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Abstract

The influence of the specimen size of ultra-high-performance fibre-reinforced

concrete samples on the spatial distribution and orientation of the steel fibres

is investigated. Specimens of varying size are produced by using the same pro-

tocol. They are imaged by micro-computed tomography to perform a statistical

analysis of the spatial arrangement of the fibres. The tensile strength of the

specimens is measured by tensile tests on subspecimens of equal size. The

results are correlated to geometric characteristics of the fibre systems deter-

mined from the image data. Increasing the specimen size results in a larger

variability of the local fibre geometry. This effect was most prominent when

increasing the height of the specimens.
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1 | INTRODUCTION

Building complex and sophisticated structures demands
an innovative solution to reinforce both large and filigree
elements. Large elements bear strong shrinkage and
mostly need a huge amount of rebars. These may aggra-
vate the casting process which causes air voids in the ele-
ments. In contrast, filigree elements have no space to
place suitable rebars. In such situations, ultra-high-

performance fibre-reinforced concrete (UHPFRC) yields
a promising alternative. Fibre reinforcement does not
only stand out as a good solution to reduce rebars and
shrinkage impacts but fibre reinforced concretes can be
considered integrated materials rendering conventional
reinforcement dispensable.

It is well-known that adding steel fibres to UHPC is
essential to increase the ductility of the composite mate-
rial.1–5 Mechanical properties of UHPFRC under loading
depend decisively on the fibre geometry, that is, the local
fibre content and the fibre orientation.6 In general, the
orientation and distribution of the fibres (fibre geometry)
in fibre reinforced concrete show an anisotropic behav-
iour. In self-compacting concrete, the fibre geometry is
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mainly influenced by the flow direction where the fibres
primarily align. Fibres aligned along the tension axis con-
siderably contribute to the tensile strength.7 Therefore, if
possible, the flow direction during production should be
aligned to the tensile axis. However, the influence of the
flow field should be considered.8 A review of the influ-
ence of steel fibres on the compressive and tensile
strength of UHPFRC can be found in Reference 9. The
authors summarise the results of 37 publications dealing
with the evaluation of compressive or tensile strength of
fibre reinforced concrete. In these studies, the influence
of the concrete mixture and of parameters such as the
fibre content, fibre shape and size on the mechanical
behaviour of concrete specimens was thoroughly investi-
gated. The typical design considers fibre volume fractions
in the range of 0 to 3%. Different fibre shapes are used,
the most frequent one being straight fibres with a length
of 12–13 mm and a diameter of 0.2 mm. Typical speci-
men shapes used for compression tests are cubes with an
edge length ranging from 40 to 150 mm or cylinders with
a diameter ranging from 50 to 100 mm and a length
between 150 and 300 mm. For bending tests, prisms in
the size range 40 � 40 � 160 mm3 to 100 � 100 �
400 mm3 are common while dog bone shapes are pre-
ferred for tensile tests. In most studies, specimen size and
shape were constant. As a consequence, the influence of
these parameters, henceforth termed size effect, on the
mechanical concrete behaviour is less well under-
stood.9–12

Experimental results investigating the effect of speci-
men size in compression or bending tests are reported in
Reference 10–14. In these studies, a decrease of flexural
strength for increasing sample size is reported. Attempts
to explain this finding include both a statistical and a
deterministic approach.11,13 The statistical approach
according to Weibull's theory15 basically states that larger
specimens are more likely to contain severe flaws or
defects that reduce the strength of the specimen. The
deterministic effect is based on the fact that deformation
is concentrated in a localisation band whose size depends
on the maximum aggregate size in concrete. In small
specimens, the size of this zone is significant compared to
the specimen size while it is negligible in reasonably
large specimens. This effect is considered in Bažant's the-
ory which is based on fracture mechanics.16,17 An addi-
tional effect that is still poorly acknowledged is that a
change of specimen dimensions may also result in local
variations in fibre geometry. In particular, the degree of
edge effects due to the interaction of the fibres with the
edges of the formwork or sedimentation of fibres may dif-
fer when producing specimens of different size.

