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ABSTRACT Engineered cementitious composites (ECC), also known as bendable concrete, were developed based on
engineering the interactions between fibers and cementitious matrix. The orientation of fibers, in this regard, is one of the
major factors influencing the ductile behavior of this material. In this study, fiber orientation distributions in ECC beams
influenced by different casting techniques are evaluated via numerical modeling of the casting process. Two casting
directions and two casting positions of the funnel outlet with beam specimens are modeled using a particle-based
smoothed particle hydrodynamics (SPH) method. In this SPH approach, fresh mortar and fiber are discretized by
separated mortar and fiber particles, which smoothly interact in the computational domain of SPH. The movement of
fiber particles is monitored during the casting simulation. Then, the fiber orientations at different sections of specimens
are determined after the fresh ECC stops flowing in the formwork. The simulation results show a significant impact of
the casting direction on fiber orientation distributions along the longitudinal wall of beams, which eventually influence
the flexural strength of beams. In addition, casting positions show negligible influences on the orientation distribution of

fibers in the short ECC beam, except under the pouring position.
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1 Introduction

Engineered cementitious composites (ECC) are materials
exhibiting high tensile ductility compared to conventional
concrete through optimizing the micro-mechanical interac-
tions between short-random fibers and cementitious
matrix. For this reason, the matrix of ECC contains only
sands, cementitious materials, and no coarse aggregates
[1]. These interactions determine the fiber-bridging
strength, which limits the crack width of ECC to normally
less than 60 um [2]. The tensile strain-hardening behavior
of ECC is achieved through the steady formation of
multiple flat cracks at different defect zones in its matrix.
In other words, this unique property of ECC is governed
by the fiber-bridging behavior at its cracked planes [3,4].
In recent decades, extensive efforts have been made to
understand the influencing factors on the efficiency of
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bridging fibers in ECC. Consequently, fiber orientation
and distribution at cracked planes have been recognized
as the two vital factors governing fiber-bridging behavior
[5,6]. Fibers should be well distributed, to ensure
consistency for bearing stress at different crack planes
[7]. The orientation of a fiber determines its ultimate
strength when bearing stress [8,9]. The efficiency of
fibers in bearing stress at a crack plane released by the
matrix thus strongly depends on the number of intersected
fibers and their orientation at that plane [10,11]. In this
regard, it is desirable to improve the fiber dispersion and
understand factors affecting fiber orientation in ECC
elements.

For a number of fiber-reinforced cement-based mate-
rials owning self-compacting or flowable properties,
experimental studies have indicated that fiber orientation
might be affected by formwork geometry and casting
flows [12]. Different casting techniques have been
performed to investigate their influences on rigid steel
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fiber orientation distribution in beam specimens [13,14].
On the other hand, Kanakubo et al. [5] used a water glass
solution to simulate two casting directions of the same
size of ECC specimens using flexible synthetic fibers.
The results of fiber orientation evaluation have illustrated
the effectiveness of casting directions on fibers
orientation in ECC specimens. In the later work of Ding
et al. [10], three groups of ECC beams were cut from a
slab in different directions with respect to the casting
direction, i.e., parallel, perpendicular and diagonal
directions. The “parallel” beams attained a greater degree
of smaller orientation of fibers with the longitudinal
direction and thus achieved higher tensile stress-strain
behavior than that of in “perpendicular” and “diagonal”
beams. This observation emphasized that understanding
the influence of casting techniques on fiber orientation is
vitally important, especially for structural members such
as beams or slabs [15,16]. However, it is worth noting
that observation and determination of fiber orientation in
the above-mentioned experimental studies required image
processing and analysis procedures, which are time-
consuming and expensive. Moreover, in the experimental
approach, the variation of fiber orientation distribution in
the fresh mixture at the beginning of castings might also
cause the dissimilarity of fiber orientations in different
specimens of the hardened concrete.

