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Flow and fiber orientation of fresh fiber reinforced concrete
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The orientation of the fibers in UHPC is decisive for the tensile strength and failure of the components. The mold filling
strategy during casting of structural components dictates the flow routing and thus the fiber orientation. In addition, the
orientation of the fibers also affects the flow behavior of the suspension. In measurements of rheological properties in concrete
rheometers, strongly scattering measurements often occur. In this paper, a novel fiber orientation model for viscoplastic fluids
is investigated in Couette flow. The effect of the fibers on the flow condition and the measurable torque is described. The
results of the numerical investigation give indications for increasing the reproducibility of rheological measurements on fresh
fiber concrete.

© 2021 The Authors. Proceedings in Applied Mathematics & Mechanics published by Wiley-VCH GmbH.

1 Introduction

Due to their design, conventional concrete rheometers do not allow an analytical description of the flow inside. In a previous
study, the flow state was therefore investigated numerically on the basis of the Bingham material [1]. This is even applicable
for devices of arbitrary dimensions after some easy calibration experiments [2]. However, in fiber-reinforced concrete, the
orientation of the fibers causes anisotropic flow behavior. Various experimental studies on the flow characteristics of fresh
concrete containing fibers show strong variation even in the measured raw data. Often, the handling of pre-shearing is con-
troversially discussed and referred as the cause for the different measurement results [3]. In this article, the influence of the
orientation process on the measurable torque is investigated numerically. The applied orientation-dependent constitutive law,
analytically derived on the basis of the slender-body theory, can be found in [4].

2 Numerical setup

The Couette flow of the fiber suspension based on a Bingham plastic matrix (τy = 5Pa, µ = 100Pa s) with Φ = 1vol−%
fibers of aspect ratio r = 60.6 will be studied. The dimensionless cell radius was estimated to be h/R = 18. The fluid is
located in the gap between two concentric cylinders, where the outer cylinder (Do = 0.24m) is driven at the rotational velocity
Ωo = 0.01 rad/s, whilst the inner cylinder (Di = 0.15m) remains at rest (see fig. 1). The steady state analytical solution for
a pure Bingham plastic under those conditions is applied for reference (dashed lines in fig. 4). Although a two-dimensional
flow is studied, the fiber orientation should not be constrained in the third spatial direction (direction of rotation axis). The
numerical experiment starts at time t = 0 s from rest with an isotropic fiber orientation.

The flow is transient and incompressible and obeys mass and momentum balance given in eq. (1). The extra stresses consist
of a matrix component Tm (Bingham plastic) and a fiber component Tf (eq. (2)) described by the Férec model.
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Equation (3) is the evolution equation of the second order orientation tensor A. The fourth order orientation tensor A4 has been
approximated by the well established IBOF5-closure [5]. The matrix constitutive model Tm = 2η(γ̇)D with the Bingham
viscosity function ηBm (γ̇) = τy/γ̇ + µ is regularized by the Papanastasiou regularization [6] to circumvent singularity for
vanishing shear rate. No-slip conditions apply to the cylinder walls while symmetry is taken into account in the direction of
axis of rotation. The system is discretized by a structured grid with 40 cells in radial, 120 cells in circumferential and 6 cells
in symmetry direction. The numerical solution with the finite volume method was obtained using OpenFOAM v1912 with a
second order spatial discretization and a first order implicit time discretization.
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Fig. 1: Couette cell geometry.
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Fig. 2: Eigenvalues λi(A)) at (r̃ = 0) over
time.
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Fig. 3: Torque contributions of fibers and
matrix. Rel. to steady state of matrix flow.

3 Results and Conclusion
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Fig. 4: Rotational speed at varying time.
Dashed: steady state analytical Binham plast.

Fig. 5: Orientation and strainrate in
steady state.

The investigation has revealed that the
time scale on which the fluid flow re-
sponds to the changed boundary con-
ditions is several orders of magnitude
higher than the orientation process of the
fibers. After t̃ = µt/

[
ρ (Ra −Ri)

2
]
=

0.64 the flow is pseudo-steady. At that
point in time, almost no orientation has
taken place (cp. fig. 2). Not before
t̃ > 1000, the flow is steady with no fur-
ther alignment of the fibers. This can be
seen as well in the torque shown in fig. 3.
It increases by more than 40% related
to the pure matrix under the same condi-
tions. Figure 4 shows the dimensionless
rotational velocity ω̃ = ω/Ωo over the gap coordinate r̃ = (r −Ri)/(Ra −Ri). The additional fiber stress components have
a significant effect on the flow field in the Couette flow. Under the same boundary conditions, the investigated suspension
exceeds the yield point over the entire gap width, although the matrix fluid (dashed, blue) alone is not sheared in the region
of the outer cylinder. For this simple flow pattern, which is also adopted in some occasions for fiber-reinforced mortars and
UHPC in concrete rheometers, the rotational velocity profile of the fiber suspension corresponds almost ideally to a pure
Bingham material (dashed, orange). This Bingham substitute model does not show an increased yield point compared to the
matrix fluid, but it does exhibit an increased plastic viscosity (µeff = 210Pa s). As can be recognized in fig. 5, the strain
rate significantly decreases towards the outer cylinder. Hence, the oriention ellipsoides show nearly no alignment at the outer
cylinder and a maximum preferential orientation at the inner cylinder, which does not coincide with the velocity direction. The
material parameters, geometry and boundary conditions selected in the study are comparable to those expected in fresh con-
crete tests in concrete rheometers of this design. The duration of the orientation process extends into the typical measurement
intervals. With a correspondingly long pre-shear, the orientation process can be excluded from the actual measurement curves
for such measurements. In the literature, not all measurement descriptions contain information about pre-shearing. Therefore,
this effect can be assumed to be a possible cause for the strong scattering of experimental results.
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