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Abstract. Fiber reinforced self-compacting concrete (SCC) has several advan-
tages compared to normal concrete. It has higher tensile strength and better flowa-
bility to fill the gaps and voids in mold. Fiber distribution and orientation are
the most important factors for the mechanical performance of the fiber reinforced
SCC. In this paper a numerical framework consisting computational fluid dynam-
ics (CFD) and discrete element method (DEM) is suggested to model the casting
process of the fiber reinforced SCC. First the casting procedure for fresh concrete
is modeled as non-Newtonian fluid by computational fluid dynamics (CFD), and
the CFD simulations are validated against the slump and LCPC test. Then the
fiber movement and rotation are simulated with discrete element method (DEM).
The results showed that the proposed framework could be utilized to model cast-
ing process of the fiber reinforced SCC and the simulation results have a good
agreement with the test data from literature.

Keywords: Casting simulation · Computational fluid dynamics · Discrete
element method · Fiber reinforced concrete · Self-compacting concrete ·
Three-dimensional modeling

1 Introduction

Concrete has been used in the construction industry from19thCentury.Concrete has high
compressive strength, and it is a cost-effective material. However, due to its low tensile
strength concrete requires reinforcement to withstand the tensile forces. Traditionally,
steel rebar has been used inside concrete to improve the tensile characteristic of the
concrete. During casting process, normal concrete needs to be vibrated to fill voids and
gaps in molds. Also, the rebar in concrete has the potential to be corroded which reduces
the effectiveness of the reinforcement.

Fiber reinforced SCC can solve some of these issues. SCC can flow by its ownweight
and fill the molds, which requires no vibration and results in less labor, time and cost.
Also, the presence of fiber in SCC improves tensile strength, durability and ductility. So,
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fiber reinforced SCC has great potential to be used instead of normal concrete. However,
the presence of randomfibers does not necessarily result in improved strength. Therefore,
the alignment of fiber in the tensile stress plane is an important factor that needs to be
considered when designing structural elements made of fiber reinforced concrete.

Fiber orientation and location depend on several factors, including casting proce-
dure, concrete rheology properties, fibers geometry, the geometry of rebar reinforcement
and formwork surface. The orientation and location of fibers can be quantified through
experimental tests such as image analysis, manual counting, inductive test and numerical
simulation. Only few parameters could be studied by the experimental tests due to the
high cost and long time. On the other hand, numerical simulation can be used to study
the effect of the different parameters during the casting procedure and it also can be used
to simulate the different structural elements, such as beam, slab, wall etc.

Kulasegaram and Karihaloo [1] used smoothed-particle hydrodynamics (SPH) to
model the casting procedure of fiber reinforced concrete. The concrete flow was simu-
lated as particles based on the non-Newtonian Binghammodel. The fibers were modeled
as rigidly connected pairs of particles. The distance between each fiber particle remained
constant. 2D simulation was performed for the casting process of a concrete block with
dimension of 200x200mmwith a 2.5% fiber volume fraction. They also investigated the
influence of different parameters on the fiber distribution, including the height of the
inlet, the opening of the inlet, and obstruction in the flow path of concrete.

Svec et al. [2] used the Lattice Boltzmann Method (LBM) and Immersed Boundary
Method (IBM) to model the effect of the formwork surface on fiber orientation in fiber
reinforced SCC. Several slabs were cast, and samples were extracted from each slab,
and CT scan was used to evaluate the fiber orientation. In their work, experimental and
numerical results showed good agreement. They also showed that the formwork surface
has an effect on fiber orientation.

In another research, Zirgulis et al. [3] performed a study on the effect of presence of
rebar reinforcement on fiber orientation. The same numerical framework developed by
Svec et al. [4–6] was used to simulate the casting procedure for slabs with combination
of rebar and fiber reinforcement. Also, they compared their numerical results with exper-
imental tests. They concluded that numerical simulation could predict the experimental
evaluation of fiber orientation. The differences between simulation and experiments was
not significant.

Zhao et al. [7] developed a numerical framework to evaluate steel fiber orientation
during the casting process. Thismethod combined the CFDwith discrete particlemethod
was previously used by Bi et al. [8]. Fibers were modeled as several rigid spheres that
are connected and have rigid body translation and rotation. Concrete was modeled as
Binghamfluid in Ansys CFX andMATLAB codewas developed to calculate the rotation
and translation of the fibers. For verification of the model, they cast several beams.
Comparison between the simulation and experimental test showed a good agreement,
and they suggested that this model can be used for casting procedure simulation.
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Lee et al. [9] studied the effect of the nozzle with a blade on the fiber orientation
and tried to improve the casting procedure. COMSOL software was used to perform
a simulation to investigate the effect of the different blade lengths and locations on
fiber orientation. They also fabricated a nozzle with optimum blade geometry and used
that to verify the simulation. The results showed that the nozzle with a blade affects
the fiber orientation during the casting procedure, and this solution can be used for the
construction of concrete elements.

