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Summary

This thesis presents the results from investigations on micro-fiber reinforced
cement, obtained from pullout experiments and uniaxial tensile tests.
The micro-fibers used were produced by cutting fibers from a fine steel wire,
which ensured a straight geometry of the fiber. The fibers were produced at
the Institute for Building Materials at ETH Zurich.
After an overview of preliminary investigations on the bending behavior of
specimens containing cut fibers in comparison to industrially produced micro-
fibers, this study is focused on the single fiber pullout behavior and uniaxial
tensile tests.
Single fiber pullout tests were performed with two different wire types: an un-
annealed and an annealed wire, which was heat-treated at wire production.
Compared to the un-annealed one, the annealed wire shows a lower strength
but a much larger strain capacity. These two wire types were then embedded
in cement matrices with different w/c-ratios and with varying lengths. In or-
der to perform these tests in an environmental scanning electron microscope
(ESEM) a micro tensile test device was developed. The in-situ tests in ESEM
allow to measure the fiber slip from the ESEM images. By comparing the dis-
placement measured from the ESEM pictures to the displacement measured
with the LVDT mounted on the device the pullout start can be identified and
the elastic deformation of the free fiber length can be identified. The results
of the pullout tests show that for lower w/c-ratios larger pullout strengths
can be obtained, whereas the pullout work, which is defined as the area un-
der the load displacement diagram from peak-load, increases with increasing
w/c-ratio. For the annealed wire both the pullout load and the pullout-work
basically remained constant for all w/c-ratios and all embedded lengths, which
results from the wire behavior. The un-annealed wire shows differences both
for different w/c-ratios as well as for different embedded lengths. For 2mm
embedded length a clear decrease in the maximum pullout-load can be ob-
served with increasing w/c-ratio whereas for 3mm and 4mm the values stay
constant. The pullout-work per mm embedded length was observed to in-
crease with increasing embedded length. A possible explanation for this was
found in longitudinal sections of the pullout specimens and the pulled-out
wire. Close to the surface a larger porosity was observed for all specimens.
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This surface effect is relatively larger for small embedded lengths. For larger
w/c-ratios a de-bonding can be observed between fiber and matrix and due
to the porous matrix cracks occur in the matrix close to the fibers. This leads
to cement particles sticking to the fiber and may result in an interlock during
fiber pullout.
A second focus was the behavior of micro-fiber reinforced cement subjec-
ted to uniaxial tension. The tests were performed on dogbone-shaped speci-
mens with freely rotating supports. Apart from tests on specimens containing
micro-fibers the size effect phenomenon was investigated by scaling the cement
grains and the fibers as well as the specimen size. Furthermore, the whole
test set-up was scaled, including the hinges that allowed for free rotation of
the loading platens. For comparison reasons tests on specimens with differ-
ent sizes made of identical material were performed. The scaled material was
tested with w/c=0.2 and 0.3 whereas the identical material was tested only
with w/c=0.2. The results show that the size effect was not only affected by
the varying size of the structure, but also by scaling of the material itself. The
scaling factor in this case is different from the scaling factor used for identical
material, because the area of the interface between fiber and matrix is the
important factor for fiber-reinforced materials. Although the size effect could
be diminished, the results with the scaled material still show a size effect
which can be explained with the hydration products that show the same size
for small cement grains as well as for large cement grains. This affects the
interface between fiber and matrix which is an important factor for the fiber
bond. However, these results show, that apart from the change of structural
size, the micro-structure of the material itself has a large influence on the size
effect.



Zusammenfassung

In dieser Arbeit werden Ergebnisse von Untersuchungen an mikrofaser-ver-
stärktem Zementstein gezeigt. Diese wurden anhand von Faserauszugver-
suchen und uniaxialen Zugversuchen ermittelt.
Die verwendeten Mikro-Fasern wurden produziert, indem Stücke von einem
Feindraht abgeschnitten wurden. Durch dieses Verfahren wurde sicherges-
tellt, dass die Fasern eine glatte Oberfläche und gerade Enden aufwiesen. Die
Fasern wurden am Institut für Baustoffe an der ETH Zürich produziert.
Nach einem Überblick über Voruntersuchungen zum Biegeverhalten von Ze-
mentstein-Proben mit selbst geschnittenen Fasern im Vergleich zu industriell
gespanten Mikro-Stahlfasern konzentriert sich diese Arbeit auf Einzelfaser-
Auszugversuche und uniaxiale Zugversuche.
Die Einzelfaser-Auszugversuche wurden mit zwei verschiedenen Draht-Typen
durchgeführt: Einmal mit ungeglühtem Draht und mit geglühtem Draht,
der bei der Faserproduktion erhitzt wurde. Verglichen mit dem ungeglühten
Draht hat der geglühte Draht eine geringere Zugfestigkeit, aber ein viel höheres
Dehnungsvermögen. Diese beiden Draht-Typen wurden in Zementstein mit
verschiedenen w/z-Werten und in verschiedenen Längen eingebettet. Um die
Zugversuche in einem Elektronenmikroskop (ESEM) durchzuführen, wurde
eine Mikro-Zugbühne entwickelt. Bei in-situ-Versuchen im ESEM kann der
Faserauszug anhand von ESEM-Bildern gemessen werden. Durch Vergleichen
der Drahtverschiebung aus den ESEM-Bildern mit der Verschiebung, die an
der Zugbühne mit einem Wegaufnehmer gemessen wurde, kann der Start des
Faserauszugs bestimmt und die elastische Verformung des freien Drahtes iden-
tifiziert werden. Die Ergebnisse der Auszugversuche zeigen, dass für kleinere
w/z-Werte höhere Auszugskräfte erreicht werden. Im Gegensatz dazu steigt
die Auszugsarbeit, die als die Fläche unter dem Last-Verschiebungsdiagramm
von der Maximalkraft an definiert ist, mit höherem w/z-Wert an. Beim
geglühten Draht bleiben die Auszugskraft und die Auszugsarbeit sowohl bei
allen w/z-Werten als auch bei allen Einbindelängen konstant. Dies kann durch
das Drahtverhalten erklärt werden kann. Der ungeglühte Draht zeigt sowohl
bei unterschiedlichen w/z-Werten als auch bei verschiedenen Einbindelängen
Unterschiede: Bei 2 mm Einbindelänge kann ein klarer Abfall der Auszugs-
kraft mit steigendem w/z-Wert festgestellt werden, während bei 3 und 4 mm
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die Werte konstant bleiben. Die Auszugsarbeit pro mm Einbindelänge wird
mit steigender Einbindelänge grösser. Eine mögliche Erklärung für dieses
Verhalten wurde an Längsschliffen von Auszugsproben und am ausgezogenen
Draht gefunden. Nahe der Oberfläche wurde eine erhöhte Porosität an al-
len Proben festgestellt. Dieser Randeffekt ist, relativ gesehen, grösser bei
kleineren Einbindelängen. Bei grösseren w/z-Werten kann ein Ablösen nicht
nur zwischen Faser und Matrix festgestellt werden, sondern auch in der porösen
Kontaktzone nahe der Faser. Dies führt dazu, dass Zementpartikel an der
Faser haften bleiben und zu einer Verkantung während des Auszugversuchs
führen.
Ein weiterer Fokus wurde auf Zugversuche an mit Mikro-Stahlfasern verstärk-
tem Zementstein gelegt. Die Zugversuche wurden an Schulterproben mit
frei drehbarer Lagerung durchgeführt. Neben den Zugversuchen an Proben
mit Mikro-Stahlfasern wurde der Massstabseffekt untersucht, indem die Aus-
gangsmaterialien, wie Zementkörner und Fasern, gleich wie die Probengeomet-
rie skaliert wurden. Des weiteren wurde die gesamte Aufhängung der Proben,
inklusive der Gelenke und Belastungsplatten skaliert. Zum Vergleich wurden
Proben in unterschiedlicher Grösse aus dem gleichen Material hergestellt. Das
skalierte Material wurde mit w/z-Werten 0.2 und 0.3 hergestellt; die Proben
aus dem gleichen Material wurden nur mit w/z=0.2 hergestellt. Die Ergeb-
nisse zeigen, dass der Massstabseffekt nicht nur durch die unterschiedliche
Grösse der Proben sondern auch durch das unterschiedliche Material beein-
flusst wird. Der Skalierungsfaktor ist für die Proben aus skaliertem Material
ein anderer als für die Proben aus gleichem Material, weil die Kontaktzone
zwischen Faser und Matrix die massgebende Grösse für faserbewehrte Ma-
terialien ist. Obwohl der Massstabseffekt vermindert werden konnte, zeigen
die Ergebnisse mit skaliertem Material noch immer einen Massstabseffekt.
Dieser kann dadurch erklärt werden, dass die Reaktionsprodukte die gleiche
Grösse bei kleinen wie bei grossen Zementkörnern aufweisen. Die Hydrata-
tionsprodukte beeinflussen die Kontaktzone zwischen Faser und Matrix, die
ein wichtiger Faktor für den Faserverbund ist. Diese Ergebnisse zeigen jedoch,
dass neben den Unterschieden in der Probengrösse auch die Mikro-Struktur
des Materials selbst einen grossen Einfluss auf den Massstabseffekt hat.
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m Weibull modulus

t Time [sec.]

V Specimen volume in a log σ − log V relationship

w/c Water-cement ratio



1. Introduction

1.1. Background

It is well known that, compared to the compressive strength, cement-based
materials show relatively small tensile strength. With the addition of fibers
made of various materials and different geometries both the ductility (or
toughness) and the tensile strength of a composite can be highly increased.
Due to its large Young’s modulus, high strength and similar behavior under
varying temperature, steel is used as reinforcement for concrete by means of
bars or meshes. Based on the idea of distributing the reinforcing steel evenly
throughout the material, steel fiber reinforced concretes were developed by
adding the reinforcement directly during the mixing procedure. Steel fibers
or other high modulus fibers seem preferential as they can much better carry
the load of the fractured brittle cement matrix. Romualdi and Batson (1963)
found that the strength of the composite depends on the fiber distance . Fur-
thermore, it is well known that different fiber geometries lead to different
stress-strain behaviors of the fiber concrete (see, for example Betterman et al.
(1995)). Large fibers are able to bridge macro-cracks, leading to an increase
of ductility, whereas small fibers are able to bridge micro-cracks before the
nucleation of larger cracks. With the addition of very small fibers the tensile
strength can be increased, see Fig. 1.1.

In recent years hybrid-fiber concretes were developed with flexural strengths
exceeding 45-50MPa (Rossi and Renwez (1996), Markovic et al. (2003a), Stähli
and van Mier (2004) and others). As long fibers tend to ball at higher volumes
the production of self-leveling/self-compacting concretes becomes difficult. In
contrast, short fibers can be added at larger volumes and are therefore pre-
ferred for this purpose. This results in the development of concretes containing
a full range of fibers from small to large fibers.

Through previous investigations on steel micro-fiber reinforced cement it was
found that the strength of the material can be improved significantly (Banthia



2 1. Introduction

(a) Schematic drawing of
a crack with different fibers.

Strain

S
tr

es
s

matrix
large fibers
micro-fibers

(b) Stress-strain relations for different
fibers.

Figure 1.1.: Illustration of crack-bridging capacity of different fibers, from
Betterman et al. (1995).

and Sheng (1991)). Ostertag and Yi (2007) investigated the crack growth res-
istance of micro-fiber reinforced mortar specimens. Uniaxial tensile tests with
specimens containing 3mm micro-fibers with up to 7 vol.-% were performed by
Banthia et al. (1994). Also, Banthia and Sheng (1996) compared the fracture
toughness of cement composites containing carbon, steel and polypropylene
micro-fibers with fiber volumes up to 3 %. Furthermore, the durability of
micro-fiber reinforced mortars was investigated. Examples for studies on this
subject can be found in Pigeon et al. (1996) and Grubb et al. (2007).

1.2. Scope of the research

The aim of the research presented in this thesis is improving the understand-
ing of the interaction between micro-steel fibers and cement. The micro-steel
fibers were produced by cutting a fine-wire into small pieces. The micro-
fibers used for this research were produced with a prototype of a cutting ma-
chine at the Institute for Building Materials at ETH Zurich. The produced
straight fibers show a smooth surface and straight ends. In order to invest-
igate parameters like wire-type, embedded length and water/cement-ratio on
the bonding behavior, single fiber pullout-tests were performed. Parts of these
tests were performed in-situ in an environmental scanning electron microscope
(ESEM). In order to perform the tests in ESEM, a micro tensile testing device
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was developed. With this device it was possible to perform single fiber pullout
tests with a displacement rate of 1µm/sec.
Furthermore, uniaxial tensile tests were performed on dogbone shaped speci-
mens containing aligned micro-fibers. The alignment of the fibers was ensured
by a special filling method. The material was pumped into the mould from
the bottom up. The analysis of cross-section showed that the alignment of
the fibers with this method worked very well.
In order to investigate possible reasons for the size effect, which means de-
creasing nominal strength with increasing structural dimension, the material
used for the specimens with micro-fibers (cement grains and fibers) as well
as the moulds and the whole testing setup with freely rotating supports were
scaled with a factor 4. The uniaxial tensile tests were performed under closed-
loop test control. By scanning the surface of the specimens during testing,
surface strains were analyzed using digital image correlation (DIC). With
these methods differences between small and large scaled specimens became
visible. In order to compare the results, the tests were also performed with
specimens containing identical material in different sizes. The results show,
that by scaling the materials as well as the specimen size, the size effect can be
affected. This shows that the influence of the material has to be differentiated
from the effect of structural size.

1.3. Outline of the thesis

This thesis is divided into 5 chapters. After an introduction the performed ex-
periments will be explained with detailed descriptions of procedural methods
and results of the investigations. The contents of the chapters are described
below.

• Chapter 2:
In this chapter preliminary investigations on microfiber reinforced ce-
ment are presented. Differences between industrially produced micro-
fibers and the fibers produced in our institute are highlighted. Further-
more, the production method of the micro-fibers used for this thesis is
described.

• Chapter 3:
The micro-mechanical investigations, in particular single fiber pullout
tests and investigations of microfiber cement using ESEM are presen-
ted here. The micro tensile testing device developed for in-situ tests
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in ESEM as well as a measuring technique of fiber slip in ESEM is
introduced.