A first publication investigating this effect is.14 The
authors study the size effect on the flexural performance

of UHPFRC by using three different specimen sizes. Dis-
tribution and orientation of fibres in the specimens were
investigated by image analysis of two-dimensional cross-
sections at the crack surfaces. The investigation revealed
that the flexural performance noticeably decreases with
an increase in the specimen size resulting from an inho-
mogeneous spatial fibre distribution and a poor fibre
alignment along the tension axis. For specimens of differ-
ent size but with comparable fibre distribution properties,
an insignificant size effect on the flexural strength was
observed for UHPC with 2% steel fibre volume fraction.

In this article, we aim at a characterisation of size
effects in the local fibre geometry in UHPFRC specimens
in a fully three-dimensional manner. To this end, speci-
mens produced as prisms of different size are studied by
using micro-computed tomography (μCT) imaging. In a
prior study,6 local fibre content and fibre orientation
were studied for concrete with differing mix consistency,
fibre thickness, fibre content and casting point. Here, the
parameter combination resulting in the concrete with
the highest flexural strength was selected to produce con-
crete beams of varying size. Using the geometric charac-
teristics established in,6 the fibre systems were
characterised locally and the results were correlated to
the tensile strength of the specimens.

2 | EXPERIMENTAL PROGRAM

2.1 | Production of the UHPFRC-
specimens

In the prior study,6 the rheology of UHPC-mixtures with
a maximum grain size of 1 mm was modified by varying
the amount of superplasticizer in the mixture. As the
mixture M02 with an intermediate amount of super-
plasticizer resulted in the most promising fibre geome-
tries, the same mixture is used here.6 Details on the
constituents and specifications can be found in Table 1.
Concrete was produced by using the Eirich-Intensive

TABLE 1 Constituents, bending tensile strength and

compression strength of the UHPC-mixture M02

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

Quarz Sand 0.125/0.5 Haltern 975 g/L

Quarz Flour-MILLISIL-W12 200 g/L

Silica fume: Sika Silicoll P uncompacted 175 g/L

Water 179 g/L

PCE-plasticizer—Sika Viscocrete 2810
Bending tensile strength
Compression strength

30.25 g/L
13.77 MPa
150.2 MPa
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Vacuum mixer of 70 L volume capacity. The same proce-
dure and mix regime as given in Reference 6 were applied.
For reinforcement, fibres with an ultimate tensile strength
of 2.800 MPa and elasticity modulus of 200.000 MPa were
used. The fibre volume fraction was 2%, and the fibre
aspect ratio was lf/df = 12.5/0.2 mm. The fresh concrete
tests showed similar spread flow, bulk density and void
content values as reported in Reference 6. The casting of
the specimens was carried out from the side, reproducing
the configuration M02F2s02 from Reference 6. Five sizes
of specimens were produced: 40 � 40 � 160 mm3 (den-
oted by 4 � 4 � 16), 80 � 40 � 160 mm3 (denoted by
8 � 4 � 16), 40 � 40 � 320 mm3 (denoted by 4 � 4 � 32),
40 � 80 � 320 mm3 (denoted by 4 � 8 � 32) and
80 � 80 � 320 mm3 (denoted by 8 � 8 � 32). To ensure
the uniformity of the concrete flow over the different wid-
ths of the specimens, a chute with an adjustable casting
width (Figure 1) was designed and produced at the lab of
the Department of Concrete Structures and Structural
Design, University of Kaiserslautern, Germany. The chute
enables a variation of the casting width from 4 up to
15 cm with nearly similar flow velocity.

The specimens were cured in a climate chamber for
28 days. Since the maximal specimen size for computed
tomography imaging is 40 � 40 � 160 mm3, the larger spec-
imens were sawn into subvolumes of this size. Water jet
technology with a beam width of approximately 1 mm was
used to cut the specimens. This method causes nearly no
microcracks in the specimens compared to the conventional
sawing method. Figure 2 shows the specimens after cutting.

