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Abstract

In this paper, the relationship between production parameters of ultra high

performance fiber-reinforced concrete (UHPFRC) and the spatial distribution

and orientation of the steel fibers is investigated. UHPFRC specimens with

varying fiber diameter, fiber volume fraction, and rheology of the mixture are

produced. Additionally, casting is performed from the side or the middle of the

formwork. Imaging by micro computed tomography allows for a statistical

analysis of the spatial arrangement of the fibers in the test specimens. The flex-

ural behavior and the load capacity of the specimens are analyzed by four

point bending tests. The results of the bending tests are well explained by char-

acteristics of the fiber systems determined from the image data.
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1 | INTRODUCTION

Ultra-high performance concretes (UHPCs) are new types
of cementitious materials combining a compressive
strength of more than 150 N/mm2 with a high bulk density
and a low air void content. The latter is explained by the
high packing density and a water-binder value below 0.25.
Maximum grain sizes in UHPC are mostly limited to 0.6–
1 mm. However, experiments with maximal grain sizes up
to 8 or 16 mm have also been performed.1 In practice, the

optimization of the packing density of the cementitious
paste is crucial. The optimum concrete can be produced by
the combination of the optimum paste with the optimum
aggregates for different maximum grain sizes.1,2

Many researchers1,3–6 have shown that the addition
of steel fibers to the UHPC is indispensable to increase
the ductility of the material. As standard, micro wire
fibers are used in fiber reinforced UHPC (UHPFRC). The
mechanical behavior of the UHPC under different load-
ing cases critically depends on the spatial arrangement of
the fibers. For an optimal performance, fibers should be
aligned to the tension direction.7

For analyzing the influence of production parameters
on the resulting fiber geometry, the fiber system has to be
observed and characterized. In particular, the orientation
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distribution of the fibers should be investigated. This is
possible by using photo-optical, magnetic or micro com-
puted tomography (μCT) methods. The most accurate
characterization is obtained by quantitative analysis of
μCT images which allow for a reconstruction of the
whole fiber system in 3D.8,9

UHPCs are typically produced with a very flowable con-
sistency. The continuous development of PCE-plasticizers
allows for a control of the viscosity of the mixture such that
concrete with a wide range of consistencies can be pro-
duced. Moreover, rheological adjustments of the binder
paste have been applied to optimize the deaeration behav-
ior of the mixture.10 Hence, besides optimization of the
packing density, the rheological properties of the UHPFRC
yield an important parameter that can be varied in concrete
production. The fiber geometry is significantly influenced
by the rheological properties of the mixture. Fiber orienta-
tion in a preferred direction can usually only be achieved
by a very fluid consistency, which, however, enhances the
tendency of the fibers to sediment. A homogeneous spatial
distribution over the component height may then no longer
be ensured.6 Wang et al.11 studied the dependence of the
fiber distribution on the concrete rheology which was mod-
ified by varying the water-binder ratio and the amount of
superplasticizer. Fiber systems were analyzed by using 2D
images of sections through the samples. It turned out that
moderate rheology parameters yield the most homogeneous
fiber systems. Stähli et al.12 present a study analyzing the
fiber systems in three different concrete mixtures. Concrete
samples were imaged by computed tomography. The analy-
sis, however, was restricted to sectional images.

Various further production parameters may also influ-
ence the fiber geometry. Vandewalle et al.13 investigated
the influence of the flow distance, the type of concrete,
and the fiber length. The latter was shown to have a negli-
gible influence on the fiber alignment. In the work by Fer-
rara et al.,14 30 mm thin concrete slabs were produced
using different casting directions. The results indicate that
the casting process is an additional factor influencing the
resulting fiber geometry and, hence, the bending perfor-
mance. As in Wang et al.11 the fiber orientations were
determined in 2D cross sections of the specimens.

In this work, we aim at an investigation of relations
between production parameters, the fiber geometry, and
the mechanical properties of the concrete. For this purpose,
a large number of prismatic UHPFRC specimens were pro-
duced by varying the diameter and volume fraction of the
steel fibers, the consistency of the mixture and the casting
point. Subsequently, the specimens were imaged by micro-
computed tomography to characterize the resulting fiber
geometries. Finally, correlations between production
parameters, the fiber geometry, and the load-bearing behav-
ior observed in four-point bending tests were derived.