• Chapter 4:
This chapter describes the uniaxial tensile tests performed with mi-
crofiber cement as well as the size and scale effect investigations with
scaled material and scaled testing setup. Additionally, the results of
the digital image correlation are presented. Possible reasons for the size
effect are discussed.

• Chapter 5:
This chapter discusses correlations between pullout tests and uniaxial
tensile tests. Furthermore, a simple relation between single fiber pullout
test and uniaxial tensile tests with aligned fibers is presented. Finally,
conclusions and an outlook are given on topics that can be of interest
based on the presented investigations.
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2.1. Cut fibers and industrially produced fibers

2.1.1. Introduction

The work with micro-fibers should contribute to enlightening the micro-crack-
ing behavior of cementitious materials. The use of steel fibers, as well as the
effect of fiber geometry on cracking behavior and the combination of fibers
with different geometries, has been intensively studied during the past dec-
ades. Rossi and Renwez (1996), Markovic (2006), Stähli (2008) for example
developed concrete mixtures containing a full range of different fiber geomet-
ries. Steel-fibers are available on the market and are used in the construction
industry, for example for shotcrete in tunnel constructions. Even micro-steel-
fibers are already industrially used, for example for repair layers (Banthia
and Dubeau (1994) and Brühwiler et al. (2007)). The micro-fibers that are
currently available on the market show no straight geometry, since they are
produced by chipping the fibers from a steel block. As shown in Figure 2.1a
with this procedure no smooth fiber-surface and no exact geometry can be ob-
tained. Micro-fibers with a constant and defined geometry as well as a smooth
surface can hardly be found, and this is especially true for steel-micro-fibers.
To get an impression of the effect of fiber surface and geometry, bending tests
were performed with both industrially produced steel micro-fibers and micro-
fibers cut from a fine-wire (see Figure 2.1b), which we produced ourselves in
the lab (see chapter 2.2). Because of the small amount of fibers we were able
to produce in the lab, the specimens had to be very small.

2.1.2. Bending tests

In order to see an effect of fiber type on the bending properties of micro-
fibre reinforced cement three-point bending tests were performed on small
beams. The geometry of the tested beams was 10mm x 10mm x 60mm. The
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(a) Industrially produced fibers. (b) Fibers cut from a fine-wire.

Figure 2.1.: Different types of steel micro-fibers.

mixture contains cement (CEM I 52,5R), water, superplasticizer and fibers.
The use of superplasticizer was required because a water/cement-ratio of 0.2
was chosen for the mixture. The mixture shows a lower porosity around
the fibers with lower w/c-ratios, This phenomenon will be explained more in
detail in the following chapters. The small beams were de-moulded after one
day and stored in a climate chamber with 95%RH and 20◦C. After 28 days
the specimens were tested on a Zwick universal electro-mechanical testing
machine. The tests were performed in displacement control and were stopped
as soon as, in the softening regime, the load decreased to 5% of the maximum
load.
As illustrated in Figure 2.2 the results of the three-point bending tests clearly
show that specimens with cut fibers (CF) are able to bear much higher loads
than specimens containing industrially produced fibers (IPF). The mean value
of flexural strength with cut fibers was already observed to double with a
5% fiber content, and the maximum was reached with 7% fiber content by
Banthia et al. (1994). At 10% fibre content the maximum strength decreased
due to material heterogeneity. During mixing the fibers showed a tendency
to dot together resulting in the production of an inhomogeneous material.
Especially in case of very small specimens this effect has a large impact on
the flexural behavior. Also remarkable is the much larger scatter in the results
with cut fibers. A possible explanation for the large scatter can be the random
distribution of the fibers inside the material. Fiber distribution and fiber
alignment are explained in the following chapters.

Figure 2.3 shows the stress-displacement diagrams for specimens with 5%
fiber content. The dashed lines define the area with the stress-displacement
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Figure 2.2.: Comparison of flexural strengths over fibre content for 2mm
with d = 50µm cut fibers (CF) and industrially produced fibers (IPF)
with similar geometry.

curves for 5% cut fibers, the dotted lines define the curves for 5% industrially
produced fibers and the solid line shows the behavior of the cement paste as
a reference. The specimens with cut fibers (Figure 2.4b) show a much larger
maximum strength as well as a much larger maximum deformation. The area
under the curves, which can be interpreted as fracture energy, is much larger
for specimens with cut fibers than for specimens with industrially produced
fibers. Whereas the flexural strength is approximately 1.5-2 times higher for
specimens containing cut fibers, the fracture energy of these specimens even
increases with a factor 4-5 compared to the specimens with industrially pro-
duced fibers.

The large increase of energy observed for specimens containing cut fibers can
be explained by looking at pictures of the cracked specimens. Figure 2.4
shows typical cracks that occurred with different fiber types. The specimen
with cut fibers shows a widely opened crack and bridging micro-fibers can be
seen in the crack mouth. On the contrary the crack shown in Figure 2.4a is
very narrow and virtually no bridging fibers can be seen, which demonstrates
that the rough surface of the industrially produced micro-fibers leads to a
strong bond between fibre and matrix. The strength of the bond is larger
than the tensile strength of the fibre, resulting in a fibre break during the
bending test. The smooth surface of the cut fibers leads to a fiber pullout
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Figure 2.3.: Flexural stress - displacement diagrams for specimens with
cut fibers (CF) and industrially produced fibers (IPF) obtained from
3-point bending tests.

which is responsible for the better fiber bridging before and after the peak
load. After the first crack occurs the cut fibers can carry the load, bridge
the crack and are pulled out, resulting in the large fracture energy observed.
The industrially produced fibers show a much smaller bridging capacity and,
consequently, a much lower fracture energy.

(a) Crack with IPF. (b) Crack with CF.

Figure 2.4.: Cracks at specimens with different fibre types.

Also, the results of the three-point bending tests performed with cut fibers
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show a much larger scatter than the results obtained from tests with indus-
trially produced fibers (see Figures 2.2 and 2.3). Figure 2.4b also provides a
possible reason for the large scatter. The fibers that can be seen in the crack
are randomly oriented. Only the fibers that are oriented mostly in direction of
the principal stresses are capable of bridging the crack, whereas fibers oriented
perpendicular to the direction of principal stresses are not sufficiently able to
contribute to the crack bridging. Specimens with fibers oriented mostly in
direction of principal stresses are therefore able to bear higher loads than spe-
cimens with randomly oriented fibers. Because of the random orientation of
the fibers in the specimens even specimens with the same fiber content show
a large scatter. The orientation of the industrially produced fibers is not rel-
evant for the results because the fibers are not pulled out. As the industrially
produced micro-fibers do not show a straight geometry, an alignment is hard
to achieve.

In order to confirm the above assumptions, the fiber alignment was tested by
cutting the specimens closely to the crack after testing. Pictures of the cross-
sections were analyzed with regard to fiber distribution and fiber alignment.
Examples of cross-sections are shown in Figure 2.5.

(a) Good fibre alignment. (b) Poor fiber alignment.

Figure 2.5.: Binary images of cross-sections close to the cracks.

A much lower bending strength was observed for specimens with poor fiber
alignment, such as the example shown in Figure 2.5b, than for specimens
with better fiber alignment, demonstrating the influence of fiber alignment
in bending performance. Fibre alignment is also responsible for the scatter
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of the test results. In order to decrease the scatter a means for aligning the
fibers during specimen production was required.

Alignment of fibers for bending specimens

As a consequence of the problems mentioned above a method for aligning the
fibers mostly in direction of principal stresses had to be developed. Previous
investigations by ? already showed that fibers can be aligned by means of
special filling methods. These methods, however, were tested with mixtures
containing much larger fibers. Nevertheless, the idea of aligning the fibers
with a special moulding technique could also be applied to the mixture with
micro-fibers. A U-shaped mould was produced where the mixture is filled
in on one side, flows to the other side and climbs up against the surface of
the other side. In order to observe the filling process the mould was made of
acrylic glass as shown in Figure 2.6.

Figure 2.6.: Picture of acrylic glass mould for U-shaped specimens.

After de-moulding prisms were cut out of the U-shaped material samples.
Prism I is cut out of the side where the material is filled into the mould,
prism II is cut from the area were the material flows horizontally whereas
prism III is the one cut out from the side where the material flows in an
upward direction, see Figure 2.7.

The dimensions of the prisms cut out of the U-shaped material were 115mm
x 20mm x 20mm. Subsequently, four-point bending tests for investigating
the influence of the filling method on the results were performed with these
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Figure 2.7.: Schematic drawing of U-shaped specimen showing the prisms
cut-out from it.

prisms. Figure 2.9 shows the results observed for specimens containing 5%
cut fibers. For comparison to industrially produced fibers the results for 3%
industrially produced fibers were added. The largest flexural strengths for
specimens with cut fibers were observed for prisms cut from the horizontally
flowing and the climbing parts of the mould (Prisms II and III). The scatter
of the results greatly decreased compared to the three-point bending tests
which were previously performed with un-aligned fibers. However, for speci-
mens with industrially produced fibers, no influence of the filling method on
flexural strength could be observed, confirming the conclusions drawn from
the previous three-point bending tests. A possible reason for the results for
industrially produced fibers can be the geometry of the fibers. The straight
cut fibers can be aligned easily, whereas the randomly formed industrially pro-
duced fibers are hard to align. In addition, an aligned industrially produced
fiber is still not straight because of its geometry, see Figure 2.8.

The stress-displacement curves in Figure 2.10 also show the difference men-
tioned above. The larger scatter for the curves obtained with the method
”I”in comparison to the others is clearly visible. The curves plotted are the
maximum and minimum curves, i.e. the other results are in the area between
these curves.

Conclusions

The presented results show that it is possible to align straight fibers with
special filling methods. Flowing or climbing of the material into or within
the mould are the best methods for aligning the fibers. The bending results
of the tested specimens with aligned fibers show less scatter than the results
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(a) Aligned CF. (b) IPF.

Figure 2.8.: ESEM pictures of aligned cut and industrially produced fibers.
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Figure 2.9.: Flexural strengths of four-point bending tests with prisms cut-
out of U-shaped mould.

obtained for specimens with un-aligned cut fibers. However, the maximum
bending strengths of the four-point bending tests can not be directly compared
to the three-point bending results because the testing method is a different
one and the dimensions of the tested specimens are not the same. With a
four-point bending test the maximum moment is constant between the points
of load application, whereas the maximum moment is only reached at the
load application point in the three-point bending test. This leads to the fact
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Figure 2.10.: Stress - displacement diagrams for four-point-bending tests
with different filling methods. Filling methods I, II & III see Figure
2.7.

that in most cases at three-point bending tests cracks occur under the load
application point, however, due to the constant moment between the load
application points at the four-point bending test cracks occur in this area at
the point where the material is the weakest, see Figure 2.11. However, the
different dimensions of the specimens also play a role in the results. The
different surface/volume relation and consequently also different shrinkage
and temperature behavior influence the results. Therefore the results are not
compared directly here.

Figure 2.11.: Three and four-point bending test setup with bending mo-
ments.

The results can, however, be directly compared regarding the scatter of the
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results and the filling method. The alignment of industrially produced fibers
has no influence on the results of the bending tests. The industrially produced
fibers show a rough and undefined surface which makes a fiber pullout difficult
or even impossible. Also, the fibers are not straight (see Figure 2.8b) which
makes alignment difficult if not impossible.

Hybrid fiber concrete with industrially produced fibers

Investigations with different hybrid fiber concretes showed that a combin-
ation of fibers with different geometries can improve the strength, fracture
toughness and ductility of the material ( Rossi and Renwez (1996), Markovic
(2006), Stähli (2008)). Large fibers are able to bridge macro-cracks whereas
small fibers act on the bridging of smaller micro-cracks. Upon combination of
different fiber geometries the material is able to bridge small and large cracks,
which can significantly increase the strength and ductility of the material.
With the addition of industrially produced micro-fibers the performance of
HFC could be improved, especially in the pre-peak regime. The possible in-
fluence of micro-fibers on the performance of HFC was tested in four-point
bending tests. These tests were performed by Vetter (2008) and Meier (2008)
in a BSc-thesis.
To this end, 3% micro-fibers were added to a hybrid fiber mixture. The de-
tailed mixtures are listed in tables 2.1 and 2.2.

Table 2.1.: Matrix mixture composition for self-leveling HFC.

Material Amount Fraction
kg/m3 %

CEM I 52.5 R 1053.3
Fly-ash 253.3 }Binder : 75%
Microsilica 106.7
Quarz powder 97.0 5
Sand (≤ 0.5mm) 373.3 20
Super-plasticizer 21.06 2% of cement fraction
Water 282.7 w/b-ratio: 0.2

Subsequently, these mixtures were used to produce prisms with the dimen-
sions 280mm x 70mm x 70mm. The specimens were de-moulded after one
day and stored in a climate chamber at 95% RH and 20◦C. Additionally the
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Table 2.2.: Fiber composition of HFC mixtures.

Fiber length 30mm 12mm 6mm IPF ∼2mm
Fiber diameter 0.6mm 0.2mm 0.15mm ∼0.05mm
Mixture % % % %
HFC 1 1.5 2 0
HFC + IPF 1 1.5 2 3

specimens were covered with plastic foil in order to ensure a constant humid-
ity and to avoid water evaporation that can lead to drying shrinkage cracks.
After 28 days four-point bending tests were performed.

The bending tests were performed on a Zwick electro-mechanical universal
testing machine with a 200kN load-cell. In order to record the displacements,
displacement transducers were mounted on the beams. 4 LVDTs were moun-
ted in the loading lines on each side of the beam, see Figure 2.12a. The LVDTs
were mounted on supports glued onto the beams. The displacements between
the bottom of the beam in the loading-lines and the steel-rod in the neutral
axis were recorded. For analyzing the data the mean value of all four LVDTs
was used. The supports for the LVDTs were glued in that position because
usually the cracks occur between the loading-lines and have no influence on
the supports glued next to this area, see Figure 2.12b.

(a) Test Setup (b) Setup after test

Figure 2.12.: Four-point bending test setup before and after a test.