2.2 | Micro-computed tomography
imaging

The specimens were scanned by micro-computed tomogra-
phy (μCT) at the Fraunhofer Institut für Techno-und
Wirtschaftsmathematik (ITWM) in Kaiserslautern, Germany.

To reduce grey value variations in the images, the prismatic
specimens were placed in a cylindrical UHPC shell during
the scanning process. Table 2 summarises the CT specifica-
tions and imaging parameters. A specimen of size
40 � 40 � 160 mm3 corresponds to a reconstructed image of
441 � 441 � 1766 pixels. Figure 3 shows a visualisation of
one specimen together with the coordinate system used for
the analysis: depth, height and length of the specimen corre-
spond to the X, Y and Z coordinate axis, respectively. The
plane Y = 0 mm represents the bottom of the sample. The
casting point is located at Z = 0 mm, X = 20 mm (40 mm)
for depth 40 mm (80 mm) and Y = 40 or 80 mm
corresponding to the top of the specimens. The flow direction
of the UHPFRC was along the Z-coordinate direction.

2.3 | Tensile tests

As the specimens had to be cut for the CT imaging, test-
ing the flexural strength of the complete specimens was

FIGURE 1 Production of the specimens using a chute with

adjustable casting width

FIGURE 2 The sawed specimens with the notation of the

subspecimens according to position: O: original specimen size, R:

right, L: left, F: front, B: back, T: top and B: bottom. Arrows

indicate the casting direction

TABLE 2 CT specifications and imaging parameters

CT tube Feinfocus FXE 225.51

Maximum acceleration 225 kV

Maximum power 20 W

Detector Perkin Elmer XRD 1621

Detector size 2048 � 2048 pixels

Tube voltage 190 kV

Target electricity 65 μA

Applied power 12 W

No. of projections 800

Voxel edge length 90.6 μm
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no longer possible. To characterise the 17 subspecimens
mechanically, uniaxial tensile tests were carried out to
determine the tensile strength.

A challenge was to develop a test setup, which
enables to apply a uniaxial tension on specimens of prism
form, the main point being the fixation of the specimens
at the ends. The test set up shown in Figure 4 provided a
reasonable result regarding fixing rigidity and convenient
handing. The specimen was placed in the gripping jaws
with a contact area of 40 � 60 mm2 and fixed by six bolts,
which were pulled by a moment of 110 Nm. This pull

moment was determined as the maximum so that no
cracks occur in the clamping area. After fixing both ends,
the set was fixed in the pull machine by two nuts. In this
set up, a field of length 40 mm located in the middle of
the specimens was tensioned.

The tests were carried out in a displacement-
controlled manner. A low load rate of 0.1 mm/min was
chosen. The lengthening of the 40 mm field was mea-
sured by using two extensometers. The test was stopped
as soon as the lengthening of the field reached 2 mm.
During the uniaxial tensile tests, load-lengthening curves
were recorded. Since the subspecimens have a small dif-
ference in the cross-section, the uniaxial stress–strain
curves were determined to compare the results consis-
tently. It was assumed that the stress distribution remains
uniform over the cross-section through the first cracking
phase and after the crack localisation, although it is well
known that an eccentricity occurs in the internal resis-
tance forces because of nonuniform distribution of the
fibres in the cross-section. Based on this fact the calcu-
lated stress will be considered as equivalent uniaxial
stress f. The strain ϵ is the measured lengthening ΔL
divided by the tensioned length (L = 40 mm). That is,

f ¼ F
A

and � ¼ΔL
L

where F is the force value and A is the area of the cross-
section. Two strength values were computed for every
specimen: the elastic post-crack tensile strength (fcft,el),
which corresponds to the force at the end of the linear
phase in the curve (limit of proportionality) in sense of,18

and the ultimate post-crack tensile strength (fcft,ult) which
corresponds to the maximum force reached.