2 | EXPERIMENTAL PROGRAM

2.1 | Production of UHPFRC

UHPC mixtures based on the M3Q-mixture with a maxi-
mum grain size of 1 mm were used. The mixture mass
fractions for mixture M00 are provided in Table 1. To
vary the rheology of the concrete, also specimens with an
increased amount of PCE-plasticizer were considered. In
the mixtures M02 and M04, the PCE content was
increased by 10%, resulting in 30.25 g/L, and 20%,
resulting in 33 g/L, respectively, compared to M00.

An Eirich-Intensiv mixer of 5 L volume capacity was
used. Dry components were first mixed for approximately
2 min with a rotation velocity of 250 r/min. After that,
both water and PCE were added after increasing the
velocity to 500 r/min. Mixing was continued for 2 min,
followed by a break of 2 min to scrape off dry particles.
Finally, the mixture was mixed at a low velocity of 100 r/
min for 7 min for deaeration. During the deaeration
phase, straight brass coated wire steel fibers were added
to the mixture through the shaft on top of the mixer. The
fiber diameters were either df = 0.2 mm (denoted by 02)

TABLE 1 Constituents of the UHPC-mixture M00

Material Amount (g/l)

Cement CEM I 52.5 R SR3- NA (Sulfo 5R) 825

Quarz Sand 0.125/0.5 Haltern 975

Quarz Flour-MILLISIL-W12 200

Silica fume: Sika Silicoll P uncompacted 175

Water 179

PCE-plasticizer—Sika Viscocrete 2810 27.5

Abbreviation: UHPC, ultra-high performance concrete.

FIGURE 1 Spread flow of the UHPFRC mixture of each

configuration. UHPFRC, ultra high performance fiber-reinforced

concrete
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or df = 0.3 mm (denoted by 03), the fiber length was
12.5 mm (lf/df = 12.5/0.2 mm and 12.5/0.3 mm), and the
fiber volume fraction was chosen as either 1% (denoted
by F1) or 2% (denoted by F2). The fiber material has an

ultimate tensile strength of 2.800 N/mm2 and an elastic-
ity modulus of 200 GPa.

Spread flow, bulk density and air void content of each
configuration were measured for the fresh concrete
directly after mixing. The spread flow was determined by
using a Hagermann cone. As illustrated in Figure 1, the
spread flow increases when increasing the PCE-amount.
The spread flow of the mixtures with 03-fibers was
always greater than the mixtures with 02-fibers when fix-
ing the remaining parameters. This can be explained by
the increased specific fiber surface area in the systems
with thinner fibers. The surface will be covered with a
water film during the mixing procedure. The water is
absorbed from the pore solution resulting in a lower
spread flow.

The air void content (Figure 2) and the bulk density
(Figure 3) were measured by using a 1 L bowl and pres-
sure gauge method. The minimal air void content is
observed for F1. Decreasing the viscosity of the concrete
reduces the air void content. The mixture F1-03 shows an
exceptional behavior.

The bulk density slightly increases when reducing the
viscosity of concrete without fibers. In mixtures with
fibers, bulk densities are nearly independent of the vis-
cosity (with the exception of mixture F1-03).

For every configuration, six specimens of size
40 × 40 × 160 mm were produced, three cast from the
side (denoted by s) and three from the middle (denoted
by m) of the formwork, see Table 2 for a summary. After

FIGURE 2 Air void content of the UHPFRC mixture of each

configuration. UHPFRC, ultra high performance fiber-reinforced

concrete

FIGURE 3 Bulk density of the fresh UHPFRC-mixture of

each configuration. UHPFRC, ultra high performance fiber-

reinforced concrete

TABLE 2 Overview of specimens and notation

Fiber volume fraction (%)