The results of the tests show the different behavior of the materials. The
stress-displacement diagrams, shown in Figure 2.13, show for HFC a linearly-
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elastic regime to half of the maximum load. After that a non-linear behavior
up to the peak load can be observed, see Figure 3.12a. The HFC mixture with
the addition of industrially produced fibers shows a much larger linear beha-
vior, up to 90% of the peak load, see Figure 3.12b. Similar results with the
addition of micro-fibers were obtained by Lawler et al. (2003). Surprisingly,
the mixture with IPF does not show a higher maximum strength than the
pure HFC, even though it contains additional 3% of micro-fibers. Also, the
area under the stress-displacement curve does not change remarkably. Fur-
thermore the scatter of the maximum strengths is smaller for the mixture
with micro-fibers. The fibers in the HFC mixture as well as in the mixture
with IPF were not aligned, the moulds were just filled in a usual way. This
can be a reason for the scatter in the HFC mixture.
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Figure 2.13.: Stress - displacement diagrams for four-point-bending tests
on HFC and HFC with IPF.

After the four-point bending tests were performed, the specimens were impreg-
nated with fluorescent epoxy. For this, the specimens were put in a vacuum
chamber and in vacuum the epoxy was filled over the beam, after that the
vacuum was released so that the epoxy was pushed in small cracks with the
help of the atmospheric pressure. After one day the epoxy was hardened and
the specimen was cut. The cut surfaces were observed under UV-light under
which the fluorescent epoxy was visible. Pictures of the surfaces were taken
and used for comparison of the two different mixtures. This method was de-
veloped for viewing cracks in concrete by Vonk (1992) and Van Mier (1991)
after that it was used by Van Vliet (2000b), Bisschop (2002) and Stähli (2008).

Examples for cracks of the different materials are shown in Figure 2.14. The
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HFC specimen shows smaller cracks next to the large crack whereas the spe-
cimen with IPF shows less of the smaller cracks. The small distributed cracks
at the HFC surface (see Figure 2.14a) can be an explanation for the early
beginning of the non-linear regime in the stress-displacement curves. Many
small cracks occur which can be bridged with the small fibers in the HFC mix-
ture. At peak load small cracks connect to a larger main crack which leads to
failure. This crack can still be bridged with the large fibers in the mixture,
but no additional load can be carried which results in the post-peak behavior.
The mixture containing additional micro-fibers shows a larger linear-elastic
behavior. Less small cracks can be observed on the specimen surface, see
Figure 2.14b. The small micro-cracks can be bridged with the micro-fibers
and through this a larger linear-elastic behavior occurs. At higher loads and
with larger deformations the cracks can not be bridged with the microfibers
anymore and a non-linear behavior can be observed. The forces are already
that large that the peak load is reached just after this. The micro-fibers do
not play a role for the post-peak behavior because they can not bridge large
cracks, so the post-peak behavior is similar to the HFC mixture. More details
of these investigations can be found in Vetter (2008) and Meier (2008).

(a) Crack in HFC (b) Crack in HFC + IPF.

Figure 2.14.: Cracks in specimens after testing.

2.1.3. Discussion and Conclusions

The preliminary tests with different types of micro-fibers showed the poten-
tial of these fibers. Previous investigations on cement containing industrially
produced micro-fibers already showed the capacity of this reinforcement. The
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bending tests mentioned above show clearly that with industrially produced
micro-fibers the bending strength can be increased a lot. In combination with
hybrid-fiber concrete it seems that the addition of micro-fibers leads to an
enlargement of the linear elastic regime in the pre-peak behavior. Arising
of micro cracks which lead to a non-linear behavior can be bridged by the
micro-fibers and with this the material shows a larger linear elastic behavior.
The tree-point bending tests clearly show the potential of straight micro-fibers
cut from a fine-wire. The defined geometry with a smooth surface leads to a
fiber pullout contrarily to a fiber break that occurs with industrially produced
fibers resulting from the rough surface which makes a fiber pullout impossible.
By aligning the straight fibers the scatter of results can be decreased, whereas
aligning of industrially produced fibers does not affect the results.
The performed tests lead to the conclusion that aligned straight micro-fibers
show the best results in bending tests and show the largest potential. For this
reason further experiments will concentrate on single fiber pullout and tests
with aligned micro-fibers.

2.2. Fibre production

2.2.1. Introduction

In order to achieve a good bond between fibre and matrix the fibers should
have a size according to the size of the cement grains. Cement grains typically
have diameters between 1µm and 200µm. The steel fibers available on the
market with a smooth surface have lengths varying between 6mm and 50mm
and diameters between 0.15mm and 1mm. The aim was to work with fibers
with smaller dimensions but with a smooth surface and constant geometry.
We therefore looked for fibers with diameters between 30µm and 60µm and
lengths between 1mm and 3mm. Since we did not find such fibers on the
market we decided to produce the fibers ourselves.

2.2.2. Principle of fibre production

The idea was to cut the fibers from a fine-wire. Fine-wires made of stainless
steel with diameters between 30µm and 60µm are available on the market
and are, for example, produced as raw material for filter production. The
advantage of this method is that we can vary the length of the fibers and
by using another fine-wire we can also vary the diameter. The idea for fibre
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production is very simple but techniques to produce large amounts of such
fibers are barely established. We started to cut the fine-wire with a so-called
”automatic scissor”, see Figure 2.15. This machine was developed by Schmid
(2007) during a master thesis.

(a) Picture of machine. (b) Drawing of machine.

Figure 2.15.: Picture and drawing of ”automatic scissor”, with 1: motor,
2: wire coil, 3: wire feed and 4: scissors.

Despite the simplicity of the idea, there were many difficulties with the imple-
mentation. Even though it was possible to cut the wire into pieces automat-
ically with this technique, this occurred at very low speed. Therefore only a
very small amount of fibers could be produced with this machine. Moreover,
the machine stopped during the process due to problems with feeding the wire
and abrasion of the scissors. Consequently a very time consuming mainten-
ance was necessary during fiber-production. Despite these limitations we were
able to produce enough fibers to perform three-point bending tests on small
specimens (see chapter 2.1.2). As the results of the first bending tests showed,
the cement matrix containing cut fibers is a material that shows much greater
potential than the cement matrix reinforced with industrially produced fibers.
Bearing this in mind and in order to be able to perform more experiments
with this material a method to produce a larger amount of cut fibers was
needed.
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2.2.3. Material for fiber production

As mentioned above, a fine wire served as raw material for fiber production.
It was made of stainless steel (AISI 304L) with a thickness of 50µm. Two
different types of wire were used for fiber production. One type was annealed,
that means the wire was heat-treated during production, whereas the other
type was un-annealed. The annealed wire shows a much higher strain capa-
city but a lower tensile strength than the un-annealed wire. Reasons for the
different behavior of the two wires can be found in the micro-structure of the
wire. ESEM pictures of the micro-structures of the two different wires are
shown in Figure 2.16. The recrystallization after the heat treatment is clearly
visible. The chemical composition of the wire types is listed in table 2.3 and
the mechanical properties of the two different types of wire are listed in table
2.4.

(a) Un-annealed wire (b) Annealed wire

Figure 2.16.: Micro-structure of different wire types.

As can be seen from table 2.3 the chemical composition of the two wire-types
is very similar. Important elements are the amount of carbon (C) and the
amount of cromium (Cr) and nickel (Ni). The fractions of these elements are
nearly the same for both wire types, and therefore the wires can be compared.
The assumption of the same raw material can be made.

In contrast to the similarities in chemical composition, the mechanical prop-
erties such as strength and strain capacity of both wire-types are highly differ-
ent (see table 2.4). The reason for these differences lies in the changes in the
micro-structure of the material, resulting from heating the wire, as mentioned
above.
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Table 2.3.: Chemical composition of the two different wire types.

Elements Fraction [%]
Annealed Un-annealed

C 0.023 0.02
Si 0.39 0.38
Mn 1.38 1.38
P 0.03 0.03
S 0.0005 0.0006
N 0.024 0.023
Cr 18.39 18.18
Cu 0.46 0.41
Mo 0.43 0.35
Ni 9.75 9.71

Table 2.4.: Mechanical properties of the two different wire types.

Type Ult. stress Rp0.2 Elongation D
Rm [MPa] [MPa] A100 [%] [mm]

Annealed wire 919 449 26.9 0.0498
Un-annealed wire 2361 2231 0.55 0.0503
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2.2.4. Fiber cutting machine

The Swiss company SOMA AG developed a prototype of a wire cutting ma-
chine for our particular needs (see Figure 2.17). The machine had to fulfill
the following criteria: First the machine should be capable of cutting a fine
wire with a diameter d = 50µm in pieces with lengths varying between 1 and
3mm. Second, the cutting performance should be at least 100 cuts per second.
Moreover, the wire should also be cut in a way that ensures a constant length
and a straight cut surface. Finally, the cutting process should not require
much maintenance. A schematic drawing of the prototype is shown in Figure
2.18.

Inside the machine the wire is pushed through a small hole in a disk. On
the other side of the disk a knife rotates and cuts the wire into small pieces.
By changing the speed of the wire feed in relation to the knife rotation the
length of the fibers can be adjusted. Figure 2.19 shows a detail of the cutting
machine with the wire feed and the rotating knives. For continuous and fast
wire production 12 knives were mounted on a rotating jig.

Figure 2.17.: Picture of cutting machine developed by SOMA AG (1=wire,
2=plate with rotating knives, 3=collecting tray, 4=balance).

Despite fulfilling two of the desired specifications, the performance of the pro-
totype was much lower than requested and the maintenance was very high.
The main problems at wire production was the abrasion of cutting knives.
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Figure 2.18.: Schematic drawing of cutting process with the cutting
machine-prototype (1=wire, 2=wire feed, 3=plate with small whole
for wire, 4=rotating knife).

Figure 2.19.: Detail of cutting machine; wire feed and rotating knives
(without plate).
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The knives had to be changed frequently which required a large amount of
maintenance and therefore the amount of knives was reduced later on. The
cutting process was checked permanently with a camera and with a balance
that recorded the weight of the produced fibers (see Figure 2.17). Further-
more, the fiber geometry and cutting surface were checked frequently under
the microscope to ensure a constant quality of the fibers. However, with
this machine we were able to produce the amount of fibers needed for our
experiments.



3. Micro-mechanical
Investigations: Fiber Bond

3.1. Investigated parameters and testing method

3.1.1. Introduction

In order to understand the mechanical behavior of a fiber-matrix composite
it is essential to understand the micro-mechanical behavior. The fiber-matrix
interface and its mechanical properties are important parameters to determ-
ine the behavior of the composite material.
Investigations on the fiber-matrix interface are usually done with pullout-tests.
With these tests parameters like the force needed to slip the fiber partly or
completely out of the matrix material, the maximum pullout force, the fric-
tion between fiber and matrix and the work needed for the pullout can be
determined.
Next to the fiber-pullout test there are also other possibilities for investigating
the fiber-matrix interface. A comparison of different methods can be found
in Herrera-Franco and Drzal (1992).
Research on fiber-pullout has been done for many years. Fiber pullout tests
were performed with different fiber materials in cement matrices, see for steel
fibers Pinchin and Tabor (1978), Shah and Ouyang (1991), Naaman et al.
(1991), Sujivorakul et al. (2000), Guerrero and Naaman (2000) and Naa-
man and Sujivorakul (2001), for hooked and straight steel fibers Cunha et al.
(2008), Markovic et al. (2003a). Furthermore, a surface treatment of fiber
was investigated with pullout tests, see Maage (1977). Pullout tests with
PVA fibers were performed by Singh et al. (2004), Li et al. (1996) among
others. The influence of fiber diameter on the pullout response for PVA fibers
was investigated by Betterman et al. (1995). Butler et al. (2009) performed
pullout tests on textile reinforced concrete containing multi-filament yarns of
AR-glass. Models for fiber pullout were also developed by various research-
ers, see Lawrence (1972), Kanda and Li (1998) and Kerans and Parthasarathy
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(1991).
In order to investigate the behavior of composites under seismic and impact
loading, pullout tests were performed with different loading rates, see Kim
et al. (2008) and Millon et al. (2010). Also, the maximum embedded length
with which a pullout is possible before the fiber breaks can be found by vary-
ing the embedded length of a fiber, or by determining the friction coefficient
between fiber and matrix.
In order to activate the fiber to its full potential, the fiber should not be too
small; if the fibers are too small, they slip out of the material at a tensile load
that is much lower than the fiber strength. On the other hand, if the fibers
are too long, they cannot be pulled out of the specimen, because the fibers
break prior to this. The optimum fiber length is reached when the fiber is
pulled out at a load just below the fiber strength. Equation 3.1 shows the
relation between fiber stress and pullout length.

σf ∗ πr2
f = τfm ∗ 2πrf ∗ le (3.1)

with:
σf= fiber stress
rf = fiber radius
τfm = shear stress between fiber and matrix
le = embedded length

At a given shear stress between fiber and matrix the embedded length should
be chosen so that the fiber stress remains below fiber strength σfult.

σf < σfult (3.2)

The values for the interfacial bond strength τfm can be derived from the pull-
out results. An overview of bond strengths obtained for different composite
materials can be found in De Vekey et al. (1968). A linear assumption for the
bond strength can be drawn as follows:

τfm =
Fb
πdle

(3.3)

This equation refers to the post-peak behavior of pullout tests, where the
bond force after the peak Fb and the geometry of the fiber (d:diameter and
le: embedded length) are used. A linear decrease of force until the maximum
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pullout length is assumed. However, during pullout tests on polymer fibers
and especially at small embedded lengths for different fiber materials a load-
drop after the maximum pullout force to a force Fb can be observed. This
load-drop, which is shown in figure 3.1a, indicates an instantaneous crack
growth between fiber and matrix. The adhesion forces between fiber and
matrix are suddenly released and the fiber pullout starts. This behavior can
be observed in pullout tests on fibers with a rather low stiffness. In pullout
tests with high modulus fibers, like in the present case, and with increasing
embedded length the load-drop after peak can not be observed. In this case
Fb = Fmax. The differences between these two cases are shown in figure 3.1.
As this behavior also depends on the embedded length (see Kim et al. (1991)),
the sudden load drop after peak can partly also be observed in the case of steel
fibers. Kelly (1970) proposed that the area between 0, Fel, Fmax and Fb can
be seen as the energy required to break the bond between fiber and matrix.
Furthermore, an important parameter to identify the fiber de-bonding is the
force at the end of the linear-elastic regime Fel. More sophisticated models of
this phenomenon were developed by Chanvillard (1999), Stang et al. (1990)
and Singletary et al. (1997) among others.
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Figure 3.1.: Pullout force-displacement diagrams for different fiber bonds.