3 | IMAGE ANALYSIS

3.1 | Image processing

For image processing, we used the software tools MAVI
(Modular Algorithms for Volume Images)19 and ToolIP
(Tool for Image Processing).20 The CT images contain

FIGURE 3 3D coordinate

system and fibre system

reconstruction of a subvolume of

specimen 4 � 4 � 16. The

visualised volume corresponds to

100 � 441 � 1766 pixels

FIGURE 4 (1) Setup of the uniaxial tensile test: rotatable

hinge, (2) specimen, (3) extensometer on both sides to measure the

elongation, (4) griping jaw, and (5) load cell
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illumination gradients from the edges of the specimen to
the centre.21 Hence, an illumination correction was nec-
essary to reconstruct the fibre system correctly, see
Figure 5 for an illustration.

The following chain of image processing steps was
applied:

1. Filtering of the initial image by a mean filter.22 The
size of the cubic filter mask is chosen such that
the largest object (typically an air pore) in the initial
image is covered.

2. Subtraction of the filtered image from the initial
image.

3. Division of the image into cylinders whose bases form
concentric rings/discs in the XY plane, see Figure 6.

4. Segmentation of the fibres in the image parts by using
Otsu's method.23

5. Merging of the image parts.

The choice of subdivision was validated by checking
whether the segmented fibres have a constant diameter
throughout the image. This is done by comparing the
values of local maxima of the Euclidean distance
transform.24

Figure 7 shows a sectional image of specimen
4 � 4 � 16 obtained by μCT and its binarisation. The

subdivision shown in Figure 6 was used for all images in
the study.

3.2 | Fibre content

We assessed the homogeneity of the fibre content along
the coordinate directions. For this purpose, we computed
area fraction profiles (AFP) which represent the area
fraction of the fibres in each slice orthogonal to a coordi-
nate direction. In macroscopically homogeneous micro-
structures, the expected area fraction in a 2D slice is
equal to the volume fraction of the complete specimen.25

Spatial inhomogeneities such as layer structures or vary-
ing fibre density lead to significant variations of the area
fraction. The partial volume effect26 in CT imaging and
the low resolution of the images (2–3 pixels per fibre
diameter) led to deviations between the estimated fibre
volume fraction and the nominal value of 2%. To be able
to compare the specimens with each other, the AFPs
were centred. That is, the volume fraction of the com-
plete specimen was subtracted from the area fractions in
the slices. To compare the centred AFPs visually, the cur-
ves were smoothed by exponential smoothing with the
parameter α = 0.05 (R-function HoltWinters, R-packet
statistics27), see Figure 8.

FIGURE 5 Left: Sectional image of a 3D image. Middle: Binarisation without removal of the illumination gradients resulting in over-

segmentation in the edge areas. Right: Binarisation by using the procedure detailed in the text

FIGURE 6 From left to right: The initial image, the cylindrical subdivision of the image and the single image parts after cropping

MARYAMH ET AL. 1243
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3.3 | Fibre orientation

The local orientation of the fibres in the concrete was
estimated based on partial second derivatives.28,29 For
this purpose, the initial image f is smoothed by applying
an isotropic Gaussian convolution filter with kernel gσ at
scale σ to reduce noise in the grey values. For the
resulting image, the Hessian matrix

H fð Þ¼
f xx f xy f xz
f yx f yy f yz
f zx f zy f zz

0
B@

1
CA

is computed, where

f ij ¼
∂2

∂i∂j
f � gσð Þ, i, j� x,y,zf g

are the second order derivatives of the smoothed image.
We follow the recommendation of Wirjadi et al.29 and

set σ equal to the fibre radius. For each fibre pixel p, the
eigenvector corresponding to the smallest eigenvalue of
H(f ) estimates the local fibre orientation in the point p.
The fibre orientations (xi, yi, zi) in a slice of the 3D image
are averaged by using the orientation matrix.30

T¼

P
ix

2
i

P
ixiyi

P
xiziP

ixiyi
P

iy
2
i

P
iyiziP

xizi
P

iyixi
P

iz
2
i

0
B@

1
CA

The eigenvector of T with the largest eigenvalue represents
the main fibre orientation within the slice. A fibre orienta-
tion along the Z-axis, that is, the tension axis, is desirable.
Therefore, we compute the deviation of the main fibre ori-
entation from the Z-axis (see Figure 8). As for the AFP, we
smoothed the curves by exponential smoothing.