Fiber dimension

Casting method

Consistency

Length lf (mm) Diameter df (mm) M00 100% PCE M02 110% PCE M04 120% PCE

1 12.5 0.2 s M00F1s02 M02F1s02 M04F1s02

1 12.5 0.2 m M00F1m02 M02F1m02 M04F1m02

1 12.5 0.2 s M00F2s02 M02F2s02 M04F1s02

1 12.5 0.2 m M00F2m02 M02F2m02 M04F1m02

2 12.5 0.3 s M00F1s03 M02F1s03 M04F1s03

2 12.5 0.3 m M00F1m03 M02F1m03 M04F1m03

2 12.5 0.3 s M00F2s03 M02F2s03 M04F1s03

2 12.5 0.3 m M00F2m03 M02F2m03 M04F1m03

TABLE 3 Bending tensile strength and compression strength

of the mixtures without fiber-reinforcement

Mixture/consistency M00 M02 M04

Bending tensile strength (MPa) 11.58 13.77 15.46

Compression strength (MPa) 157.5 150.2 150.7
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production, the specimens were cured in a climate cham-
ber for 28 days.

Additionally, control specimens without fiber-reinforce-
ment were produced and tested to determine the mechanical
properties of the three mixtures. Bending tensile strength
and compression strength are given in Table 3. The modulus
of elasticity is about 50 GPa for all three mixtures.

2.2 | μCT imaging

One of the three specimens for each configuration was
scanned by micro computed tomography (μCT) at the Fraun-
hofer Institut für Techno- und Wirtschaftsmathematik
(ITWM) in Kaiserslautern, Germany. To reduce gray value
variations in the images, the prismatic specimens were
inserted into a cylindrical UHPC shell for scanning. The CT
tube was a Feinfocus FXE 225.51 with a maximum accelera-
tion voltage of 225 kV and maximum power of 20 W. A
Perkin Elmer detector XRD 1621 with 2048 × 2048 pixels
was used. The tube voltage was 190 kV, the target electricity
65 μA, and the power 12 W. Tomographic reconstructions
were obtained from 800 projections. The voxel edge length is
90.6 μm. Consequently, the reconstructed images contain
441 × 441 × 1,766 pixels.

Figure 4 shows a visualization of one specimen
together with the coordinate system that has been used
for the analysis. The Y-direction describes the height of
the specimen with Y = 0 at the bottom. The Z-direction
describes the length of the specimen. Casting from the
side is performed from Z = 0 mm and Y = 40 mm. The
casting point for casting from the middle was at
Z = 80 mm and Y = 40 mm.

2.3 | Bending tests

The bending behavior of all produced specimens was
investigated by four point bending tests on unnotched
specimens as shown in Figure 5. For testing, specimens
were rotated by 90� about the Z-axis such that the con-
crete surface pointed to the front. The bending tests were
carried out in a displacement-controlled manner. The
load rate was chosen very low at 0.1 mm/min to be able

to follow the crack formation. The displacement in the
midspan was measured by using an extensometer. The
test ended as soon as a deflection of 5 mm in the midspan
was reached.

3 | IMAGE ANALYSIS

3.1 | Image processing

For image processing, the software MAVI (Modular Algo-
rithms for Volume Images)15 was used. In a first step,
illumination gradients from the specimen edges to the
center were removed. For this purpose, a mean filter16

was applied. The filter mask was chosen as a cube with an
edge length equal to the diameter of the largest pore in the

FIGURE 5 Setup of the four-point bending test (1 = the

specimen, 2 = extensometer on both sides to measure the deflection

in the midspan, 3 = force gauge, 4 = load cell)

FIGURE 4 3D coordinate system and fiber

system reconstruction of a subvolume of

specimen M00F1s03
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image. Subtraction of the resulting image from the original
image homogenized the gray value distribution such that
the fiber system could be binarised. The threshold for
binarisation was chosen globally by using Otsu‘smethod.17

Sectional images of one of the 3D images obtained by μCT
and the binarisation result are shown in Figure 6.