Kim et al. (1991) introduced an instability condition for fiber pullout-tests:
If the embedded length is much smaller than the maximum bond length, a
sudden load-drop after the peak, which leads to an instability, can be meas-
ured. The probability for this instability decreases with increasing embedded
length. This shows that even with low chemical bonds a sudden load-drop
can be observed due to instability of fiber-pullout.
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3.1.2. Influences on the fibre-bond

Introduction

When interpreting pullout test results, all possible influences on the bond
between fiber and matrix should be considered. Therefore, it is of great
importance to ensure that apart from the parameter that is varied all other
parameters are kept as constant as possible in all testing series. Consequently,
both the materials and the sample production procedure had to be the same
for all specimens.

Wire type and geometry

The pullout tests were performed with two different wire types, which were
both made of the same material (AISI 304L). One wire type was annealed,
which means the wire was shortly heated whereas the second type was un-
annealed. The fibre diameter d = 50µm was the same for both types of wire.
The diameter was checked on different wire pieces in an electron microscope.
Due to fibre production it is possible that the wire surface shows irregularities
through the abrasion of drawing dies. This is usually checked during wire
production, but this was also checked with the help of an electron microscope
before using the wire to produce the specimens, see Figure 3.2. Irregularities
on the wire surface can have a large influence on the bond between wire and
matrix. Therefore, for avoiding these influences the wire was checked and
only wires with a smooth surface were used. Furthermore, since oil is used
during wire production, residual oil can remain on the wire surface. This oil
film had to be removed by cleaning the wire with acetone before embedding
it into the cement matrix. The oil film can work as a separator between
fiber and matrix and can thus have a large influence on the bond. Especially
with annealed wires the oil film can be found at the wire surface because
the heat treated wire is cooled down in an oil bath. During fiber production
the residues were removed by pulling the wire through a textile clamp before
cutting. In practical circumstances it is hard to remove all residuals from
the fiber surfaces, but as this study concentrates on the influence of selected
parameters on the fiber bond additional parameters, like residuals on the fiber
surface had to be removed. Therefore, the bond strength between fiber and
matrix in practical circumstances can be lower.
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Figure 3.2.: ESEM picture of a wire surface.

Parameters of cement matrix

The raw material used for the cement matrix was a fine grained ordinary
portland cement (CEM I 52,5 R). The grains were almost all smaller than
45µm. The largest cement grains show the same diameter as the wire. With
small grains around the wire the packing density before hydration is much
better than with larger grains. Too much hollow space between the grains and
the grains and fibre should be prevented because small holes are more easily
filled with hydration products than larger ones. Large grains can therefore
lead to a higher porosity of the cement matrix after hydration, which may
impair the bond between fiber and matrix. Figure 3.3 illustrates the fibre
surrounded by different size particles.

Furthermore, the water/cement-ratio also has a large impact on fibre bond.
In general, small w/c-ratios result in better bonding of fibre and matrix than
larger w/c-ratios. To investigate the influence of w/c-ratio on the porosity
around the fibre three series of specimens with w/c=0.2, 0.3 and 0.4 were
produced and the surface of polished cross-sections was observed in the ESEM.
The pictures were analyzed and the porosity was identified and quantified
with threshold-images. Figure 3.4 shows the porosity versus the distance to
the fiber. It is clearly visible that with smaller w/c-ratios the porosity around
the fiber decreases. A w/c-ratio of 0.4 causes surplus water to remain on the
wire surface and leads to a large porosity around the fibre. Matrices with a
w/c = 0.3 typically showed less porosity and with w/c=0.2 almost no porosity
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(a) Large particles. (b) Small particles.

Figure 3.3.: Steel fibre (black) between different sized cement particles
(gray) before hydration.

around the fibre was observed (see figure 3.4). Figure 3.5 shows three cross-
sections of specimens with different w/c-ratios, which clearly demonstrate
the increasing porosity and the decreasing amount of un-hydrated cement
particles with increasing w/c-ratio.
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Figure 3.4.: Porosity versus distance to fibre for different w/c-ratios (see
also Oberer (2008)).

Reasons for the larger porosity around the fiber for larger w/c-ratios can be
the initial lower particle density around the fiber due to the wall effect. This
hollow space is filled with water. The water in the bulk matrix between the
cement particles is used for hydration and with larger w/c-ratios more water
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(a) w/c=0.2 (b) w/c=0.3 (c) w/c=0.4

Figure 3.5.: ESEM pictures of polished cross-sections (black is porosity,
light gray is hydrated cement and irregularly shaped white grains are
un-hydrated cement particles).

is available than needed for hydration which leads to a larger porosity in the
matrix. The higher concentrations of water close to the fiber in the hollow
space and the lower amount of cement particles which need the water for
hydration lead to the larger porosity in this interfacial transition zone.
Furthermore the larger amount of super-plasticizer in the mixtures with lower
w/c-ratios has influences on the porosity. Details of the functioning of polymer
superplasticizers can be found in Flatt and Houst (2001). Investigations by
Durekovic and Tkalcic-Ciboci (1991), Khatib and Mangat (1999) and Huang
(2001) showed that the use of super-plasticizer leads to a lower amount of
porosity and a smaller pore diameter. Results obtained by Thannei (2009)
also showed this influence of super-plasticizer (SP). ESEM images of polished
cross-sections clearly show this influence. An example is shown in figure 3.6.

(a) without SP. (b) with SP.

Figure 3.6.: ESEM pictures of polished cross-sections showing the influ-
ence of super-plasticizer (SP) for w/c=0.4).
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3.1.3. Micro-mechanical testing device

Boundary conditions for the device

In order to perform the pullout tests presented in this chapter a special micro-
mechanical testing device was developed. The device had to fulfill certain
criteria. Firstly, it should be possible to perform the pullout tests in-situ in
an environmental scanning electron microscope (ESEM). The space in the
specimen chamber of the ESEM is limited and consequently, the dimensions
of the device are limited as well. Secondly, since the device was designed to
work in a humid environment, all mechanical components consisted of stainless
steel. Furthermore, the tests should be performed in displacement control with
a rate of 1µm/sec. Forces up to 10N were expected for the tests. Therefore,
in addition to its small size, the load-cell should have an appropriate capacity
and should be designed for the use in vacuum. Finally, to avoid deformations
of the loading stage that can influence the tests, the frame should be stiff. A
displacement transducer was needed with high accuracy. The tests had to be
controlled from outside the ESEM and the force and deformations had to be
logged.

Tensile testing device

The tensile testing device consists of a stepper motor with a gear (1:900) that
can move a cross-beam along two threaded rods. A 20N load-cell is placed
opposite of the cross-beam. A displacement transducer (LVDT) mounted at
the side of the rig is used to measure the displacement of the cross-beam, and
with that, the movement of the specimen, see figure 3.7. The displacement
of the cross-beam is controlled with the rotation of the stepper motor, which
allows a displacement rate of 1µm/sec.. Higher displacement rates can be
used for positioning of the cross-beam.

The load-cell and the LVDT are connected to an amplifier (MGCplus, HBM).
The analog signals from the amplifier are converted to a digital signal that
can be processed by the computer. A software (Labview) produces the load-
displacement diagrams and saves the data. The stepper motor is controlled
with a software that is connected to the motor encoder, which gives the elec-
trical impulses to the stepper motor. A special connector was needed for
connecting the test rig to the amplifier and the motor encoder. The wires are
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Figure 3.7.: Tensile test rig with 1: stepper motor, 2: gear 1:900, 3: cross-
beam, 4: 2mm displacement transducer, 5: 20N load-cell, 6: specimen
(Rieger and van Mier (2009)).

plugged in the connector inside the ESEM chamber and outside to the instru-
ments. Additionally, the ESEM is controlled with a second computer. With
this computer parameters such as working distance, contrast and brightness
can be adjusted and pictures can be taken and saved. A schematic diagram
of the complete equipment is shown in figure 3.8.
After the tests the ESEM pictures can be analyzed with a software, included
in the ESEM control, which allows measuring the distances with a high ac-
curacy.

Figure 3.8.: Schematic diagram of equipment to control the tensile test rig
and the ESEM.
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3.2. Fiber-pullout tests

3.2.1. Testing series

Materials

Cement matrix The pullout tests were performed with specimens made of
cement paste surrounding an embedded steel fine-wire with a diameter of
50µm. The specimens were cylindrical with a diameter of 10mm. The thick-
ness (length) of the samples was varied with the embedded fiber length. For
this testing series an ordinary portland cement (CEM I 52,5 R) was used, the
chemical composition is listed in table 3.1.

Table 3.1.: Chemical composition of the cement used for the specimens.

Clinker Phase Fraction [%]
CaO 61.5
SiO2 19.8
Al2O3 4.9
Fe2O3 3.3
MgO 2.1
K2O 0.83
Na2O 0.31
others 7.26

According to the small diameter of the wire the cement grains had to be small,
too. Therefore, a cement with a Blaine value of 5060cm2/g was used. The
grain size distribution is listed in table 3.2. Almost all grains of the cement
(99.4%) are smaller than 45µm.

The pullout-tests were performed on wires embedded in cement matrices
with varying water/cement ratios of 0.2, 0.3 and 0.4, respectively. Figure
3.5 already showed polished cross-sections of a fine-wire embedded in cement
matrices with different w/c-ratios. These pictures clearly demonstrate the
influence of w/c-ratio on the structure of the cement matrix, as previously
explained in section 3.1.2.
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Table 3.2.: Grain size distribution of the cement used for the specimens.

Grain size [µm] Fraction [%]
16 70.8
32 94.8
45 99.4
63 100
90 100
200 100
d(10%) 1.6 µm
d(50%) 9.5 µm
d(90%) 26.6 µm

Fibers As previously mentioned in chapter 2.1 two different types of wire
were used for the pullout-tests: Annealed (temperature treated) and un-
annealed, respectively. Details of the fine-wires can be found in tables 2.3
and 2.4. For the pullout-tests there was no need for cutting the fine-wire into
short fibers, and therefore longer pieces of wire were used for producing the
specimens.

3.2.2. Specimens

In addition to varying the parameters mentioned above, like wire type and
w/c-ratio, the embedded length was varied as well. The embedded length is
an important factor for investigating the optimum fiber length. For pullout
tests three diffent embedded lengths were used: 2mm, 3mm and 4mm. It is
important to use fibers with a length smaller than the critical fiber length,
which can be calculated with equations 3.1 and 3.2. Too long fibers can lead
to fiber rupture. Subsequently a sudden failure of the embedded wire can
occur, whereas smaller fiber lengths lead to fiber pullout which results in a
distinct softening behavior.
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3.2.3. Sample preparation

Casting

Accuracy of sample preparation is very important for obtaining reliable res-
ults. Due to the limited dimensions of wire and specimen already small de-
viations can have large influences on the results. It had to be ensured that
the wire is placed in the centerline of the cement cylinder.For this purpose
the wire was clamped in the mould and aligned. Subsequently, the mould
was closed and the cement paste was filled in. With this technique it can be
ensured that the different mixtures are comparable and reproducible. The
production procedure of the pullout specimens is shown in figure 3.9. Sim-
ilar techniques for preparing specimens for fiber pullout were developed, for
example by Wang et al. (1988) and Katz and Li (1996).

Figure 3.9.: Schematic drawing of specimen production procedure.

Curing In relation to their volume, small specimens have a much larger
surface than specimens with larger dimensions. For this reason, one has to be
aware that surface effects like drying shrinkage can affect smaller specimens
more than larger ones. In order to avoid shrinkage cracks on the surface and
to keep eigenstresses low, the specimens were carefully cured. The pullout-
specimens were de-moulded after one day and stored in tap water for 27 days.
Figure 3.10 shows a cross-section of a specimen with shrinkage cracks. It can
be observed that these cracks can have large influence on the test results.

Preparing for testing In order to ensure a well defined embedded length
the specimens were ground at one side. The ground side always was the side
where the matrix was filled into the mould. After grinding, the specimen was
plane on the side where the wire comes out of the cement paste as well as
on the ground side, which allowed exact measuring of the thickness of the



3.2. Fiber-pullout tests 37

(a) Shrinkage cracks. (b) Without cracks.

Figure 3.10.: Cross-sections of pullout specimens with shrinkage cracks
(left) and without shrinkage cracks (right).

cement cylinder, which is equal to the embedded fiber length. To enable a
mounting of the specimens on the tensile test rig the ground side was glued
to a steel support, which was cylindrically-shaped like the specimen itself,
with the same diameter. A screw thread was drilled in the center of the steel
support. Figure 3.11 shows a schematic drawing of a specimen glued onto a
steel support.

Figure 3.11.: Schematic drawing of a pullout specimen with support.

In this case the specimen was fixed on the bottom to the test rig. Another
possibility to fix the specimen is to restrain the specimen on the top side. This
method can lead to additional lateral stress on the fiber-matrix interface,
see Markovic et al. (2003b). A theoretical comparison between these two
boundary conditions was done by Hsueh (1990).
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3.2.4. Results of pullout-tests

Analyzed parameters

The results of the pullout tests were analyzed and the pullout-curves obtained
with the varied parameters were compared, and Fmax, the maximum pullout
force, as well as Fel, the force at the end of the linearly-elastic regime, were
determined. Since the pullout-process starts from the peak load, the area
under the pullout curve from the maximum pullout force, Wpo, was determined
by means of equation 3.4.