4 | RESULTS

In the following, we describe the results of tensile tests
and the fibre geometry analysis of the individual speci-
mens. Recall that the Z-axis of the coordinate system cor-
responds to the flow direction during casting and to the
tensile axis in the tensile tests.

FIGURE 7 Top: Sectional

μCT image of specimen

4 � 4 � 16. Fibres are white,

concrete matrix is grey, and air

pores are black. Bottom:

Binarisation of the fibre system

FIGURE 8 Top: Centred area fraction profile of specimen

4 � 4 � 16 before (black) and after (red) smoothing. Bottom:

Deviation (Dev) of the fibre orientation from the Z-axis (in degrees)

in each slice of specimen 4 � 4 � 16 along the Z-direction
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Stress–strain curves are shown in Figure 9. In general,
the tensile behaviour of all subspecimens looks similar
and the initial stiffness is almost identical. It is mostly
strain hardening behaviour with a very few exceptions.

FIGURE 9 Stress–strain curves for

all specimens

FIGURE 10 Specimen 4 � 4 � 16: Subvolume rendering (top),

centred AFP (middle), and deviation of the fibre orientations from

the Z-axis (bottom) along the Z-direction. The curves obtained for

specimen M02F2s02 in6 are shown as dashed blue lines. The

casting point is marked with a vertical line and the flow direction is

illustrated by an arrow

FIGURE 11 Silica agglomeration (dark grey) located in the

upper left part of specimen 8 � 4 � 16. Top: View from the side.

Bottom: View from the top

MARYAMH ET AL. 1245
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However, there are obvious differences in tensile strength
of the different subspecimens. In the following, each
specimen will be discussed separately.

4.1 | Specimen 4 � 4 � 16

This specimen is of the same size as the specimens investi-
gated in the prior study.6 It mainly serves as a baseline and
to ensure reproducibility of the production and the analysis
protocols. Indeed, the plots for the AFP and the fibre

orientation deviation shown in Figure 10 are similar for the
new specimen and the specimen used in Reference 6. The
stress strain curve shown in Figure 9a cannot be compared
to the prior study where bending, not tensile, tests were
performed.

4.2 | Specimen 8 � 4 � 16

The stress strain curves of specimen 8 � 4 � 16 are
shown in Figure 9b. Based on the production process,

FIGURE 12 Specimen 8 � 4 � 16:

Centred AFP along the Z-direction (top),

and deviation of the fibre orientations

from the Z-axis (bottom) along the Z-

direction. The position of the silica fume

agglomeration is shown in dark grey.

The casting point is marked with a

vertical line and the flow direction is

illustrated by an arrow

FIGURE 13 Specimen 8 � 4 � 16: Centred AFP (left) and deviation of the fibre orientations from the Z-axis (right) along Y-direction

(top) and along the X-direction (bottom). The position of the silica agglomeration is shown in dark grey

1246 MARYAMH ET AL.

 17517648, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202000753 by R

heinland-Pfälzische T
echnische U

niversität K
aiserslautern-L

andau, W
iley O

nline L
ibrary on [15/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



similar results for the left and the right specimen are
expected. The observation that the left specimen is wea-
ker than the right one can be explained by the presence
of a large agglomeration of silica fume in the left part of
the specimen, see Figure 11.

