

Table 2: Geometrical mesh parameters

Geometry ∆ x ∆ y ∆ z Angle Aspect ratio Σ Cells

[m] [m] [m] [◦] [-] [-]

Slice 0.0005 0.0005 x 3 1 63,441

L-Box 0.001 0.001 0.001 x 1 312,500

η(γ̇) = (1+λ)τ0(1−e
−m

γ̇
γ̇crit )

γ̇ + kγ̇n−1 (11)

In Eq. 11, the shear-rate dependent viscosity η(γ̇) is calculated by the thixotropy-implemented
Herschel-Bulkley model, which is blended by the Papanastasiou regularization with m as dimen-
sionless blending parameter. γ̇crit is the critical shear rate. λ is the structural parameter, which
is calculated as shear rate and time - dependent derivative. In OpenFOAM, the variable S was
employed as structural derivative according to Eq. 2, developed in the OpenFOAM framework
by de Schryver, see [7].

The experimentally investigated parameters for the numerical simulation are collected in
Table 3. To investigate the effect of thixotropy parameters on the numerical flow simulation,
the structural buildup and breakdown parameters, implemented as flocculation time T and
breakdown value α, were varied.

4 RESULTS

4.1 Simulation results for the flow evolution

The results for all flow simulations with varying thixotropy parameters are illustrated in
Figure 5 as the evolution of the slump radius over time (see Figure 5 (a)) and the evolution of
the flow length in the L-Box simulation (see Figure 5 (b)), with the deflocculation parameter
α labeled as ”-a0.x”. Figure 5 (a) illustrates that variations in thixotropy parameters do not
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Table 3: Rheological parameters from regression analysis

Test series τ0,H.−B. k n γ̇crit T α m

[Pa] [Pa∗sn] [-] [s−1] [s] [-] [-]

OPC−0.55exp 16.4 0.29 1.41 1.25 120 0.14 1000

OPC−0.55-T-α 16.4 0.29 1.41 1.25

50 0.1

1000
100 0.15
200

0.2
500

significantly affect the final flow radius in a slump flow test. The experimental result closely
matches the simulated flow after 1 second of simulation time, with negligible variations observed
over time. On the other hand, Figure 5 (b) demonstrates the influence of thixotropy parameters
on flow evolution in a simulated L-Box test.

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

Figure 5: Flow over time results for different thixotropy parameters for both geometries

All L-Box simulation results surpass the experimental flow test, possibly due to secondary
effects like wall interactions in the experimental test. Further analysis of this discrepancy is
beyond the scope of this publication. After several seconds of flow, the flow behavior depends
on the model parameters T and α. Longer flocculation times and higher values of α, indicating
stronger deflocculation, lead to faster flow evolution. Conversely, increased thixotropy reduces
flow velocity.

For a more detailed analysis of transient flow properties, refer to Figure 6 and Figure 7. The
shear rate distribution γ̇ and the structural parameter, denoted in the numerical simulation as S,
are visualized for the simulation cases T50-a0.1 over the two-dimensional shapes, the maximum
values are plotted in the diagrams. Histograms with a bin value of 100 in the figures illustrate the
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(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 6: Two-dimensional shear rate and structural buildup distribution after 0.2 seconds of
flow

density distribution of γ̇ and S over the cells of the two-dimensional slice. Figure 6 illustrates the
initial flow properties at 0.2 seconds of flow. Figure 7 visualizes late flow properties at 1 second
of the slump flow and 10 seconds of L-Box flow, respectively. Figure 6 demonstrates that in both
tests, the paste does not flow at rx and lx = 0. Shear rates increase towards the flow direction.
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 seconds 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 values over the two-dimensional shape of the L-Box compared
to the S distribution in the slump shape.
Late flow properties are visualized in Figure 7. As the slump test approaches its final value fast,
time-dependent structural buildup has little chance to affect the flow properties. The structural
parameter has only increased towards a maximum value of Smax = 0.2. In the L-Box test, the
structural parameter has increased to Smax = 0.7, with a high density of S between 0.4 and
0.6, as illustrated in the density histogram. The flow proceeds slow and at low shear rates.
However, as illustrated in Figure 5 (b), does the flow in the L-Box proceed longer. Rheological
parameters, thus, are increasingly affected by the evolution of S.

9
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(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 7: Two-dimensional shear rate and structural buildup distribution after 0.2 seconds of
flow

4.2 The effect of thixotropy parameters on transient flow properties

Figure 8 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 6 and Figure 7.

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, deflocculation
also affects local flow properties significantly, which becomes visible in Figure 9. The local dis-
tribution of S is visualized for the L-Box flow cases T200-a0.1 and T200-a0.2. The histograms
show that while Smax is similar, the distribution of S varies. The test series T200-a0.1 with
a weaker deflocculation parameter possesses higher structural buildup values towards S = 0.2,
while T200-a0.2 has its highest value frequency around S = 0.1.

5 SUMMARY AND CONCLUSIONS

The research introduces an experimental approach to measure thixotropy based on a time- and
shear rate- dependent model for the structural parameter λ. This model was then incorporated
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(a) Numerical slump flow results (b) Numerical L-Box flow results

Figure 8: Evolution of structural parameter over time

(a) S distribution for T200-a0.1 (b) S distribution for T200-a0.2

Figure 9: Effect of deflocculation parameter α on local flow properties

into a CFD simulation to replicate experimental flow tests, and the effect of different thixotropy
parameters was tested to assess their impact on simulated flow evolution. Results indicate that
both the flocculation time T and defloccation parameter α influence local and transient flow
properties especially in time-dependent flow scenarios. While the slump flow test was minimally
affected by structural buildup, the L-Box flow decreased with increasing thixotropy values.

It was found that two-dimensional visualization of rheological parameter distributions aids
in understanding local and transient flow behavior. Future implementation of thixotropy-
dependent rheological models into time-dependent processing simulations will support the un-
derstanding and optimization of cement and concrete 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 rheological yield
stress equations, particularly in the low-flow regime where thixotropy is significant, requires
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prospective investigation. Suitable thixotropy-implemented regularization techniques must be
explored to address these challenges.
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