3.2 | Fiber content

To assess the homogeneity of the spatial fiber distribution
w.r.t the coordinate directions X, Y, or Z, we consider the
area fraction profile (AFP). It represents the area fraction of
the fibers in each slice orthogonal to the given coordinate
direction. For macroscopically homogeneous microstruc-
tures, the expected area fraction in a 2D slice equals the vol-
ume fraction of the specimen. Significant variations of the
area fraction indicate spatial inhomogeneities such as lay-
ered structures or structures with a gradient. Due to the par-
tial volume effect18 in the CT imaging and the low
resolution of the images (2–3 pixels per fiber diameter), esti-
mated fiber volume fractions deviate from the theoretical
ones. As the difference is more pronounced for thinner
fibers, we will consider centered AFPs for better compara-
bility. That is, we subtract the empirical volume fraction of
the given specimen from the computed area fractions in the
slices. To improve visual comparability, the AFPs are
smoothed by exponential smoothing with the parameter
α = 0.05 (R function HoltWinters, R package stats19), see
Figure 7 for an example.

3.3 | Fiber orientation

To estimate the local orientation of the fibers, we use a
method based on partial second derivatives.20 See

Herrmann and Pastorelli21 for an application to steel
fiber reinforced concrete. For reducing the noise, the gray
value image f was smoothed by application of an isotro-
pic Gaussian convolution filter with kernel gσ at scale σ.
Then, the second order derivatives

f ij =
∂2

∂i∂j
f � gσð Þ, i, j� x,y,zf g

of the filtered image are computed to obtain the Hessian
matrix

H fð Þ=

f xx f xy f xz
f yx f yy f yz
f zx f zy f zz

0
BBB@

1
CCCA:

FIGURE 6 Sectional image of

the CT image of specimen M00F1s03

(a). Fibers are white, concrete matrix

is gray, and air pores are black.

Binarisation of the fiber system (b)

FIGURE 7 Centered area fraction profile of M00F1s03,

smoothed version in red
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σ is chosen equal to the radius of the fibers.20 In each
fiber pixel p, the eigenvector of H w.r.t. the smallest
eigenvalue yields an estimate of the local fiber orienta-
tion in p. For averaging the fiber orientations (xi, yi, zi)
over a slice of the 3D image, the orientation matrix22

T =

P
i
x2i

P
i
xiyi

P
i
xizi

P
i
xiyi

P
i
y2i

P
i
yizi

P
i
xizi

P
i
yixi

P
i
z2i

0
BBBBB@

1
CCCCCA

is computed. The eigenvector corresponding to the largest
eigenvalue of T yields the principal orientation within
the slice. In our application, an alignment of the fibers
along the tensile axis, here the Z-axis, is desired. Hence,
we consider the slicewise deviation of the fiber orienta-
tions from the Z-axis, see Figure 8 for an example. The
large deviations at the edges of the specimen can be
explained by formwork effects. Hence, on each side an
edge area of 2 cm width (220 slices) is neglected in the
statistical analysis.

4 | RESULTS

4.1 | Image analysis

Figure 9 shows a comparison of specimens with different
consistencies (controlled by the amount of PCE-plasti-
cizer) while the other parameters (fiber content, fiber
diameter and casting point) are fixed. The M02-specimen
shows the most homogeneous fiber system w.r.t. the area
fraction and the fiber orientation. The very fluid consis-
tency of M04 results in fluctuations in the spatial distri-
bution and orientation of the fibers. The volume
rendering also clearly shows the sedimentation of the
fibers. The more viscous M00-specimen shows some
inhomogeneities close to the casting point and a more
homogeneous structure in the second half of the
specimen.

Figure 10 shows the centered AFPs along the Y-direc-
tion, that is, from the bottom to the top of the specimens.
All specimens show sedimentation of the fibers which is
most pronounced for the M04-specimens. The M00- and
M02-specimens often show a similar behavior. The sedi-
mentation is most pronounced for the thicker, hence

FIGURE 9 Volume rendering (a, b, c), centered AFP along the Z-direction (d, e, f), and deviation of the fiber orientations from the Z-

axis along the Z-direction (g, h, i) of specimens M00F1s03, M02F1s03 and M04F1s03. The casting point is marked with a vertical line and the

flow direction is illustrated by arrows. AFP, area fraction profile

FIGURE 8 Deviation (Dev) of the fiber

orientation from the Z-axis (in degree) in each

slice along the Z-direction of specimen

M00F1s03. Slices outside the range marked by

the vertical lines are neglected in the subsequent

analysis
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heavier, fibers (df = 0.3 mm). The casting method does
not seem to have any influence.