Due to the above-mentioned limitations of experimental
approach, numerical models have been developed to
provide an alternative approach to study the flow charac-
teristics of flowable fiber reinforced cement-based
materials and to investigate distribution and orientation of
fibers [17-20]. In these models, fibers are typically
simulated either as rigid bodies represented by two-end
particles for steel fibers [19,21] or as bendable bodies
represented by interconnected particles for synthetic
fibers [20]. The computational domains of fresh mixes
are discretized into sets of particles, then approximately
solved using Lattice Boltzmann [22] or Smoothed
Particle Hydrodynamics (SPH) [17,20] methods. The
introduction of fibers into concrete mixes increases the
viscosity of fresh concrete. Fiber particles are simply
considered as passive markers, which move and orient
according to the motion of fresh mixes. With this
consideration, Thanh et al. [23] developed and validated a
3D model to simulate the flow of fresh and flowable
ECC. This approach has an advantage of monitoring the
movement of fibers to provide a practical understanding
of the distribution and orientation of fibers in structural
elements [24]. The outcome is important in optimizing
the casting technique to achieve the anticipated fiber
orientation for improving the material performance in
ECC structural elements.

Accordingly, the effect of casting techniques on the
orientation distribution of synthetic fiber in ECC beams is
numerically investigated in this paper. Two casting
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directions (i.e., parallel and perpendicular to the
longitudinal direction of the beams) and two casting
positions (i.e., at the middle and end of the beams) of the
pouring outlet are modeled. The flow of fresh and
flowable ECC during the casting process is simulated by
adopting the 3D SPH modeling [23]. When the casting
processes are completed, fiber orientations with the
longitudinal direction at different sections of beams are
determined for comparison. Moreover, the distribution of
fiber orientations regarding different casting techniques is
also evaluated and discussed.

2 Modeling of the casting process of ECC
beams

2.1  Rheology model

The casting of flowable ECC beam is a process of fresh
materials flowing from their dropped place under the
funnel outlet to the other parts of formworks. This can be
considered as a free-surface flow of a viscous fluid. As a
flowable viscous material, its flow behavior can be
classified as a Newtonian or non-Newtonian fluid.
However, it is practical to treat flowable ECC as a non-
Newtonian fluid since the relationship between its shear
stress and shear rate is nonlinear, and its effective
viscosity varies with time and rate of deformation
[20,25]. Moreover, the non-Newtonian fluids have yield
stress, which controls the initial stage of the flow. In this
regard, the fluid only starts to flow once the yield stress 7,
is exceeded, and when the shear stress falls below the
yield stress, the fluid stops flowing. These relationships
are expressed in Egs. (1) and (2) as:

T=1,+uyfort>1, )
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where u.q, o, and u., are the effective viscosity, viscosity
at very low and very high shear strain rate y, respectively,
and K is a constant parameter [26].

In the experimental approach, the plastic viscosity and
yield stress of fresh cement-based materials are measured
using rheometers. However, different rheometers or
measured times provide different results of these two
parameters [27,28]. Moreover, incorporating fibers in
flowable concrete would make obtaining reliable values
of these measurements more challenging [29]. Thus,
attempts to obtain accurate rheology parameters in the
laboratory for modeling input might not be successful.
Consequently, several numerical methods have been
developed to estimate these two parameters for modeling
fresh flowable concrete. In the relevant studies, the yield
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stress was first assumed, and then the plastic viscosity
was numerically determined [29,30]. This numerical
approach was also applied to estimate its yield stress and
plastic viscosity for flowable ECC [20].

2.2 Particle-based SPH modeling

Due to the large deformation of flowable ECC during the
casting process, the mesh-free or particle-based SPH is a
powerful method for solving the governing equations
during ECC flow. In SPH, the entire domain of fresh
ECC and formwork are modeled by individual particles,
including mortar, fiber, and wall-boundary particles.
These presented particles generate interactions between
mortar, fiber, and the fixed boundary. Also, the synthetic
fiber is modeled as inter-connected particles, and thus its
two adjacent particles are considered to interact with each
other during their movement.