Wpo =

∫ wmax

wFmax

F (w)dw (3.4)

The parameters mentioned above are depicted in figure 3.12.
The linearly-elastic part of the pullout-curve can be considered as the wire
behavior, which depends on the free wire length in the testing device (l0)
and the deformation of the bonded embedded fiber. As the deformation of
the fully bonded wire is very small compared to the elastic wire behavior,
as an assumption, the strain of the wire can be calculated by dividing the
displacement in the linear-elastic regime by l0. In order to separate the free
wire behavior from the pullout behavior the pullout tests were performed
inside an ESEM. In the ESEM the pullout length can be measured from the
images with much more accuracy than just with the LVDT mounted on the
testing device.
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Figure 3.12.: Pullout force-displacement diagrams with description of ana-
lyzed parameters.
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Pullout load-displacement curves

The results of the pullout tests are shown in figures 3.13 to 3.15. On the
left side the figures show the load-displacement diagrams for specimens with
un-annealed wires (UA), whereas on the right side the diagrams for specimens
with annealed wires (AN) are shown. For each embedded length the w/c-ratio
was varied; the results for each w/c-ration are shown as well. The pullout-
curves are shown in order to give an overview of the test-results. The detailed
analysis of the parameters mentioned above is shown below.
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Force-Displacement diagrams for le = 2mm

0 1 2

0

1

2

3

Displacement [mm]

F
or

ce
[N

]

(a) UA le = 2mm, w/c=0.2

0 1 2

0

1

2

3

Displacement [mm]

F
or

ce
[N

]

(b) AN le = 2mm, w/c=0.2

0 1 2

0

1

2

3

Displacement [mm]

F
or

ce
[N

]

(c) UA le = 2mm, w/c=0.3

0 1 2

0

1

2

3

Displacement [mm]

F
or

ce
[N

]

(d) AN le = 2mm, w/c=0.3

0 1 2

0

1

2

3

Displacement [mm]

F
or

ce
[N

]

(e) UA le = 2mm, w/c=0.4

0 1 2

0

1

2

3

Displacement [mm]

F
or

ce
[N

]

(f) AN le = 2mm, w/c=0.4

Figure 3.13.: Pullout diagrams for specimens with le = 2mm.
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Force-Displacement diagrams for le = 3mm
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Figure 3.14.: Pullout diagrams for specimens with le = 3mm.
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Force-Displacement diagrams for le = 4mm
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Figure 3.15.: Pullout diagrams for specimens with le = 4mm.

.
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Maximum pullout-force Fmax

The first peak force in a pullout test is considered as the point were the
fiber pullout starts. This value is important for characterizing the pullout-
behavior. In some cases after de-bonding and during fiber pullout the force
reaches higher values than the first peak where the pullout starts. In these
cases the force reached at the first peak is considered as Fmax, which makes
sure that the same values are compared. The pullout behavior after the first
peak is considered in the calculation of the pullout energy, which is shown
below.
As expected, the largest pullout force was reached with the un-annealed wire
and with the lowest w/c-ratio. Compared to le = 3mm and le = 4mm,
respectively, the influence of the w/c-ratio on the maximum pullout force is
much larger with le = 2mm.
The maximum pullout force was expected to decrease with increasing w/c-
ratio. However, this effect could only be observed with the un-annealed wire.
The tests with the annealed wire showed a nearly constant maximum pullout
force with increasing w/c-ratio. The following figures show the mean-values
and the standard deviation.

0.2 0.3 0.4
0

1

2

3

w/c-ratio

F
m
a
x

[N
]

UA2
UA3
UA4

(a) un-annealed wire

0.2 0.3 0.4
0

1

2

3

w/c-ratio

F
m
a
x

[N
]

AN2
AN3
AN4

(b) annealed wire

Figure 3.16.: Maximum pullout force with different w/c-ratios.

The specimens with le = 4mm and le = 3mm show nearly the same pullout
force.
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Interfacial bond strength τfm

By using equation 3.3 and assuming Fb = Fmax the interfacial bond strength
τfm can be calculated. The results for different embedded lengths and w/c-
ratios are plotted in Figure 3.17. Here only the results for un-annealed wire
are shown, because specimens with anneled wire do not show much differences
for Fmax with different embedded lengths.
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Figure 3.17.: τfm for different embedded lengths and varying w/c-ratios.

Figure 3.17 shows a decrease of bond strength with increasing embedded
length. Figure 3.17b shows the differences of bond strength with varying
w/c-ratios. One can see that with larger embedded lengths the difference
between w/c-ratios become smaller. The surface effects shown in figure 3.22
can be a reason for the differences. For small embedded lengths the surface
effects play a larger role. However the measured bond strengths are compar-
able to the results published by De Vekey et al. (1968). A decreasing bond
strength with increasing embedded length was already observed by Maage
(1977), who investigated the influence of different surface treatments of steel
fibers on the pullout behavior. For PVA fibers this phenomenon is not that
distinctive as observed by Singh et al. (2004). Possible reasons for this can
be different surface effects for steel/cement and PVA/cement. The results of
these investigations are plotted in Figure 3.18.
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Figure 3.18.: τfm obtained from pullout experiments with steel fibers by
Maage (1977) and PVA fibers by Singh et al. (2004).

Force at the end of the linear elastic regime Fel

Interestingly, only the un-annealed wire shows great variation in the force
at the end of the linear elastic regime (Fel). Once more, the influence of
the w/c-ratio was observed to be the largest for specimens with le = 2mm.
Furthermore, Fel was observed to decrease slightly for specimens with le =
3mm and w/c = 0.4, whereas Fel stays nearly constant for specimens with
le = 4mm at different w/c-ratios.
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Figure 3.19.: Force at end of linear-elastic regime with different w/c-ratios.

The constant Fel for the annealed wire can be explained by the wire behavior.
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At a force of about 1N, the annealed wire shows a clear bend-over in the
force-displacement diagram. The pullout specimen shows a similar behavior
because the de-bonding and pullout-process starts later, as can be seen from
the results showed in figure 3.20.
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Figure 3.20.: Force-Displacement curves of wire behavior (dashed) and
corresponding pullout results (full lines) from Rieger and van Mier
(2009).
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Pullout work Wpo

The pullout work was calculated as the area under the pullout curve starting
from Fmax to the end (F = 0), as mentioned above. In order to compare the
values for different embedded lengths, the values for Wpo were normalized by
dividing the values through the original embedded length wmax = le.
Figure 3.21 shows Wpo for specimens with an un-annealed wire. A large
influence of the embedded length can be observed. Despite normalizing the
values, the work of specimens with 2mm embedded length is lower than the
one of those with 3 and 4mm embedded length. Moreover, with increasing
w/c-ratio the pullout-work tends to increase, as well.

0.2 0.3 0.4
0

1

2

3

water/cement-ratio

W
p
o
/l
e

[N
m
m
/m

m
]

UA2
UA3
UA4

(a) un-annealed wire

0.2 0.3 0.4
0

1

2

3

water/cement-ratio

W
p
o
/l
e

[N
m
m
/m

m
]

AN2
AN3
AN4

(b) annealed wire

Figure 3.21.: Pullout work per mm embedded length.

A possible explanation for the increase of Wpo with larger le can be found
in longitudinal sections of the specimens. From figure 3.22, which shows a
polished cross-section through the fibre and the interface, it can clearly be
observed that the interface shows a larger porosity at the right side near the
surface where the fibre is pulled out. Surface effects like this can be responsible
for a reduced bond between fibre and matrix. This effect is usually larger with
smaller embedded lengths. Reasons for this effect can be a channeling effect
at the interface between fiber an matrix. The surplus water that remains close
to the fiber, especially at large w/c-ratios (see Figure 3.5 comes due to the
setting of the cement particles along the interface to the specimens surface.
This works like a bleeding effect, observed for normal concrete. Due to this
the water concentration is larger in the interface at the surface of the specimen
and this leads to the larger porosity. This effect is larger at larger w/c-ratios
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because of the larger amount of water in the specimen. This effect can have
an influence on the bonding behavior and on the pullout results.

Figure 3.22.: Longitudinal polished section through fibre (white in the
middle d = 50µm) and surrounding matrix (Rieger and van Mier
(2009)).

Conversely, the specimens with annealed wire show a nearly constant normal-
ized pullout-work for all embedded lengths, but on a much lower level than
specimens with un-annealed wire, see figure 3.21b. A possible reason for this
phenomenon can be the wire behavior. As the annealed wire shows a much
larger strain capacity also a much larger contraction in the transverse direc-
tion can be assumed. This can lead to a de-bonding or a weakening of the
fiber matrix bond during fiber pullout.

For specimens with an un-annealed wire, the normalized pullout-work tends
to increase, while the maximum pullout force decreases, underlining the fact
that with low w/c-ratios a higher strength of the material can be achieved.
However, as expected, the strain capacity is lower in comparison to larger w/c-
ratios. This phenomenon can also be observed when looking at the pullout
curves for different embedded lengths and is described for example in Kim
et al. (1992). As shown in figure 3.23, the maximum pullout force remains
roughly the same, in contrast to the pullout energy, which shows greater
variation with increasing embedded length.

3.2.5. Pullout-tests in ESEM

Introduction

One specimen of each series was tested using ESEM. With this method it is
possible to observe the fiber-pullout during testing and allows pictures of this
process to be taken as well, by stopping the pullout test at different load-
stages.
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Figure 3.23.: Pullout curves for different embedded lengths UA w/c=0.2
(Rieger and van Mier (2009)).

In order to control the displacement an LVDT is mounted on the testing rig.
The displacement measured with the LVDT is the displacement between the
cross-beam and the frame (see Figure 3.7). This displacement includes not
only the fiber-pullout, but also possible deformations of the clamping, the
load-cell and the elastic wire behavior. In order to measure just the fiber
pullout, the pictures taken with the ESEM during testing were analyzed and
the fiber-pullout was measured in the pictures with a software included in the
ESEM control (XTDOKU).
The advantage of this method is the possibility to distinguish between residual
displacements, like displacements at the clamping, load-cell or the free wire
behavior and the pure fiber-pullout. The start of fiber pullout can easily be
identified with this method.

Procedure of analyzing ESEM pictures

For each picture the pullout test was stopped and at this point the load and
the displacement measured with the LVDT was logged. After testing the
ESEM pictures were analyzed and the displacement between the wire, at the
point were the wire comes out of the cement matrix and the cement matrix,
were measured from the pictures. This displacement was compared to the
displacement measured with the LVDT.
The different scales for measurement with LVDT and ESEM can be seen
in Figure 3.24, whereas the results of the different measuring methods are
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shown in Figure 3.26. It is clearly shown that displacements recorded with
the LVDT, especially in the pre-peak regime, were not measured in the ESEM.
That means, these displacements include some supplementary displacements.
Figure 3.26b shows the differences between the displacement measured with
the LVDT (wLV DT ) and measured with ESEM pictures (wESEM).

δw = wLV DT − wESEM (3.5)

Where δw is increasing until a constant level is reached. From the bend-over
point on the relative displacement measured with the LVDT is equal to the
one measured with ESEM pictures. This point usually is the point where the
pullout-process starts.

Figure 3.24.: Detail of tensile test rig with pullout specimen and ESEM
picture.

The ESEM measurement was performed with the program XTDOKU (in-
cluded in the ESEM control by FEI). With this program displacements can
be measured in an ESEM picture. ESEM pictures were taken at different
load-steps. At each load-step the force and the displacement measured with
the LVDT was logged and a picture was taken. After the test the ESEM
pictures were analyzed. To this end, the initial distance from a point at the
cement matrix to a point at the fibre was measured at t = n. At the next
load-step t = n+ 1 the distance was measured again. The difference between
w1 at t = n to w2 at t = n+ 1 is the displacement of the fiber. This method
only works if cement-residues on the fibre can be found (which do not move
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during the pullout test) in the ESEM picture, see Figure 3.25.

δwESEM = w2 − w1 (3.6)

The maximum pullout displacement or fiber slip can be calculated from this.

n=m∑
n=1

wn − wn−1 (3.7)

Figure 3.25.: ESEM measurement technique.
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Figure 3.26.: Pullout curves for specimen measured with LVDT and with
ESEM.
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Figure 3.27.: Example for pullout curves and ESEM pictures at different
load-steps I.
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Figure 3.28.: Example for pullout curves and ESEM pictures at different
load-steps II.
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Figure 3.29 shows the differences between the displacement measured with the
LVDT mounted in the testing device and the pullout displacement measured
with the help of ESEM pictures.

The difference δw (see equation 3.5) is plotted over the displacement of the
LVDT wLV DT . One can easily see that at the beginning of the pullout test the
differences increase until a certain point, where a bend-over is clearly visible in
all of the results. From this point on δw stays more or less constant. The bend-
over point in the diagrams shows the beginning of the fiber pullout. From this
point on the relative displacement measured with the LVDT is comparable to
the displacement measured with the ESEM pictures. The pullout curves with
displacements measured with LVDT and the ESEM method for all measured
pullout specimens can be found in the appendix (C).

The displacement values where the bend-over-point Pbo occurs from figure 3.29
are displayed against the embedded length in figure 3.31. From this figure
one can see, that for un-annealed wire the bend-over-point tends to decrease
with increasing embedded length, whereas for annealed wire δw seems to stay
more or less constant for varying embedded lengths. This constant value for
annealed wire again can be explained from the annealed wire behavior. At
a displacement of w = 0.1 − 0.2mm (depends on the free wire length) the
wire shows a bend-over itself in the force-displacement curve. The decreasing
δw in specimens with un-annealed wire was expected the other way around.
For larger embedded lengths a larger δw was expected, because for larger
embedded length the de-bonding process was expected to be more distinctive
than for smaller embedded lengths. A possible explanation can be that the
de-bonding process for larger embedded lengths (le) results in a larger wire
displacement. The de-bonded part of the fiber can deform more than the
bonded one. Thus, this deformation is hampered by the friction between fiber
and matrix after de-bonding. This deformation has to be added to the elastic
deformation of the free wire, see figure 3.30. This de-bonding phenomenon
is more distinctive for larger embedded lengths because of the surface effects
observed in figure 3.22, which have larger influence on specimens with smaller
embedded lengths. Due to the porosity at the surface, the de-bonding process
is not distinctive at le = 2mm. There the pullout process starts more or less
directly and due to the dense matrix resulting in a larger friction between
fiber and matrix the deformation of the de-bonded fiber is more distinctive
at larger embedded lengths were the de-bonding results in a displacement of
the fiber that can be observed in ESEM.