AFPs along the X-direction, that is, from right to left,
are shown in Figure 11. The specimens generally show
some wall effects close to the boundary of the formwork.
Specimens with high volume fraction (F2) and thin fibers
(df = 0.2 mm) are most affected. Consistency and casting
method do not seem to contribute to the wall effect.

Finally, AFPs along the Z-direction are shown in Fig-
ure 12. The strongest variations are observed for the
M04-specimens. Casting from the middle leads to an
almost symmetric AFP with an accumulation of fibers in
the center of the specimens. M02-specimens cast from
the side show less fluctuations except for F2s02-
specimens.

For studying the alignment of the fibers we plot the
local deviations of the fiber orientation from the Z-axis in
Figure 13. The maximal deviation was approximately 45�.

Casting from the side results in a more homogeneous
fiber orientation distribution than casting from the mid-
dle. In the latter case, the deviation of the fibers from the
Z-axis is low just in a narrow region around the casting
point and increases in the flow directions toward the
sides. This deviation seems to be stronger for viscous mix-
tures with few, thin fibers. For more and/or thicker fibers
this effect is reduced. The fiber orientation of s03-speci-
mens is highly affected by the consistency (independent
of the volume fraction). Fluid mixtures lead to more fluc-
tuations. For 02-specimens, the correlation between fiber
orientation and consistency is not pronounced. The ori-
entation of fibers in s02-specimens deviates least from
the Z-axis for all consistencies and fiber volume fractions.

To measure the variation in the spatial distribution
and orientation of the fibers in a specimen, the sample
standard deviation (SSD) of the centered AFPs and the
orientation deviations in Z-direction (Figures 12 and 13)

FIGURE 10 Centered AFP along the Y-

direction (from bottom to top). AFP, area

fraction profile
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were calculated. The results are visualized in Figure 14.
Again, M04-specimens are found to be most heteroge-
neous. The SSDs are maximized in this group. Addition-
ally, they show the highest differences between the four
sets of fiber parameters used. In total, fiber systems are
more homogeneous when casting from the side than
when casting from the middle. With respect to the fiber
orientation, the s-specimens are clearly more aligned to
the Z-axis than the m-specimens. Figure 15 showing the
SSDs along the Y-direction confirms the visual impres-
sion that the spatial fiber distribution and fiber orienta-
tion of M04-specimens are inhomogeneous compared to
M00- and M02-specimens for all fiber volume fractions,
fiber diameters, and casting methods considered.

In summary, M00- and M02-specimens cast from the
side are most homogeneous w.r.t. fiber orientation and
spatial distribution.

4.2 | Bending tests

During the testing of the 72 specimens (three specimens
for each of the 24 parameter combinations), load-
midspan deflection curves were recorded (see Figures 16
and 17). All specimens showed deflection-hardening per-
formance to different extent.

In the initial phase, the bending behavior of the speci-
mens is linear elastic. When the load exceeds the matrix
tensile strength, a first crack occurs in the weakest point
of the matrix in the middle third of the specimen. After
crack initiation, the fibers bridging the crack get activated
and avoid propagation of the crack opening. The
response curve remains in the linear elastic range and
the tensile stress increases at the bottom of the specimen.
In the same manner, the specimen may develop three to
four visible cracks. Crack propagation occurs at different

FIGURE 11 Centered AFP along the X-

direction (from right side to left side). AFP,

area fraction profile
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scales. The response behavior of the specimen is still elas-
tic or elastoplastic but linear. This will be followed by
non-linear behavior, where many cracks propagate
simultaneously until reaching the maximum load. A
mean strain constitutive law can be assumed, because the
complete cross sections are strained along the specimen,
which concurs with the AFGC-Recommendation.23