In previous researches [1, 7, 8], steel fibersweremodeledmostly as several connected
spheres. It has some disadvantages, such as the inability to efficiently model large-scale
simulation containing fibers with high aspect ratio.

In addition, some research neglected the interaction between fibers in the simula-
tion which could lead to unrealistic results. Therefore, further studies are required to
achieve efficient modelling of fibers with high aspect ratio and take into account the
fiber interactions during casting process.

In this paper, the casting procedure of steel fiber reinforced SCC was simulated by
the proposed framework. At first, SCC is modeled as non-Newtonian fluid by CFD, and
the CFD simulations are validated against the slump and LCPC test. Then the numerical
simulation is performed for the casting process of a beam and compared with test data
from literature. The concrete flow in the beam was simulated by Ansys Fluent. The
results of fluid simulation, such as velocity and acceleration, are used in Rocky DEM to
calculate the interaction between concrete and fiber. The simulation could be performed
in one-way or twoway coupling between fluid and fibers. In present study, the simulation
is performedwith one-way coupling, i.e. the fibers do not affect the concrete flow. Finally,
the simulation results are compared with experimental test results from the literature.

2 Methodology

2.1 CFD Simulation for Fresh Concrete

There are mainly two types of fluids: Newtonian fluid and non-Newtonian fluid. In
Newtonian fluid shear stress has a linear relationship with shear strain rate. Water, oil
and air are examples of the Newtonian fluid. In a non-Newtonian fluid, the shear stress
has non-linear relationwith the shear strain rate. Some examples of non-Newtonian fluids
are toothpaste, ketchup, and cornstarch. Non-Newtonian fluid can be categorized into
three different subgroups which are the Bingham plastic, dilatant (shear-thickening) and
pseudoplastic (shear-thinning). Shear stress vs. shear strain rate is shown for different
types of fluids in Fig. 1. Several studies [1, 7, 8, 10–13] suggested that concrete can be
modeled as Bingham fluid. The formulation of Newtonian and Bingham fluid are shown
in Table 1.
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Fig. 1. Shear stress vs. rate of deformation for different fluids [14]

Table 1. Bingham and Newtonian fluid equation

Fluid Equation Parameters

Bingham
{

γ̇ = 0 ⇒ τ < τ0

γ̇ �= 0 ⇒ τ = τ0 + kγ̇

γ̇ is a shear strain rate [s−1]
k is plastic viscosity [Pa.s]
μ is the dynamic viscosity [Pa.s]
τ is shear stress [Pa]Newtonian τ = μγ̇

The concrete flow is simulated by CFD. The solution to the mass and momentum
conservation equations gives the velocity field and pressure of the fluid in the modelled
domain. Mass and momentum conservation equations are as follows [15]:

∂ρ
∂t + �∇ ·

(
ρ �V

)
= 0 ρ is the fluid density [kg.m−3]

t is the time [s]
V is the fluid velocity [m.s−1]
g is the gravity acceleration [m.s−2]
μ is the dynamic viscosity [Pa.s]

ρ D �V
Dt = −�∇P + ρ�g + μ∇2 �V

2.2 DEM-CFD Simulation for Fiber Reinforced SCC Concrete

In order to evaluate the effectiveness of fibers in the mechanical behavior of fiber rein-
forced concrete, the fiber orientation and distribution across the structural elements need
to be identified. Discrete Element Modeling (DEM) is a numerical technique to simulate
interactions between particles-particles and particles and boundaries. It can account for
many types of forces acting on individual particles and predict particle flow dynamics
and bulk solids behavior. This approach is extremely powerful in solving many indus-
trial problem [16]. DEM could be utilized to investigate fiber movement and rotation
during the casting procedure with the combination of CFD simulation. Rocky DEM has
the capability to model real 3D particles shapes and fibers and shells, both rigid and
flexible [17]. The movement of fibers is due to interaction between fiber and concrete
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flow. There are two dominant forces that affect fiber orientation and distribution: drag
and buoyancy. The drag force is caused by the difference between the velocity of the
fiber and the fluid, while the buoyance force results from the density difference between
the fiber and the fluid. The formulation for drag force is shown in Table 2.

Table 2. Drag formulation.