In the initial state the length where the elastic deformation of the fiber is
measured with the LVDT is just the free wire length lf , whereas during de-



3.2. Fiber-pullout tests 55

0 0.2 0.4 0.6 0.8

0

0.1

0.2

0.3

wLV DT [mm]

δ w
[m

m
]

w/c=0.2
w/c=0.3
w/c=0.4

(a) UA le = 2mm

0 0.2 0.4 0.6 0.8

0

0.1

0.2

0.3

wLV DT [mm]

δ w
[m

m
]

w/c=0.2
w/c=0.3
w/c=0.4

(b) AN le = 2mm

0 0.2 0.4 0.6 0.8

0

0.1

0.2

0.3

wLV DT [mm]

δ w
[m

m
]

(c) UA le = 3mm

0 0.2 0.4 0.6 0.8

0

0.1

0.2

0.3

wLV DT [mm]

δ w
[m

m
]

(d) AN le = 3mm

0 0.2 0.4 0.6 0.8

0

0.1

0.2

0.3

wLV DT [mm]

δ w
[m

m
]

w/c=0.2
w/c=0.3
w/c=0.4

(e) UA le = 4mm

0 0.2 0.4 0.6 0.8

0

0.1

0.2

0.3

wLV DT [mm]

δ w
[m

m
]

w/c=0.2
w/c=0.3
w/c=0.4

(f) AN le = 4mm

Figure 3.29.: Differences between LVDT and ESEM measurements for all
embedded lengths and all w/c-ratios.
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(a) Initial state. (b) Fiber de-bonding.

Figure 3.30.: Schematic drawing of fiber de-bonding during pullout test.

bonding the displacement increases by the displacement of the de-bonded part
of the fiber lf + ldb. The elastic deformation of the free wire can be described
as follows:

δlf =
σf · lf
Ef

(3.8)

At fiber de-bonding, as shown in figure 3.30b the force between de-bonded
and bonded fiber F I

f is smaller than the force applied to the fiber Ff . The
reduction results from the friction between de-bonded fiber and matrix, which
is assumed to be constant over the de-bonded fiber:

F I
f = Ff − τfm · ldb · df · π (3.9)

Resulting from this fact, the fiber displacement from equation 3.8 increases
with the displacement resulting from the fiber slip in the de-bonded area.
More details can be found in Kim et al. (1991) and Kerans and Parthasarathy
(1991).

3.2.6. Discussion and Conclusions

The pullout tests presented above clearly show the influence of wire type,
w/c-ratio and embedded length on the pullout behavior. The specimens with
annealed wire show much lower maximum pullout forces compared to the spe-
cimens with un-annealed wire. Additionally, an influence of embedded length
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Figure 3.31.: Displacement values at bend-over-point wPbo
against embed-

ded length.

and w/c-ratio could also not be observed for specimens with annealed wire.
Reasons for this can be found in the pure wire behavior. The annealed wire
shows a clear bend-over in the force-displacement diagram at about 1N. This
behavior was also observed during pullout tests.
The specimens with un-annealed wire show differences in pullout behavior
when varying the w/c-ratio and embedded length. Interestingly, with 2mm
embedded length the differences in maximum pullout force were found to be
much larger than with longer embedded lengths. On the other hand, the pul-
lout resistance decreases with increasing w/c-ratio, as it was expected. The
denser matrix around the wire at lower w/c-ratios, as shown in the pictures
of cross-sections in figure 3.5, provides an explanation for the observed beha-
vior.
The larger porosity around the fiber with larger w/c-ratios can also be re-
sponsible for the larger pullout-work that is absorbed for larger w/c-ratios.
At some parts of the interface between fiber and matrix, the larger porosity
leads to a cohesive crack in the porous interface and not to a clear adhesive
failure between fiber and matrix. As a consequence, cement particles remain
on the fiber, which leads to a particle interlock during pullout. This can ex-
plain the increase of force after the first peak. The normalized pullout-work
shows a clear increase with increasing embedded length, which can be ex-
plained by a larger regime of frictional pullout.
The maximum pullout force, as well as the force at the end of the linear elastic
regime do not show this clear tendency, see figure 3.32.
The values for Fmax shown in figure 3.16a and Fel from figure 3.19 are presen-
ted once more in figure 3.32. Here Fmax is plotted against the embedded
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length le. Although the results do not show a clear trend regarding le, we
nevertheless assumed an increase of Fmax and Fel with increasing le, as shown
by the dashed lines in figure 3.32. The slope of the dashed line for Fmax as
well as for Fel is mfpo = 0.25, which means that the maximum pullout force
as well as the force at the end of the linear elastic regime increases by 0.25N
per mm embedded length. The correlation between embedded length and
maximum fiber pullout force can be expressed as follows:

Fmax = le · 0.25[N/mm2] + F0 (3.10)

As the slope for the increase of pullout resistance with increasing le is just
an assumption which is derived from an area, that is restricted to the dashed
lines in figure 3.32, it should be noted that the values for the initial pullout-
force can vary for different w/c-ratios. As an approximation values for F0

between 1 and 1.5N can be used. Equation 3.10 can also be used to relate Fel
to le, but in this case values of F0 between 0.5 and 0.8 should be used. This
relation between le and Fmax will be used again in section 5.1.3 to relate the
results of single fiber pullout tests to the uniaxial tensile tests.
The assumption that the pullout strength increases with increasing embedded
length is also based on priviously performed pullout tests where the embedded
length of different fibers was varied: Singh et al. (2004) for PVA fibers and
Maage (1977) for steel fibers. The embedded lengths used in these tests, as
well as the respective differences in embedded lengths, however, were much
larger in these investigations. As the difference of embedded lengths is not
that large in the presented tests, possible surface effects might therefore have
a larger influence on the results, compared to when differences in embedded
lengths are larger.

Furthermore, a method for distinguishing the pure fiber pullout displacement
and the displacement of fiber pullout and free wire behavior was introduced.
By performing the pullout tests in ESEM, the pullout displacement at the
point where the fiber emerges from the matrix can be observed. From pic-
tures taken during fiber pullout in ESEM the fiber displacement at this point
can be compared to the displacement measured with the LVDT mounted on
the testing device. The δw between these values increases up to the bend-over-
point. From this point on δw stays nearly constant. The displacement values
at the bend-over-point were analyzed both for un-annealed and annealed wire.
Where the displacement at this point seems to be constant for different em-
bedded lengths in case of the annealed wire, the values for the specimens
with un-annealed wires decrease with increasing length. This decrease can
be explained with surface effects observed at longitudinal cross-sections. A
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Figure 3.32.: Fmax and Fel for different embedded lengths.

higher porosity could be observed at the surface of the cement matrix where
the fiber emerges. This effect has a relatively larger influence on specimens
with smaller embedded lengths.
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4. Macro-mechanical
Investigations: Uniaxial Tensile
Tests

4.1. Introduction

4.1.1. Investigations on size effects

It is well known that the nominal strength of a material is dependent on its
size. Investigations about this phenomenon go back to Leonardo da Vinci
and Galileo Galilei. By looking at shape and size one can easily see, that by
growing larger the relative surface area of an object decreases, while its volume
increases, when the shape remains unchanged. Galilei, for example, observed
that the strength of a bone depends upon the area of its cross-section, but
in order to provide the same relative strength a bone of a large animal must
be disproportionally thicker than a slender bone of a small animal, see Figure
4.1.

Figure 4.1.: Illustration of the relationship between the size of bones for
small and large animals by Galilei (1638).

In the 20th century a lot of scientists studied the size effect for different mater-
ials. Weibull (1939) was the first who extensively investigated the size effect
with different materials. The observations he made served as a basis for his



62 4. Macro-mechanical Investigations: Uniaxial Tensile Tests

theory for explaining the size effect, which became famous as the weakest link
theory (see also Weibull (1951)). This theory predicts that there is a larger
probability for defects in large specimens than in small ones and a structure
fails as soon as a critical defect may lead to collapse.
Weibulls theory is based on statistics. In a double logarithmic stress-size
diagram this theory is represented by a straight line. The following rela-
tion between nominal strength (σn) and characteristic size (D) was previously
presented by Bazant et al. (1991), where n is the scaling dimension and m is
the so-called Weibull parameter.

σ ∝ D−n/m (4.1)

The relation between size and nominal strength was experimentally shown
by Walsh (1972) with three point bending tests on notched specimens. He
introduced the notation of results in a double-logarithmic diagram. Leicester
(1973) formulated the relation between size and nominal strength as follows:

σN = A1D
−s, s ≥ 0 (4.2)

where A1 is a constant and D the characteristic specimen dimension. The
parameter s is the size coefficient, based on a specimen with specified shape
and loading condition. It represents the slope of the of the σn−D relation in
a double-log diagram.

Further experiments for investigating size effects were done with a large range
of sizes for example with sea ice by Dempsey and coworkers (Adamson et al.
(1995), Mulmule et al. (1995), Dempsey et al. (1999b) and Dempsey et al.
(1999a)). For concrete and rock uniaxial tensile tests were performed in a
range of 1:32 by van Mier and van Vliet (Van Vliet (2000b), Van Vliet and van
Mier (2000)). During these investigations also an influence of microstructure
on the size effect was observed (Van Mier and Van Vliet (2003)). Size effect
studies with double punch-tests on concrete cylinders were performed by Marti
(1989) in the range of 1:16.
Furthermore, the size effect was observed by modeling the material. This
was done successfully for example with the lattice model by Ince et al. (2003),
Lilliu (2007) and with realistic aggregate shapes by Man and Van Mier (2008).
The results of some of the mentioned experiments were used to modify models
for predicting the size effect for structures. Frequently discussed models in the
last decades are the Size Effect Law (SEL) by Bažant (1984) and the Multi
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Fractal Scaling Law (MFSL) by Carpinteri et al. (1994). Where the SEL is
a statistical energetic approach, the MFSL is a fractal model, both SEL and
MFSL are empirical models.
The SEL can be written as follows:

σN =
Bft√

1 +D/D0

. (4.3)

In this equation ft represents the tensile strength of the material and D is
the characteristic size of the specimen. B and D0 can be either estimated or
calculated from experimental results using:

D0 = cf
g′(α0, θ)

g(α0, θ)
(4.4)

Bft =

√
EGF

cfg′(α0, θ)
(4.5)

α =
a0

D
(4.6)

θ = 0 (4.7)

The parameter a0 represents the initial notch length and cf the size of the
fracture process zone; g(α0, θ) is the dimensionless energy release rate and its
first derivative is g′(α0, θ).

Hu and Wittmann (2000) used the characteristic length after Hillerborg et al.
(1976) which is proportional to the reference crack length a0:

lch =
E ·Gf

f 2
t

(4.8)

where E is the Young’s modulus, Gf the fracture energy and ft the tensile
strength. Using lch the SEL can be written as:

σN =
α · ft√
1 + β a

lch

(4.9)

in this equation α and β are dimensionless constants representing loading con-
ditions and specimen geometry. The parameter a is the reference crack size.
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Since these equations are based on notched specimens, the size effect law was
extended to specimens without notches. This became known as the Universal
Size Effect Law (USEL), for details see (Bažant and Yavari, 2005).

The Multi Fractal Scaling Law (MFSL), by Carpinteri et al. (1994) uses the
fractal geometry of the fracture surface at maximum stress. It can be written
as:

σN =

√
A+

B

D
(4.10)

where A and B are constants, which have to be determined from experiments.
D again represents the characteristic specimen size. Alternatively this equa-
tion can also be written as:

σN = ft

√
1 +

λdmax
D

(4.11)

where dmax is the maximum grain size and ft the nominal strength. The
parameters ft and λ in this alternative formulation have to be determined
experimentally.

As the parameters used for these models are hard to determine experiment-
ally, the following part of the thesis deals with an experimental approach
to investigate the underlying reasons for size effect on nominal strength and
fracture energy (toughness). This is done with the attempt to scale the basic
materials as well as the specimen size. With this approach the influence of
the microstructure on the size effect should be investigated.

4.1.2. Material scaling

In order to investigate possible reasons for the observed size effect, not only
the dimensions of the specimens were scaled, but in this case also the basis
materials. The used cement grains, as well as the fibers added to the cement
matrix, were scaled by a factor of 4 (see Figure 4.2). For the scaling of the
cement grains, which was done according to their diameter, the sizes of the
cement grains were measured by laser defractometry. Volumetric scaling of
all material components was done (factor 64).

The steel fibers were scaled with regard to both their length and their dia-
meter, see table 4.4. The scaling factor for the material, the diameter of the
cement grains and the diameter and length of the steel fibers, and the spe-
cimen sizes was 4. As cut fibers with a diameter of 50µm with a length of
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(a) (b)

Figure 4.2.: Scaling the size and the material. (a) Scaling of structural size
keeping the material structure constant (classical); and (b) Scaling
both the structural size and the material.

3mm were used for small specimens, fibers with a diameter of 200µm and a
length of 12mm were used for large specimens. In order to compare the res-
ults with the scaled material and scaled specimen size, specimens consisting of
identical material but with different sizes were produced. Specimens made of
pure cement paste with the fine grained cement as well as the coarse grained
cement were produced and tested, as well as small and large specimens con-
taining micro-fibers. Since it was not possible to fill the small moulds with
the cement paste containing 12mm fibers, fibers with a diameter of 150µm
and a length of 6mm were used for these tests instead. The details of the used
mixtures are listed in table 4.1.

4.2. Materials

4.2.1. Cement

The matrix material consists of pure cement paste with varying water/cement-
ratios (0.2 and 0.3). The cement is an ordinary Portland Cement (CEM I).
For the small specimens a fine grained cement CEM I 52.5R with a Blaine
value of 5060 cm2/g and for the large specimen a coarser cement CEM I 32.5
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Table 4.1.: Mixtures used for the uniaxial tensile tests.

Scaled material Identical material Plain cement
Specimen size small large small and large small and large

Cement type CEM I 52.5R 32.5 52.5R 52.5R 32.5

w/c-ratio 0,2 0,3 0,2 0,3 0,2 0,2

Fibers 1.5 Vol.-% 3mm 12mm 3mm 6mm - -

with a Blaine value of 2220 cm2/g was used, respectively. The grain size
distribution for the different cements is listed in table 4.2. The grain size
distribution shows that almost all particles of the CEM I 52.5 R are smaller
than 45 µm and almost all particles of the CEM I 32.5 are smaller than 200
µm. For the fine grained cement straight micro-steel fibers were used with
a diameter of 50 µm, whereas for the coarser one straight steel fibers with a
diameter of 200 µm were used. This ensures a good packing density around
the fibre, which is important for the bond between fibre and matrix.

Table 4.2.: Grain size distribution of the different cement-types used for
the specimens (d(x%) describes the particle size for which x% is smaller
than d).