When reaching the maximum load, the crack which
requires a minimum energy to develop break down
dominates the process. That is, crack propagation pro-
gresses only in the dominating crack and the response
behavior is non-linear and plastic. Simultaneously,
other cracks reduce in width causing a stress relief on
both sides of the dominating crack. Thus, a rigid body
motion of the two parts of the specimen is the domi-
nant mechanism such that a crack width law can be
assumed. This is in line with Prudencio et al.24 and the
AFGC-Recommendation.23 The residual width of the

other cracks depends on the deformation degree
reached before, which could be elastic or elastoplastic.
Figure 16 shows the load-midspan deflection curves for
different consistencies of F1-specimens. Maximal force
values are observed for the M02-specimen which has
the most homogeneous fiber system. In contrast, the
M04-specimen with strong sedimentation of fibers is
least stable. Similar results have been obtained for F2-
specimens cast from the middle.

The load-deflection curves for all specimens are
shown in Figure 17. Typically, the first crack occurs at
a deflection between 0.06 and 0.08 mm and the maxi-
mum linear stress is reached at a deflection between
0.17 and 0.22 mm. In all cases, specimens with higher
fiber volume fraction (F2, dark colors) turn out to be
more stable than those with only 1% volume fraction
(F1, bright colors). For fixed volume fraction, speci-
mens with thin (hence, more) fibers yielded better

FIGURE 12 Centered AFP along to the

Z-direction without edge area. The casting

point is marked with a vertical line and the

flow direction is illustrated by arrows. AFP,

area fraction profile
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bending performance than specimens with thick fibers.
M04-specimens clearly show a reduced mechanical sta-
bility while M00- and M02-specimens are comparable.
The variation between the curves for the three

specimens with the same parameters is small compared
to the overall variability.

For further comparison of the specimens, the elastic
flexural load Fel is considered. It corresponds to the force

FIGURE 13 Deviation of the fiber

orientations from the Z-axis along the Z-

direction (without edge area). The casting point

is marked with a vertical line and the flow

direction is illustrated by arrows

FIGURE 14 SSD of the centered

AFP (a) and the deviation of the fiber

orientation from the Z-axis (b) along the

Z-direction. The mean value over all

specimens with the same casting

method is given as solid horizontal line.

Dashed lines describe mean values in

subgroups with fixed casting point and

plasticizer content but varying fiber

parameters. AFP, area fraction profile;

SSD, sample standard deviation
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value at which the curve enters a non-linear phase. From
Fel, the elastic flexural strength fel can be computed by

f el =
3Fel

a2
ð1Þ

where a = 4 cm is the specimens‘ cross section edge
length. The elastic flexural strengths for the tested speci-
mens are summarized in Figure 18.

In general, the m-specimens show reduced elastic
strengths compared to s-specimens. The difference
between m- and s-specimens reduces when increasing
the fiber volume fraction. For fixed fiber volume frac-
tion, the specimens with reduced fiber diameter,
hence, containing more fibers, show a better perfor-
mance. Irrespectively of the casting method and the
fiber parameters, the maximal elastic flexural strength
is obtained for the M02-specimens. The difference
between M00-specimens and M02-specimens is typi-
cally small. M04-specimens show the lowest strength
which can be explained by the inhomogeneities in the
fiber system due to sedimentation.

4.3 | Discussion

The casting process causes a turbulence in the vicinity of
the casting point, which produces a heterogeneous fiber
geometry in this region. The flux seems to get laminar a
few centimeters (around 2–6 cm) after the casting point.
The spatial fiber distribution becomes homogeneous and
the fibers align in flow direction. The degree of alignment
depends mainly on the consistency of the mixture.

Fibers in M00-specimens keep their orientation cau-
sed by turbulent flux in the vicinity of the casting point
because the viscosity of the matrix is high enough to pre-
vent the realignment of the fibers by their own weight.
This realignment is possible with consistency M02
resulting in homogeneous fiber systems even close to the
casting point. In contrast, the very low viscosity of the
M04-mixture leads to fluctuations and sedimentation.
The flexural strength observed during the bending test
correlates well with the observed homogeneity of the
specimens. M02-specimens achieved the highest strength
followed by M00-specimens.