Drag force, Marheineke and
Wegener [18, 19]

F ′
D =

ρf dpu
rel
n

(
CD,nu

rel
n n̂ + CD,τ u

rel
τ τ̂

) ρf is the fluid density
[kg.m−3]
dp is fiber diameter [m]
unrel is the relative velocity
of flow to fiber [m.s−1]
CD,n is the drag coefficient
for normal direction
CD,τ is the drag coefficient
for tangential direction
n is fiber normal direction
τ is the fiber’s tangential
direction

3 CFD Simulation of Slump and LCPC Box Test for Fresh SCC

Slump and LCPC box test are two most common methods to measure the flow prop-
erties of SCC. In order to validate CFD simulation for the casting of SCC, numerical
simulations are performed for those two tests and the simulation results are compared
with test results.

3.1 Slump Test

2D simulations of slump tests for two groups of SCCs are performed in Ansys Fluent.
The concrete rheology is formulated as Bingham fluid with the yield stress and plastic
viscosity shown in Table 3. The volume of fluid (VOF) has been used for modeling
concrete and air phase. The method is capable of evaluating the free surface of concrete
[20].

Table 3. Concrete yield stress and plastic viscosity [21]

Group σ0 (Pa) μp (Pa·s)
G1 104.28 117.1

G2 117.91 87.96
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The simulation results were compared with the work of Li et al. [21] for the slump
test. The simulation results for the slump test are showed in Fig. 2 and Table 4, and they
have good agreement with test results.

Fig. 2. Slump test simulation for G2-sample

Table 4. Simulation results for slump test

Group Numerical simulation [21] Experimental results [21] Numerical Simulation

Slump test
(mm)

Diameter
(mm)

Slump test
(mm)

Diameter
(mm)

Slump test
(mm)

Diameter
(mm)

G1 277 721 248 757 237.2 812

G2 276 715 247 751 236.5 802

3.2 LCPC Box Test

Roussel [22] suggested a simplemethod (LCPCbox) tomeasure the concrete yield stress,
and LCPC box test could be easily performed on the site. The box has a dimension of
150 mm height, 200 mm width and 1200 mm length. The geometry of the LCPC box
is shown in Fig. 3. The volume of concrete was set to be 6 L. Concrete was poured
slowly within the 30 s inside the box. After two minutes when the concrete flow stops,
the spread length and height of the concrete inside the box are measured. Roussel [22]
presented the following equation to calculate yield stress.

A = 2τ0
ρgl0

L = h0
A

+ l0
2A

ln

(
l0

l0 + 2h0

)
τ0 is the fluid yield stress [Pa]
g is gravitational acceleration [m.s−2]
l0 is the width of the LCPC box [m]
h0 is the maximum thickness of the sample [m]
ρ is the concrete density [kg.m−3]
L is the spread length at stoppage [m]
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Fig. 3. LCPC box [22]

3D simulation is performed for the LCPC box test in Ansys Fluent, and the results
were compared with the work of Roussel et al. [23]. Concrete properties used in
simulation are shown in Table 5. Simulation results are shown in Fig. 4 and Table 6.

Table 5. Concrete properties [23]

Density (kg/m3) Yield stress (Pa) Plastic viscosity
(Pa.s)

2300 50 50

Fig. 4. Simulation results for LCPC box

Table 6. Numerical results for simulation of LCPC box

Numerical results Roussel et al. [23]

L (mm) h0 (mm) L (mm) h0 (mm)

680 75 710 68

4 CFD-DEM Simulation for Fiber Reinforced SCC

The casting process for a beam of dimension 100x100x400 mm is simulated by coupled
CFD-DEM method. The beam has the same geometry as the one studied by Zhao et al.
[20] with the dimension of 40x40 mm. For casting simulation, different dimension is
used for the inlet to prevent fiber blocking.
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Fig. 5. Geometry of numerical simulation for fluid domain

The straight steel fibers with a length of 35 mm and a diameter of 0.75 mm are used
in the fiber reinforced SCC. The fiber density is set to 7850 kg/m3. Two cross-sections,
as shown in Fig. 6, are selected in the beam to evaluate the fiber density, i.e. number of
fiber per cm2, and the fiber orientation. The calculation of the fiber density and the fiber
orientation at cross section is given as:

dn = Nfiber
Ac

dn is fiber density at the cross-section [m−2]
Nfiber is the number of fibers
Ac is the cross-section area [m−2]