The Lagrangian form of SPH allows tracking the
changes in particles’ properties during their interaction
and motion. At each step of motion, the gradient field
variables of a current particle a is approximated by a
summation of all surrounding particles b in the support
domain Q of the kernel function W (Fig.1). The
governing equations of a viscous fluid can be written in
the SPH forms for flowable ECC as:
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where P, p, and ¢ represent the pressure, particle density,
and time, respectively. The vector forms of the particle
velocity and the gravitational acceleration are denoted by
v and g, respectively.

As can be seen in Fig. 1, mortar and fiber particles are
considered as neighboring particles, and they are included
when calculating the forces acting on each other in the
support domain Q. When adding fibers into fresh mortar
to produce fresh ECC, plastic viscosity increases due to
the interfacial bond between fibers and fresh mortar.
Therefore, the SPH method considers fiber particles as
passive markers and possessing the same continuum
properties as mortar particles. Their motions are mainly
governed by the effective viscosity (Eq. (2)), which
determines the shear stress tensor 7 in Eq. (4) between
adjacent particles.

At each time step of the simulation, the velocity and
density of mortar and fiber particles are first calculated
based on Egs. (3) and (4). Then, the coordinates of a par-
ticle a in three-dimensional space XYZ, i.e., a(x, y, z) are
updated based on its previous coordinates. Subsequently,
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fibers’ orientation distributions in a specimen are feasibly
evaluated through their coordinates in XYZ space when
the casting simulation is completed.

3 Configurations of casting techniques
and fiber orientation evaluation
3.1 Initial configurations and parameters
To simulate the casting process of flowable ECC, the
boundary particles represented for the funnel and
formworks are first created. The position of the funnel
outlet and its direction are dependent on the considered
casting techniques. Figure 2(a) displays the projection of
the funnel outlet in the cases of parallel and perpendicular
casting, in which the container of initial materials is
located at the middle of beams. As can be seen in
Fig. 2(b), the projection of the funnel outlet is perpen-
dicular to the longitudinal beam when two casting
positions are studied, i.e., middle-cast and end-cast
beams. Then, mortar and synthetic fiber particles are
created in a square grid form in the funnels. The volume
of container funnels is ensured to be equivalent to the
beams’ volume. Synthetic fibers are created as straight
structures with similar random distribution and orienta-
tion at the beginning of the simulations. The distance
between the two neighboring particles within a fiber is
chosen to equal 2 mm. Using 12 mm length of PVA
fibers, a fiber is represented by seven inter-connected
particles. Moreover, fiber particles are generated
randomly, and their inclination with the longitudinal axis
of the beam is in a range of 0° to 90°. The width of the
funnel outlet is selected to be equal to 20 mm, which is
approximately 1.5 times larger than the length of fibers.
This selection allows fibers to freely rotate when they
flow through the funnel outlet. Additionally, the beams’
formwork height is modeled higher than that of the beams
to ensure particles would not spill out during their flow.
The material properties of ECC-M45 in Lepech and Li
[31] are utilized as reference data for the simulations. The
number of PVA fibers involved in the simulation is
determined through its 2% volume in ECC and created
mortar particles. The values of two-rheology parameters,
including the yield stress 75 = 165 Pa and the plastics
viscosity ug = 17 Pa-s, are chosen as in Ref. [20].

3.2 Fiber orientation evaluation

The tensile strain-hardening behavior of ECC is
characterized by forming multiple micro-cracks under
tension. In practice, these micro-cracks are observed to be
approximately perpendicular to the loading direction.
Although the crack spacing depends on the stress transfer
from bridging fibers at crack planes, the crack spacing in
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Fig. 1 Fiber, mortar particles and the support domain Q of the kernel function .

funnel at middle

of beam

Y funnel
outlet

\
\

projection of funnel outlet ~ projection of funnel
in perpendicular casting outlet in parallel casting

()

funnel at end

LR

nT

\

projection of funnel outlet
of casting the end

(b)

Fig. 2 (a) Perpendicular and parallel casting at the middle of the beam; (b) perpendicular casting at the end of beam.