CEM I 52.5 R CEM I 32.5
Grain size [µm] Fraction [%]
16 70.8 24.3
32 94.8 39.6
45 99.4 50.8
63 100 64.0
90 100 78.0
200 100 97.6
d(10%) 1.6 µm 4.7 µm
d(50%) 9.5 µm 44.0 µm
d(90%) 26.6 µm 131.3 µm

The chemical composition is listed in table 4.3. The two cement types show
nearly the same chemical composition, the only big difference is the grain size
distribution.
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Table 4.3.: Chemical composition of the cements used for the specimens.

CEM I 52.5 R CEM I 32.5
Clinker Phase Fraction [%]
CaO 61.5 63.2
SiO2 19.8 19.4
Al2O3 4.9 4.7
Fe2O3 3.3 3.2
MgO 2.1 2.2
K2O 0.83 0.85
Na2O 0.31 0.23

4.2.2. Fibers

The micro-steel fibers were produced at the Institute for Building Materials.
They were cut from a fine-wire. The fine-wire with a diameter of 50 µm is
made of stainless steel (AISI 304L). To cut the fine-wire a special cutting
machine was developed. With this machine the fibre length can be varied.
For the present test series the wire was cut into fibers with a length of 3mm.
For the larger specimens larger fibers were used. The fibers with a diameter
of 200 µm and a length of 12mm are industrially produced fibers and are
available on the market (STRATEC).
The tensile strength of the large fibers is similar to the tensile strength of the
fine-wire used to produce the microfibers, see table 4.4.

Table 4.4.: Geometry and tensile strength of different fibers.

Length [mm] 12 6 3
Diameter [mm] 0.2 0.15 0.05
Tensile strength [MPa] 2250 not tested 2400

4.2.3. Composite

As part of the material scaling, the relation between cement particles and
fibers also is an important factor. Too large particles around the fiber lead to
large hollow space around the fiber which can not be filled completely with
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hydration products. Therefore, the size of the cement grains has to be smal-
ler than the fiber diameter in order to achieve a good packing density around
the fiber, leading to a strong interface after hydration. The pullout-tests,
described in the previous chapters show that. The properties of the interface
between fiber and matrix have big influence on the strength of the material.
In order to ensure a good bond between fiber and matrix and to verify the
assumptions above, cross-sections of the material were observed in an ESEM.
The initial relation between un-hydrated cement particles and fibers was
checked. To this end, the cement particles were embedded in epoxy resin
in the same epoxy/cement - ratio as the w/c-ratio of the composite. In this
epoxy-cement matrix a fibre was embedded. With this optical investigation
the initial distribution of cement particles around the fiber was checked and
phenomena like the wall-effect can be shown. The ESEM pictures of the cross-
sections for small and large size and for w/c-ratios 0.2 and 0.3 are shown in
Figures 4.3 and 4.4.

(a) 200µm CEM I 32.5 (b) 50µm CEM I 52.5 R

Figure 4.3.: Relation between size of un-hydrated cement grains and the
fibre diameter for w/c=0.2. The length of the bar in the right lower
corner shows the scale of each image.

As can easily be seen from Figures 4.3 and 4.4 the relation between un-
hydrated particles and fibers looks very similar for small and large scaled
specimens for w/c-ratios 0.2 and 0.3 as well. The area of un-hydrated particles
was determined with image analysis for the different cross-sections. The res-
ults of this analysis are shown in table 4.5 for w/c=0.2 and in table 4.6
for w/c=0.3. The amount of un-hydrated particles is again very similar for
small and large scaled specimens before and after hydration. The results for
w/c=0.3 show a lower amount of un-hydrated particles before hydration and
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(a) 200µm CEM I 32.5 (b) 50µm CEM I 52.5 R

Figure 4.4.: Relation between size of un-hydrated cement grains and the
fibre diameter for w/c=0.3 (Rieger and van Mier (2010)).

a much lower amount of un-hydrated particles after hydration which is re-
lated to the larger amount of water which enables a larger amount of cement
particles to hydrate.

Table 4.5.: Area of un-hydrated particles in a cross-section with w/c=0.2

w/c=0.2 50µm in CEM I 52,5 R 200µm in CEM I 32,5

before hydration in epoxy 36,6% 38,6%
after hydration (28 days) 24,5% 27,6%

Furthermore, the fraction of un-hydrated particles depending on the distance
to the fiber was determined for the specimens with epoxy (before hydration)
(Figure 4.5a) and for the hydrated specimens (after 28 days) (Figure 4.5b).

Figure 4.5 shows a clear tendency: Close to the fiber less un-hydrated particles
can be found. For the un-hydrated status this phenomenon can be explained
with the wall effect. Close to the wall (the fiber) the distribution is differ-
ent than at other places in the cross-section, because the particle distribu-
tion is hampered by the wall. At the cross-sections after hydration this phe-
nomenon can only be observed in specimens with w/c=0.2. The specimens
with w/c=0.3 show less un-hydrated particles because of the larger degree
of hydration. However, the curves for small and large specimens show the
same trend and after hydration the curves for small and large scaled mater-
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Table 4.6.: Area of un-hydrated particles in a cross-section with w/c=0.3

w/c=0.3 50µm in CEM I 52,5 R 200µm in CEM I 32,5

before hydration in epoxy 31,4% 32,6%
after hydration (28 days) 7,7% 11,4%
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(a) Before hydration (epoxy).
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(b) After hydration (28 days).

Figure 4.5.: Fraction of un-hydrated cement particles around a fibre.

ial are nearly identical. The one-sided hydration mechanisms proposed by
Bentz et al. (1993) enhances the larger porosity from the wall effect, see also
Van Mier (1997).

4.3. Specimen shape and boundary conditions

4.3.1. Dogbone shaped specimens

Although it was already found by Van Vliet (2000a) that a dogbone-shaped
specimen with freely rotating supports works best for uniaxial tensile tests,
the specimen shape for uniaxial tensile tests is not standardized. As a result,
a big discussion about the best shape for tensile tests emerged. Specimens
with straight beam geometries, with and without notches, as well as dogbone
shaped specimens can be found in the literature. The advantage of the straight
beams are the defined geometry, and consequently, the defined stress. The
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initial stress can also be calculated much more easily with straight specimens.
As the initial stress is constant in the whole specimen one cannot predict the
location of the first crack. In many cases the specimen fails at the supports. A
possible solution is to notch the specimen, but with the notch the initial stress
concentration results rather from the geometry and not from the material.
With dogbone shaped specimens the stress is concentrated in the narrow part
of the specimen: With decreasing radius of the sides of the specimen the
stresses at the smallest cross-section of the specimen increase. A combination
of straight specimen and dogbone is the dumbbell specimen that contains
a dogbone part which concentrates the stresses in the narrow part which is
straight and has no radius at the sides.
For the uniaxial tensile tests performed in this thesis a two dimensional finite
element analysis with different-shaped specimens was performed to show the
differences in stress concentrations, similar as it was already performed by
Van Vliet (2000a). Figure 4.6 shows three different geometries and the stress
concentrations in the linear elastic regime. The darker parts of the dogbone
illustrate the large stresses. One can easily see that in the dumbbell specimen
in Figure 4.6a stress concentrations at the intersection between the straight
part and the curved part occur. This can lead to a geometry-determined
failure in this part. The dogbone with a small radius in Figure 4.6b shows
large stress concentrations in the narrow part of the specimen, which is close
to a notch. A stress concentration over a larger part in the middle of the
specimen shows the dogbone in Figure 4.6c with a larger radius. For these
reasons the dogbone geometry with a large radius as shown in Figure 4.6c was
chosen for the uniaxial tensile tests.

4.3.2. Freely rotating supports

As mentioned before there is no standardized method for uniaxial tensile test,
as well as for the specimen shape. This also results in different techniques for
tensile testing. The main differences that are discussed in this field are testing
setups with fixed and with freely rotating supports. The specimen is fixed at
its ends in the testing machine during testing. The rotations of the specimen
during testing caused for example by cracks are hindered by the fixed sup-
ports which leads to bending moments in the specimen. This moment is the
reason for crack arrest, which causes a bump in the softening diagram when
fixed supports are used. The setups with freely rotating supports provide
degrees of freedom in all directions which leads to constant tensile loading
even after the first cracks occurred. This leads to a smooth softening curve.
The boundary conditions play an important role for the experiments and they
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(a) Dumbbell. (b) Dogbone 1. (c) Dogbone 2.

Figure 4.6.: Strain concentrations at three different shapes of tensile spe-
cimens.

have a large influence on the results. Tests with fixed supports show larger
maximum loads and larger fracture energies than tests with freely rotating
supports . This has been shown clearly in uniaxial tensile tests performed
in the past and lattice models, see Vervuurt and van Mier (1994), Van Mier
et al. (1996) and Van Mier (1997). Furthermore, it has been shown by Gjorv
et al. (1977) that the boundary conditions can influence the results of bend-
ing tests. Furthermore, Mechtcherine and Schulze (2006) showed the effect
of testing setup on the fracture behavior of strain hardening cement-based
composites (SHCC).
In order to achieve a well-defined stress distribution over the specimen’s cross-
section and to have low influences of boundary conditions on the results, a
test setup with freely rotating supports was used in the experiments. A sim-
ilar setup was used by Van Vliet and van Mier (2000) and Stähli (2008) for
uniaxial tensile tests. The setup is shown in Figure 4.7
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Figure 4.7.: Drawing of set-up for uniaxial tensile tests with freely rotating
supports.



74 4. Macro-mechanical Investigations: Uniaxial Tensile Tests

(a) (b)

Figure 4.8.: Scaled test set-ups with freely rotating supports (Rieger and
van Mier (2010)).
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Using the same factor for the specimen sizes and the basic materials, the
complete equipment for rotating supports was scaled as well. All parts of the
setup, including the hinges, were scaled with a factor of 4. The two different
tensile testing setups are shown in Figure 4.8; the size of the pictures is related
to the size of the loading devices. Details of the different test set-ups are shown
in Figure 4.9; a scale bar has been included to indicate the different sizes.

(a) (b)

Figure 4.9.: Details of hinge construction. The scale bar indicates the size.
The load-line is indicated with a dashed line (a) small set-up and (b)
large set-up (Rieger and van Mier (2010)).
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4.4. Fiber alignment

4.4.1. Introduction

The pullout tests that are described in chapter 3 were performed on fibers that
were embedded straight in the loading direction. Parameters like fiber type,
w/c-ratio and embedded length were varied. In order to keep the amount
of varying parameters low a method was needed to align the fibers in the
direction of the principal stress that is applied during the uniaxial tensile
experiments. The preliminary investigations on micro-fiber cement, as well
as previous investigations on hybrid fiber concrete by ? showed, that with
aligned fibers the bending strength can be increased and the scatter of the
results can be kept low. Although pullout tests with inclined fibers showed
that the pullout load is the largest for fibers with an inclination angle of
30-45◦here the angle of the embedded fiber was kept constant, and only the
alignment in the direction of the applied pullout load was considered.The
pullout tests for inclined fibers performed by Van Gysel (2000), Lee et al.
(2010) and for hooked end fibers by Markovic (2006) and modeled for example
by Laranjeira et al. (2010) show that a larger pullout response results from
mortar spalling, which implies that it is not just the frictional pullout that
leads to the increase of pullout force. The pullout behavior of inclined fibers is
of interest because in conventional fiber reinforced concrete the fibers are not
aligned but randomly distributed and orientated. The probability of fibers
in the material that are aligned under an angle that will increase the pullout
response is relatively low, whereas with aligned fibers a defined state can
be created. Therefore, a composite with aligned fibers allows one to draw
conclusions regarding single fiber pullout behavior.
Former investigations on steel fiber reinforced concrete performed by ? showed
that fiber alignment can be controlled with the filling method. As previously
explained, the fibers align in the direction of flow. This principle was used for
producing the bending specimens as explained in the previous sections and
was used for producing the dogbones for the uniaxial tensile tests as well.

4.4.2. Moulds and filling method

The moulds used for producing the specimens were made of PVC in order to
ensure a smooth surface of the specimens. The front and back of the moulds
were made of transparent PVC, which allowed to observe the filling. In order
to ensure a fibre alignment in the direction of the principal stress the material
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was pumped from the bottom to the top into the mould. For this purpose the
dogbone mould was mounted on a special filling device. This device consists of
a cylinder where the material is filled, and a connection between the cylinder
and the mould, see Figure 4.11. After the material was filled in the cylinder
it flows through the connector into the mould. After filling, the material is
squeezed from bottom to top through the cylinder with the help of a punch.
After the mould was filled a closing plate was moved through the bottom
of the mould and with this the mould was closed, see Figure 4.10. After
closing the filled mould could be removed and the next empty mould could
be mounted on the filling device to be filled. The moulds for small and large
specimens are shown in Figure 4.10. The moulds are mounted on the setup
for pumping the material into the mould.

Figure 4.10.: Moulds for producing dogbone shaped specimens mounted
on filling setups.
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Figure 4.11.: Drawing of setup for filling the dogbone-moulds (Rieger and
van Mier (2010)).

4.4.3. Measuring the alignment of fibers

In order to interpret the results of the uniaxial tensile tests correctly it is
important to know if the method for fiber aligning worked well in the narrow
part of the mould. To check the fiber alignment the specimens were cut
close to the crack after testing. The cross-sections of the specimens were
photographed and the pictures were analyzed.
The pictures were edited in a way that the fibers could be identified (see Figure
4.12a). Next, black and white images were produced (see Figure 4.12b), which
were inverted such that the fibers show black dots on a white matrix (Figure
4.12c).

These monochrome pictures were analyzed with a software, ImageJ 1, which
allows to determine the center of mass and the perimeter of each fiber. With
the center of mass the distribution of the fibers in the cross-section and the
average distance to each fiber can be analyzed. Further, the amount of fibers
in the cross-section and the roundness of the fibers, which is called circularity
in the program, were determined with the used software. The circularity

1ImageJ by Wayne Rasband, National Institutes of Health, USA, http://rsb.info.nih.gov/ij
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(a) (b) (c)

Figure 4.12.: Image editing process with Adobe Photoshop and ImageJ.
(a) original image, (b) black and white image and (c) inverted image.

shows the fiber direction. The circularity is calculated by dividing the smallest
diameter (ds) by the largest (dl).