Both specimen parts are slightly weaker than specimen
4 � 4 � 16 which may be explained by a larger variability
of the local fibre geometry. In particular, we observe
slightly stronger fibre misalignment than in specimen

4 � 4 � 16, see Figure 12. Additionally, fibre mis-
alignment is observed in the bottom part of the specimen,
see Figure 13. Due to the increased specimen width, flow
lines to the side are observed resulting in fibres pointing
towards the outer edge of the samples in X-direction. The
fibre content is reduced in the left specimen part which

FIGURE 14 Specimen 4 � 4 � 32: Subvolume rendering (top),

centred AFP (middle) and deviation of the fibre orientations from

the Z-axis (bottom) along the Z-direction. The casting point is

marked with a vertical line and the flow direction is illustrated by

an arrow

FIGURE 15 Specimen

4 � 4 � 32: Centred AFP (left)

and deviation of the fibre

orientations from the Z-axis

(right) along Y-direction (top)

and along the X-direction

(bottom)

FIGURE 16 Specimen 4 � 8 � 32: Subvolume rendering (top),

centred AFP (middle) and deviation of the fibre orientations from

the Z-axis (bottom) along the Z-direction. The casting point is

marked with a vertical line and the flow direction is illustrated by

an arrow. The subvolume rendering shows less fibres in the top

front part of the specimen than in the bottom front part

MARYAMH ET AL. 1247
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may partially be explained by a displacement of the fibres
to the right due to the silica agglomeration (Figure 13, bot-
tom left). It seems that this displacement also leads to the
fibre misalignment towards the right edge of the specimen
(Figure 13, bottom right).

In the opinion of the authors, the increasing fibre
fraction at the bottom (Figure 13, top left) should not be
interpreted as fibre sedimentation. The consistency of the
mixture is very stable and the fibre geometry shown in
Figure 11 does not indicate fibre sedimentation. In con-
trast, the fibre geometry looks integrated, coherent and
harmonious as expected for the given flow direction
and casting point. The large deviation of the fibres from
the Z-direction in the bottom part is probably caused by
the interaction between the first concrete layers during
the casting process, when the fibre concrete of the new
layer flows over the previous one. This also applies to all
following specimens.

4.3 | Specimen 4 � 4 � 32

The stress strain curves shown in Figure 9c show a simi-
lar tensile behaviour in the front and the back part with
the back being slightly stronger. The back shows a lower
fibre content than the front, but a better alignment of the
fibres in the tensile direction, see Figure 14. Additionally,
fibres are more homogeneously distributed over the sam-
ple height in the back part, see Figure 15.

Both specimens show a reduced fibre density in the
upper part. The effect is more pronounced in the front
than in the back. Orientations are very homogeneous
over the complete height with no significant differences
between front and back. The profiles in X-direction show

FIGURE 17 Specimen 4 � 8 � 32: Centred AFP (left) and deviation of the fibre orientations from the Z-axis (right) along Y-direction

(top) and along the X-direction (bottom). Figure 18: Specimen 8 � 8 � 32: Subvolume rendering (top), centred AFP (middle) and deviation

of the fibre orientations from the Z-axis (bottom) along the Z-direction. The casting point is marked by a vertical line and the flow direction

is illustrated by an arrow

FIGURE 18 Specimen 8 � 8 � 32: Subvolume rendering (top),

centred AFP (middle) and deviation of the fibre orientations from

the Z-axis (bottom) along the Z-direction. The casting point is

marked by a vertical line and the flow direction is illustrated by an

arrow
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a symmetric and very homogeneous structure both
regarding fibre content and fibre orientation, see
Figure 15.

4.4 | Specimen 4 � 8 � 32

According to the stress strain curves, see Figure 9d, the
two lower specimens are clearly stronger than the two
upper ones. This observation can be explained by a
reduced fibre density and poorer fibre alignment in the
top part compared to the bottom, see Figures 16 and 17.
There is no significant deviation between front and back
parts. The fibre geometry is symmetric along its width.

4.5 | Specimen 8 � 8 � 32

The stress strain curves for the eight subsamples of this speci-
men are shown in Figure 9e. In general, there are no signifi-
cant differences between subsamples on the left and their
counterparts on the right. In the remaining directions, the
order from weakest to strongest is front top, back top, front
bottom and back bottom. Hence, the subvolumes from the
bottom are stronger than those from the top of the specimen.
This can be explained by the lower fibre density and larger
deviation from Z-axis in the top parts compared to the bot-
tom, see Figures 18 and 19. Additionally, the back part is
stronger than the front. The reason for this is less obvious.
The volume rendering in the side view shown in Figure 18

FIGURE 19 Specimen 8 � 8 � 32: Centred AFP (left) and deviation of the fibre orientations from the Z-axis (right) along Y-direction

(top) and along the X-direction (bottom)

FIGURE 20 Correlations between elastic (left) and ultimate (right) stress and strain

MARYAMH ET AL. 1249
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shows a wavelike pattern with strong directional deviations in
the front and in the upper back part. The trends in the curves
are similar to those obtained for the 4 � 8 � 32 specimen.