ECC is typically less than 2 mm [32,33]. These micro-
cracks are considered to be flat and perpendicular to the
loading axis in the numerical approach. Thus, to evaluate
the orientation of fibers at crack planes, beams are
virtually cut by multi-vertical planes ZY when the casting
simulation of beams is completed, as shown in Fig. 3(a).
The spacing of cutting planes are chosen to be equal to
2 mm.

Once synthetic fiber particles move along with mortar
particles, they become bent during the casting process.
Through this bending phenomenon, the distance between
two adjacent fiber particles within a fiber when
completed casting is always equal or less than their initial
assigned distance. Also, a fiber might intersect several
cutting ZY planes with virtual lines connecting its
represented particles, which is illustrated in Fig. 3(b). If
two adjacent particles of fiber are fully located between
two ZY planes, they will not bridge the crack, and thus,

their orientation will not be determined. At a ZY plane,
two inclined angles of an intersected fiber regarding the
XY and XZ planes are trigonometrically calculated via
particles’ coordinates (x, y, z).

4 Casting simulation, results and
discussion

4.1 Perpendicular and parallel casting directions

4.1.1 Casting flow patterns

In this section, two casting directions of the funnel outlet,
i.e., perpendicular and parallel directions relative to the
longitudinal beam, are modeled. At first, 30625 mortar
particles are created in the funnel with the x, y, and z axes
spacing equal to 2 mm. Then, the number of fibers is
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calculated as 2% of mortar particles (i.e., 2% x 30625 =
613 fibers), which are represented by 4291 fiber particles.
These particles are generated to cast a beam of size
13 mm x 60 mm X 350 mm from its center. Figures 4(a)
and 4(b) show the obtained flow patterns from two
casting directions at three-time steps. During the casting
process, mortar and fiber particles drop through the
bottom outlet of the funnel to the bottom of the beam
below the funnel position, then flow to different parts of
the beam. As mortar and fiber particles are assigned to
possess identical continuum properties, they flow

cutting plane ZY

@
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smoothly together during the casting process. Material
particles gradually stop moving after 18 s, and thus the
computational modeling for casting simulation is stopped
at this time. Additionally, it can be observed that the flow
speeds are relatively similar for both casting directions.

4.1.2 Orientation of fibers

The orientation of fibers at cutting planes ZY are
quantified following the mentioned details in Subsection

ZY planes

A

\

fiber particles

(b)

Fig.3 (a) Cutting a beam with vertical ZY planes; (b) fiber intersects several ZY planes.

(@

(b)

Fig. 4 Casting flow patterns at three-time steps = 1's, =8 s and ¢ = 18 s: (a) perpendicular casting; (b) parallel casting.
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3.2. Figures 5(a) and 5(b) show the 3D view of fiber
orientation distributions in two beams. It is observed that
more fibers tend to orient parallel with the longitudinal
wall in the parallel casting in comparison to the
perpendicular casting. This observation can be explained
by the flow of fresh ECC in the case of parallel casting
pushes fibers toward the longitudinal walls of the beam
more strongly than in the case of the perpendicular
casting. Therefore, the inclined angles of fibers with
respect to the XZ plane in the parallel casting case are
lower than those in the perpendicular casting, as clearly
seen through their polynomial fitting curves in Fig. 6(b).
Consequently, while the inclinations of fibers relative to
the XZ plane noticeably distribute from around 20° to 35°
for the parallel casting, whereas a larger number of fibers
orientate within the range from 35° to 55° in the
perpendicular casting (Fig. 7(b)).

In addition, fibers tend to parallel with the bottom
formwork, in which both casting directions attain an
average of fiber inclinations with the XY plane at around
15°, as illustrated in Fig. 6(a). The reason for this small
inclination value is that the 13 mm thickness of the beam
in this model causes the 12 mm length of fiber to become
more difficult to rotate in almost two-dimensional spaces
during their motion. As shown in Fig. 7(a), the
differences in fiber orientation distribution with the XY
plane are insignificant for the two casting directions.