FIGURE 15 SSD of the centered

AFP (a) and the deviation of the fiber

orientation from the Z-axis (b) along the

Y-direction. Dashed lines describe mean

values in subgroups with fixed casting

point and plasticizer content but varying

fiber parameters. AFP, area fraction

profile; SSD, sample standard deviation

FIGURE 16 Load-midspan

deflection curves for the specimens

M00F1s03, M02F1s03 and

M04F1s03
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5 | CONCLUSION

The study presented in this paper investigates the influ-
ence of production parameters on the fiber geometry and,
as a consequence, on the flexural behavior of UHPFRC.
The fiber geometry in specimens with different produc-
tion parameters was investigated by means of micro com-
puted tomography. Subsequently, the flexural behavior of

the specimens was investigated in four point bending
tests. The following conclusions could be drawn:

• Casting from the side results in a more homogeneous
fiber geometry than casting from the middle. This
results in a better mechanical performance.

• Increasing the fiber radius from df = 0.2 mm to df
= 0.3 mm increases the inhomogeneity in the fiber

FIGURE 17 Flexural stress–deflection curves

of all tested specimens grouped by consistencies

M00 (a), M02 (b) and M04 (c)
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systems. In particular, sedimentation is more pro-
nounced for thicker fibers.

• Fiber orientation stabilizes after a certain distance
from the casting point. This is consistent with findings
by Vandewalle et al.13 and Ferrara et al.14 In our exper-
iments, a unidirectional alignment of the fibers with
deviations of a few degrees from the flow direction can
be assumed approx. 2–6 cm after the casting point for
not too fluid consistencies (M00 or M02).

• The most homogeneous fiber systems resulting in the
highest flexural strength were obtained using the M02
mixture with a spread flow (Hagermann cone)
between 27 and 28 cm. Mixtures with lower spread
flow (25–27 cm) can deliver good results, too. If the
spread flow exceeds 28 cm, significant sedimentation
of the fibers is observed which decreases the flexural
strength. These findings are in line with the results by
Wang et al.11 and Stähli et al.12

• A wall effect could be observed close to the boundary
of the formwork (5–10 mm). Wall effects are stronger
for increasing volume fraction and decreasing fiber
diameter. Casting from the middle results in reduced
wall effects compared to casting from the side. This is
probably correlated with the lower flow distance of the
material.

The work by Herrmann and Lees25 indicates that the
surface properties of the formwork also need to be taken
into account when designing the casting technology for
UHPFRC specimens. Due to the observed wall effects, it
remains an open question to which extent our findings
can be generalized to larger samples, see Herrmann
et al.26 for a discussion. To investigate this question in
the framework presented here, larger samples have been
produced and will be analyzed in a subsequent study.
Due to the limited sample size that can be handled by

μCT, specimens have to be cut into smaller cuboids
before scanning which increases the experimental effort
for such investigations. To allow for an investigation of
large concrete elements (e.g., beams), models and
methods from spatial statistics could be used to predict
the concrete geometry at a given position from a limited
number of samples.

Numerical flow simulation provides an alternative
approach for predicting the fiber geometry of UHPFRC
samples for given production parameters.27,28 Simula-
tion based approaches can reduce the effort of such
investigations compared to the production, characteri-
zation and testing of large amounts of concrete
samples. However, the simulations should be validated
by experiments. The image analysis tools presented in
this work yield statistical information that can be com-
pared to fiber parameters observed in simulations.
Additionally, the statistical information can be used
to fit a stochastic geometry model to the observed
microstructures, for example, a system of cylinders of
random orientation and position, see Redenbach and
Vecchio.29 Such models allow for the generation of
virtual concrete samples with a large range of geomet-
ric characteristics. From these, mechanical properties
of the concrete can be predicted by using suitable con-
crete models.
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FIGURE 18 Correlation between the studied parameters and elastic flexural strength. Dots are the means of the elastic flexural

strengths of the three specimens with equal parameters. The error bars represent the 95% confidence interval of the mean
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