4.6 | Comparison of specimens

The calculated elastic and ultimate tensile strengths of the
subspecimens and the corresponding strains are plotted in
Figure 20. The elastic tensile strain ranges between 0.85 ‰
and 1.9 ‰ (mean value �1.3 ‰) and the ultimate tensile
strain ranges between 2.6 ‰ and 10.65 ‰ (mean value
approx. 6.5 ‰). As mentioned above, the results cannot be
used to evaluate the size effect on the original specimens.
They rather illustrate the influence of the specimen size on
the local strength due to local variations in the fibre geome-
try. Figure 20 shows that the subspecimens in the top tend
to have reduced elastic and ultimate strength compared to
those in the bottom. In the same way, subspecimens from
the front show a smaller strength than those from the back.
The difference between the left and right subspecimens
seems to be negligible. Subspecimens of specimen 4 � 8 �
32 are stronger than the corresponding subspecimens of
the enlarged specimen 8 � 8 � 32. Subspecimens of
the smaller specimens 4 � 4 � 16 and 4 � 4 � 32 show a
higher strength than those from the large specimens.

5 | CONCLUSION

In this article, the influence of the specimen size on the fibre
geometry in fine-grained UHPFRC blended with 2 Vol.%
straight micro-fibres was investigated. Specimens were pro-
duced in five sizes and cut into subspecimens of equal size.
The subspecimens were imaged by micro-computed tomogra-
phy. The fibre system was characterised slice-wise by comput-
ing the local fibre content (AFP) and fibre alignment
(deviation from the Z-axis). Correlations between the fibre
geometry and the tensile strength of the subspecimens were
investigated. The general finding is that the fibre geometry
changes locally when increasing the specimen size. This
change depends on the direction in which the sample is
enlarged, i.e., increasing the width has a different effect than
increasing the length or depth. The following conclusions can
be drawn:

• Up to reflection, the fibre geometries in the left and
the right subspecimen show the same behaviour.
Hence, also the results of the tensile tests are similar
for left and right subspecimens. An exception was
specimen 8 � 4 � 16 which contained an abnormally
large silica fume agglomeration. In absence of such
anomalies, increasing the width of the specimen will

most likely have a negligible influence, if the casting is
performed over the whole specimen width.

• Wavelike patterns induced by the flow lines close to
the casting point are more pronounced in higher and
longer specimens. This resulted in a reduced tensile
strength of the front subspecimens in specimens
4 � 8 � 32 and 8 � 8 � 32.

• For fixed cross-section size, increasing the specimen
length gradually decreases the fibre content along the
Z-axis. However, the alignment to the Z-axis improves.

• Edge effects of different magnitude were observed
close to the sides and the bottom in all specimens.

• Local changes in the fibre geometry resulted in varying
tensile strength of the subspecimens. Subspecimens
showed an increased tensile strength in the bottom
and back parts and a decreased tensile strength in the
top and front parts. This is consistent with findings in
References 31,32.

• Compared to the smallest specimen 4 � 4 � 16, sub-
specimens of the larger specimens showed a slight
reduction in the tensile strength.

In conclusion, changing the specimen size causes local
changes in the fibre geometry which influences the tensile
strength. Specimen height appears to be the most deter-
mining parameter followed by specimen length. Specimen
width seems to be less important. For further investigation
of the size effect on the flexural behaviour of UHPFRC,
mechanical tests will be performed on a series of speci-
mens of different sizes. These tests may also reveal to
which extent the mechanical strength of a large specimen
can be inferred from information on the subspecimens.
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