4.2 Casting at the end and middle of beam

4.2.1 Casting flow patterns

To study the influences of casting positions on fiber
orientations, two casting processes of the beam of
dimensions 100 mm x 100 mm x 350 mm are simulated
in which the funnel’s positions are at the end and middle
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of beams. In these models, the thickness of beams is
increased to ensure fibers can rotate freely in 3D during
their flow. The initial x, y, and z axes spacing of mortar
particles in the funnel is also increased to 4 mm to reduce
the computational time. This size of beams requires
50688 mortar particles and 7098 fiber particles to
represent the fresh ECC. Simulation results at two-time
steps of two casting positions are illustrated in Fig.8.
Fresh materials flow from one end to another end of the
beam in the case of casting at the end. For the middle-cast
beam, materials flow from the center of the beam to its
ends in two opposite directions.

4.2.2 Orientation of fibers

Figures 9(a) and 9(b) present the 3D view of fiber
orientation distribution in two beams when the
simulations are completed. It is hard to visually recognize
any differences in fiber orientation distribution in two
beams of two casting positions from these two figures.
For a quantitative assessment, the inclined angles of
fibers with XY and XZ planes for both beams are also
determined using the procedure mentioned in Subsection
3.2. As plotted in Fig. 10(a), fibers tend to be parallel
with the bottom XY plane under the funnel outlet in the
end-cast beam (from vertical cross-section 0 to section
40). By contrast, this phenomenon cannot be observed
when casting at the middle of the beam. For this reason,
the number of fibers inclined with the XY plane in the
range of 5° to 25° of the end-cast beam is more than that
in the case of the middle-cast beam (Fig. 11(a)).

As shown in Fig. 10(b), the inclination of fiber with the
XZ plane in the middle-cast beam is slightly lower than
that of the end-cast beam, except under its funnel outlet
area. When casting at the middle, the flow tends to drive

(a)

(b)

Fig. 5 The 3D view of fiber orientation distribution in beams when the casting completed: (a) perpendicular casting; (b) parallel casting.
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(b)
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t=18s

Fig. 8 Flow patterns of casting at the end of beam at two-time steps t=1s and =18 s.

(b)

Fig. 9 The 3D view of fiber orientation distribution in beams when the casting is completed: (a) casting at the end of beam; (b) casting at

the middle of beam.

fiber toward the two longitudinal walls of the beam more
strongly than when casting at the end. As a result, the
orientation distribution of fiber with the XZ plane in the
middle-cast beam, ranging from 25° to 60°, is slightly
lower than that in the end-cast beam (Fig. 11(b)).
However, the size of the beam might affect the gradient
of the flow velocity of different casting positions, which

would then influence the flow to induce fiber orientation.
Due to the beam dimensions used in these two
simulations being narrow and short, the difference in flow
velocity might not be noticeable. Therefore, the changes
of fiber orientation distributions are negligible, except
underneath the pouring position of fresh materials at the
funnel outlet.
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Fig. 10 Orientation of fibers at cutting planes along beams with two casting positions: (a) inclined angle of fibers with XY plane;

(b) inclined angle of fibers with XZ plane.

4.3 Discussion on the fiber orientation distribution and the
flexural performance of beams

It is worth mentioning that some other factors might
influence the fiber orientation distribution in specimens,
such as the manufacturing process or the volume of
fibers. First, an inappropriate process to produce fresh
ECC could lead to poor dispersion of fibers, which could
eventually negatively affect fiber orientation distribution
and reduce the efficiency of implemented casting
techniques. Therefore, fiber dispersion needs to be
controlled throughout the mixing process. It has been
shown that adjusting the mixing sequence [34] and
rheology control of mortar paste before adding fibers [7]
are efficient to achieve better fiber dispersion. Moreover,
fiber orientation distribution in beams is expected to vary

when the volume/number of fibers is changed. From the
experimental point of view, it is impossible to study this
variation in the laboratory when changing the volume/
number of fibers. In this regard, the numerical simulation
in this study is an ideal method to investigate this
concern, and it should be conducted in future works.