ηθ = 1
Nfiber

Nfiber∑
i=0

cos θi
θ is the angle between the fiber and the beam axis

Fig. 6. Cross-section locations

4.1 Fluid Simulation

The simulation domain in Ansys Fluent is same as the geometry of beam, i.e.
100x100x400 mm and the mesh size is 0.005 m which creates a total number of 32000
elements. The concrete flow is modelled as non-Newtonian fluid by Bingham model
by setting n = 1 for the Herschel-Bulkley model in Ansys Fluent. The viscosity and
yield stress are set to 19.2 Pas and 22.3 Pa and the flow is assumed to be laminar. The
density of the concrete is set 2304 kg/m3. The casting procedure is modeled as two Eule-
rian phases (air and concrete), and the VOF method was used to evaluate the interface
between concrete and air.
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The velocity of fluid entering the domain is set to 0.3 m/s, and the total time for
filling the mold was 3.7 s. Also, the timestep is set to 0.01 s, and the total step of the
simulation is 370. The simulation result at time 1.97 s is shown in Fig. 7.

Fig. 7. Simulation results for concrete flow with middle inlet at 1.97 s

4.2 Discrete Particle Simulation

Discrete particle simulation is performed to evaluate fiber orientation and location during
the casting procedure by using Rocky DEM. There are two approaches to handle the
interaction between fibers and concrete fluid: one-way and two-way coupling. In one-
way coupling, the fibers do not affect the fluid flow, which means that flow of concrete
can be modeled by CFD simulation separately, and then the random distributed fibers
are added to the concrete flow at each time step, and the velocity and acceleration of
the concrete flow at cells can be used to calculate the forces acted on the fibers which
induce the translation and rotation movement of the fibers. In two-way coupling, the
fiber and the fluid interact with each other, and CFD and DEM simulation is performed
consecutively in each time step. In other word, the concrete flow affects the movement
of fiber and vice versa the movement of fiber also affects the flow of concrete.

In the present study, the interaction between fibers and the concrete fluid is modeled
as one-way coupling. The velocity of fibers entering the domain is set to be the same as
concrete. The simulation duration is the same as that of concrete flow simulation which
is 3.7 s. A total number of 747 fibers were added in SCC at the end of the simulation. The
drag force is calculated by Marheineke & Wegener drag model which was developed
for long slender fibers immersed in turbulent dilute flows [18]. This model decomposes
the force into normal and tangential components and is uniformly valid for all Reynolds
number regimes. By taking into account the fiber orientation and alignment with the
incident flow, the drag coefficient estimate is more accurate [24].

4.3 Simulation Results and Discussion

In fiber reinforced SCC, fiber distribution and orientation are the two most important
parameters that define the mechanical behavior of the structural element. When more
fibers are oriented in the same direction of tensile stress both the tensile strength and
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the tensile residual strength will be significantly improved. In this section, the fiber ori-
entations at two selected cross sections are evaluated and compared with experimental
results, which were published by Zhao et al. [20] is shown in Table 7. The fiber distri-
bution and orientation alongside the beam during the casting process at time step of 2 s
and at the end of simulation are shown in Fig. 8.

Table 7. Comparison between two methods (Zhao et al. [20] and CFD+DEM)

Methods dn-100 mm dn-180 mm ηθ-100 ηθ-180

Numerical simulation (CFD-DEM) 0.33 0.45 0.67 0.738

Zhao et al. [20] 0.387 0.563 0.715 0.795

a) 2s b) 3.7s

Fig. 8. Fiber orientation and distribution during casting process a) 2 s; b) 3.7 s

As can be seen from Table 7, the simulation results show similar fiber orientation and
distribution to the experimental test performed by Zhao et al. [20]. It can be concluded
that the proposed method in this paper can be used to simulate the casting process of
fiber reinforced SCC to predict the fiber distribution and the fiber orientation. It should
be noted that in the current simulation, the width and length of the inlet are modified, and
further investigation is needed to verify the proposed method with more experimental
data. Furthermore, the one-way coupling method is used in the simulation to model
the interaction between fibers and concrete fluid, and the two-way coupling simulation
will be performed in future to further study the interaction between the steel fiber and
concrete during casting.

5 Conclusion

The results presented and discussed in the manuscript lead to the following remarks:

• The CFD simulations of concrete flow are validated against slump test and LCPC
test.

• The Rocky DE has the capability to model the realistic fiber geometry for the fiber
reinforced SCC.

• The simulation results based on one-way coupling between CFD and DEM show rea-
sonable agreement with the experimental results from literature. It can be concluded
the proposed numerical framework has good potential to be applied in the simulation
of the casting process of the fiber reinforced SCC.



Numerical Simulation of Casting Process of Fiber Reinforced (SCC) 1611

• Further studies should be conducted with different fiber geometry and fluid character-
istics with one-way and two-coupling to gain better understanding of fiber orientation
and distribution.
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