On the impact of fiber orientation, Ding et al. [10]
indicated a significant increase of the ultimate flexural
strength and mid-span deflection of beam specimens
owning smaller fiber orientation distribution. This
experimental result is explained by the increase in
bridging stress and complementary energy of smaller
inclined fibers when bridging cracks. It is important to
note that smaller fiber orientation distribution herein
indicates more fibers parallel to the longitudinal direction
of the beam, or more fibers perpendicular to flexural
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Fig. 11 Distribution of fiber orientation with two casting positions: (a) inclined angle of fibers with XY plane; (b) inclined angle of fibers

with XZ plane.

cracks. By implementing different casting directions, the
authors also suggested that the casting direction should be
parallel to the loading direction, which maximizes the
bridging efficiency of fibers. In this regard, with more
fibers that tend to be parallel to the longitudinal walls of
the beam, the parallel casting beam in Subsection 4.1
achieves higher flexural strength as it owns lower fiber
orientation distribution.

However, the fiber orientation distribution might vary
depending on the size of beams and the width of the
funnel outlets. On the one hand, fiber orientations might
be redistributed when they flow through a narrow funnel
outlet. In this regard, fibers can be re-orientated in the
anticipated direction by adjusting the size of the outlet.
On the other hand, different size of beams cast by
flowable fiber reinforced concrete influence their flexural
performance [35,36]. Picazo et al. [36] showed that small
beams, which exhibited better fiber orientation distribu-
tion, achieved higher flexural strength than larger beams.
In this current study, the beam 13 mm % 60 mm % 330 mm
exhibit the average angle of fiber with XY plane is about
15° (Fig. 6(a)), compared to that of around 25° of the
100 mm % 100 mm % 350 mm beam (Fig. 10(a)). This
result demonstrates the wall-effect on the rotation of fiber
during the casting flow. In small and narrow beams, a
larger fiber proportion is restricted in free rotation near
the wall boundaries, leading to more fibers parallel with
the walls. These fibers contribute to the increase of the
flexural strength of small beams compared to larger
beams. However, it can be noticed that the flow that
induces fiber orientation when casting at different
positions has a negligible impact on the fiber orientation
distribution of short beams (Fig. 10).

5 Conclusions

The present study numerically evaluates the orientation of

fibers in ECC beams considering different casting
techniques. Fiber orientations at different cross-sections
of beams are observed and evaluated by simulating the
casting process of flowable ECC. The results of fiber
orientation evaluation considering two casting directions
and two casting positions can be presented as follows.

1) The direction of the funnel outlet with the
longitudinal beam significantly influences fiber orienta-
tion. Fibers tend to be less inclined with the longitudinal
walls of beams in the case of parallel casting than in the
case of perpendicular casting. Thus, parallel casting in
which the funnel outlet parallels with the longitudinal
wall of beams is suggested to be implemented to increase
the efficiency of fiber in bearing cracks and improving
the flexural strength of beams.

2) Fibers have a tendency to become parallel with the
bottom of thin beams, regardless of the casting directions.
Moreover, thin beam tends to have a smaller fiber
inclination with the bottom plane than thick beams.

3) With the short beams in this study, casting positions
only slightly affect the fibers’ orientation, except for a
significantly smaller orientation of fibers with the bottom
plane beneath the pouring position when casting at the
end of the beam.

Although the obtained results of fiber orientation
distribution in this study agree reasonably well with the
findings of experimental studies in the literature, future
experiments on flowable ECC using synthetic fibers are
desirable. The flow-induced fiber orientation might be
more significant for longer beams when considering
different casting techniques. The flow velocity gradient is
also affected by the fresh-state properties of ECC
materials. Therefore, different fresh-state properties and
longer beams are the two factors that need to be
considered in future studies.
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