Circularity =
ds
dl

(4.12)

A fiber perpendicular to the cross-section shows a perfect circle in cross-section
and with this a circularity of 1. If a fiber intersects at an angle the circularity
is smaller than 1. Figures 4.19a and 4.19b show examples of pictures of cross-
sections for large and for small specimens with scaled material. Figure 4.14
shows the small and large cross-sections for the same material with scaled
sizes.

(a) Large specimen. (b) Small specimen.

Figure 4.13.: Binary images of cross-sections for specimens with scaled
materials in different sizes.
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(a) Large fibers. (b) Small fibers.

Figure 4.14.: Binary images of cross-sections for specimens with scaled
sizes and identical materials (small and large cross-sections are
shown).

The number of fibers in a cross-section is shown in Figure 4.15. The number
of fibers in small and large cross-sections for the scaled material is nearly the
same, whereas the number of fibers for the identical material varies with size.
In order to compare the values and to see if the scaling worked, the amount
of fibers in large cross-sections was divided by a factor 16. Figure 4.16 shows
the amount of fibers per mm2 in the cross-sections. In this diagram the
value is nearly constant for small and large specimens with the same material
and varies for the scaled material, as expected. Here also for comparison
the values for the large specimens of the scaled material were multiplied by
16. Both figures show clearly that both the material scaling in combination
with specimen scaling, as well as the identical material with specimen scaling
worked quite well.

Figure 4.17 shows the alignment of the fibers in terms of the circularity as
described above. The scaled material as well as the identical material with
scaled specimen size show values for circularity close to 1. This leads to the
conclusion that the fibers are aligned well in all the specimens.

Furthermore the average distance DF between the fibers was calculated. This
was done with the coordinates of the centers of mass obtained from the image
analysis. The smallest distance between these coordinates (Dm) was calcu-
lated and related to the fiber diameter (df ).
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Figure 4.15.: Number of fibers in cross-sections for different specimen sizes.
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Figure 4.16.: Fibre amount per mm2 cross-sections for different specimen
sizes.
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Figure 4.17.: Circularity for cross-sections with different specimen sizes.

DF =
Dm

df
[−] (4.13)

With this factor DF it is possible to compare the different sizes and scalings.
The results are shown in Figure 4.18. The standard deviation (the size of the
error bars) show the uniformity of the fiber distribution in the cross-section.
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Figure 4.18.: Average fiber distance with standard deviation for different
specimens.

The average fiber distance is for the specimens with scaled material and scaled
size nearly the same: About 4.5 times the fiber diameter. The specimens with
6mm fibers show a larger value for DF . A reason for this is the fiber dimen-
sion. In the scaled material the fiber diameter was scaled with the same
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factor as the size of the specimens was scaled. As it was not possible to pro-
duce small specimens with the 12mm fibers with the pumping method, 6mm
fibers were used. These fibers do not fit in the scaling and show a diameter
d6mm = 150µm. With the same volume percentage (1.5%) of fibers a different
fiber spacing results. However, the standard deviation shows that the fiber
distribution over the cross-section is quite homogeneous.

A further method for analyzing the fiber alignment is to make a CT-scan of
the specimens. With computer tomography (CT) it is possible to identify the
fibers because the fibers are much denser than the surrounding matrix. A CT-
scan was only possible with the large specimen containing the 12mm fibers.
The restraining factor was the resolution of the CT-scanner. The resolution
was not large enough to see the 3mm fibers in a specimen. For this reason
only a large specimen with 12mm fibers was scanned. Nevertheless, the CT-
scans give a good hint regarding fiber alignment. In order to get an idea of
the fiber alignment in the small specimens, one of the specimens was ground
in the longitudinal direction. With this method the fibers at this section are
visible. Figure 4.19 shows the aligned fibers in the longitudinal sections of
the large specimen as result of the CT-scan and the small specimen with the
grinding method. As can easily be seen, the fibers are well aligned in the
narrow part of the cross-section, which supports the results obtained from
the cut cross-sections as shown above. From the CT-scans a concentration of
fibers in the narrow part of the moulds can be observed. This can be a result
of pumping the material into the mould.
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(a) (b)

Figure 4.19.: CT-scan of large dogbone containing 12mm fibers (a) and
longitudinal section of small dogbone containing 3mm fibers (b).
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4.5. Testing series and results

4.5.1. Introduction

In this section the results of uniaxial tensile tests on dogbone shaped speci-
mens are presented. First the results of tests on scaled specimens with scaled
material are shown.Thereafter, the results for tests with identical material on
scaled specimens, which helps for the interpretation of the first test series, are
presented.

4.5.2. Scaled material and specimens

The results for different w/c-ratios show the expected tendency. The spe-
cimens with w/c=0.3 show lower tensile strengths than the specimens with
w/c=0.2 for both sizes. The mean values for for w/c=0.3 at both sizes reached
72% of the strengths for w/c=0.2. The larger amount of water in the speci-
mens with w/c=0.3 leads to a larger porosity around the fiber which is re-
sponsible for the lower strengths of the specimens. This can also be a reason
for the larger scatter of the results for specimens with w/c=0.3.
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Figure 4.20.: Stress-strain-diagrams for both sizes with different w/c-
ratios.

Figure 4.20 shows that the maximum tensile strength of large specimens is
lower than that of the small ones. The values obtained with the large speci-
mens are 73% of those of the small specimens for both w/c-ratios. Further-
more, all stress-strain-diagrams show a similar post-peak behavior. Apart
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from the differences in the maximum stress there are differences in the pre-
peak behavior of small and large specimens. The stress-strain-curves for the
small specimens show for both w/c-ratios a further increase of stress after
the first peak whereas the large specimens show a decrease in stress after
the first peak. The small specimens show the maximum stress under larger
strains than the large specimens. This indicates a different fiber pullout be-
havior for small and large specimens. A possible explanation for the different
stress-strain relations can be a more distinct fiber pullout due to a stronger
bond between fiber and matrix in the small specimens with microfibers than
in the large specimens with large fibers. In order to focus on the pre-peak
behavior the stress-strain relations were divided by the maximum stress and
the maximum strain, see Figure 4.21.
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Figure 4.21.: Normalized stress-strain-diagrams for specimens with differ-
ent sizes.

The normalized stress-strain curves in Figure 4.21 clearly show the differences
in the pre-peak behavior for both small and large specimens. The small speci-
mens nearly show an elastic-plastic behavior and a strain hardening behavior
after the first peak, whereas the large specimens show a continuous increase
of stress until the peak is reached. For the different w/c-ratios the pre-peak
behavior for small specimens is nearly the same whereas for large specimens
the peak is reached slightly earlier for w/c=0.3. In order to quantify the
differences in the pre-peak behavior the pre-peak area under the normalized
stress-strain curve (Anpl, see equation 4.16) was determined.

σnorm =
σ

σmax
[−] (4.14)
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εnorm =
ε

εσmax

[−] (4.15)

Anpl =

∫ 1

0

σnorm(εnorm) dεnorm[−] (4.16)

Figure 4.22 shows the larger area for small specimens and also shows the dif-
ferences for the used w/c-ratios. The differences in the pre-peak behavior can
be an evidence for a different cracking behavior of small and large specimens.
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Figure 4.22.: Area under the normalized stress-strain-relations until peak-
load (Anpl) for different w/c-ratios.
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4.5.3. Identical material and scaled specimens

In order to interpret the results obtained with scaled materials and scaled
specimen sizes, uniaxial tensile tests with the identical material (same fibers
and same cement) and different specimen sizes were performed. Because of
the low amount of cut fibers which were produced in the lab with the fiber
cutting machine, only one series with w/c=0.2 could be produced and tested.
Again, the results show a size effect; the larger specimens show a lower tensile
strength than the small ones.
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Figure 4.23.: Stress-strain-diagrams for both sizes with identical material
for different fiber sizes.

Figure 4.23 shows the differences for specimens containing small and large
fibers. The specimens with 3mm fibers show much larger tensile strength for
small specimens but a similar stress-strain behavior. For large specimens the
differences between the specimens containing small and large fibers are not
that distinctive. The small and large specimens containing 6mm fibers show
a similar stress-strain behavior as the specimens with the scaled material.
The small specimens show a more elastic-plastic behavior whereas the large
specimens show a clear decrease of stress after peak.
Furthermore, uniaxial tensile tests were also performed with specimens without
fibers. Small and large specimens were produced with cement paste with
w/c=0.2. One series was made of the large grained cement (CEM I 32.5) and
the second one with the fine grained cement (CEM I 52.5). These tests are
interesting because one can observe the tensile behavior for different speci-
men sizes with no influence of fibers. Furthermore it is interesting to see the
influence of the cement grain sizes on the maximum strength. Because of the
brittle behavior of the specimens the tests were not stable. This means, effects
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only on the maximum stress can be analyzed. In Figure 4.24 strength res-
ults are shown for materials containing fibers (scaled material with w/c-ratios
0.2 and 0.3 as well as identical material containing 3mm and 6mm fibers),
furthermore, in both figures the results for plain cement specimen is shown.
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Figure 4.24.: Maximum tensile strength for specimens without fibers com-
pared with specimens with scaled material 3mm (small specimens)
and 12mm (large specimens) fibers (a) and compared with specimens
containing 3mm and 6mm fibers (b).

It is clearly visible from Figure 4.24 that in all cases the large specimens show
lower strengths than the small ones. Furthermore, the maximum stress for
specimens without fibers is less than half of that for specimens containing
fibers. The cement specimens show higher strengths with the fine grained
cement, which was expected. The size effect seems more distinctive for the
specimens without fibers.

4.5.4. ESEM investigations on cracked specimens

After testing parts of the specimens were observed in ESEM. The reason for
this was to see the microstructure of the material. Using high magnifications
the hydration products at cracked surfaces can be identified in ESEM. Spe-
cimens from small and large specimens were observed. With ESEM pictures
calcium hydroxide (CH) can be easily identified because of its distinct shape.
The hexagonal CH plates were found in the small scaled material as well as
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in the large scaled material with the same size, see Figure 4.25. These res-
ults clearly show that although the basic materials were scaled, in this case
the cement grains, the hydration products still have the same size. Thus the
hydration products can not be scaled, as was expected.

(a) (b)

Figure 4.25.: Hexagonal calcium hydroxide (CH) in small scaled (a) and
large scaled (b) material.

The same size of the hydration products can be a possible reason for the
size effect observed for the scaled material. Usually CH can be found in the
interfacial transition zone (ITZ) between matrix and fibers. This means that
the ITZ was not scaled in the same way as the fibers and the cement grains.
The size and structure of the ITZ are important factors defining the bond
between fiber and matrix. Since the ITZ is not scaled, a different bonding
behavior must be expected for small and large scaled specimens.
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4.6. Digital image correlation with VIC 3D

4.6.1. Introduction

The tested specimens containing different materials and with varying speci-
men sizes show differences concerning the maximum strength and the stress-
strain behavior. In order to interpret the differences, especially in the pre-peak
regime, it may be helpful to analyze the development of strain concentrations
as well as the crack nucleation and formation. With digital image correlation
it is possible to measure surface deformations, and to derive surface strains.
These strain concentrations usually indicate cracks.
A short introduction to the DIC process is given here, further informations
on identification of material properties from DIC can be found in Hild and
Roux (2006). For DIC there are many possible applications. An overview
of applications is given in Chu et al. (1985). DIC was successfully used for
the analysis of a large variety of materials. Grytten et al. (2009) and Je-
rabek et al. (2010), for example applied DIC to polymers, whereas Godara
and Raabe (2007) used this technique for investigating the influence of fiber
alignment for glass-fiber reinforced polymers. Vanlanduit et al. (2009) used
DIC for fatigue testing, Giancane et al. (2010) for fiber reinforced composites
and Risbet et al. (2010) for stainless steel. Finally, DIC was also used to in-
vestigate the compressive fracture of concrete by Caduff and van Mier (2010),
whereas Kuntz et al. (2006) applied it to reinforced concrete and Corr et al.
(2007) for studying interfacial bonding in concrete. In order to determine
surface deformations with DIC, one surface of a specimen was scanned with
two high resolution cameras during testing. From the images displacements
can be calculated using digital image correlation. Characteristic parts of an
undeformed image can be traced with an algorithm in a picture of a deformed
specimen, for example by comparing parts of a greyscale image. The corres-
ponding pixel from the un-deformed picture can be found by comparing the
surrounding area of the pixel in the un-deformed picture with the area in the
deformed picture. This area is called the subset. The corresponding pixel is
the pixel that shows the largest conformity in grey values with the pixel of
the un-deformed picture in the subset, see Figure 4.26.

The conformity at different places is calculated with equation 4.17.

C(x, y, u, v) =

n/2∑
i,j=−n/2

(I(x+ i, y + j)− I∗(x+ u+ i, y + v + j))2 (4.17)
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Figure 4.26.: Subset at un-deformed and deformed picture.

In equation 4.17 the following abbreviations are used:

C: correlation function
x, y: coordinates of pixel in un-deformed picture
u, v: displacement of a single pixel
n: subset size (amount of pixels in a subset size)
I(...): un-deformed picture
I∗(...): deformed picture

The grey value of a pixel with the coordinates (x+i, y+j) is compared with the
grey value of the pixel at (x+u+i,y+v+j). The method of the smallest error
squared is used in this correlation function. At C=0 a complete correspond-
ence is found. Usually C=0 can not be reached because of noise, which means
different grey values are found in different pictures of the same un-deformed
specimen, or the deformation of the specimen is smaller than a pixel. In
this case the center of the subset has to be interpolated. This is done with a
Fourier- or an iteration algorithm. Details of these algorithms can be found in
Hild and Roux (2006) and Sutton et al. (2008). However, it should be noted
that not only the place, but also the shape of the subset can change as well,
because of rotations and deformations. This is also considered in terms of
Taylor arrays of order zero to two. Furthermore, the exposure of the pictures
can change during testing. Consequently, this also causes the grey values to
change. For this purpose a photometric transformation P is implemented in
terms of equation 4.18.

I(x, y) = P (I∗(x+ u, y + v) (4.18)

In two-dimensional digital image correlation displacements in the x-y-plane
are considered. For the use of two dimesional digital image correlation with
one camera it is important that the camera is placed perpendicular to the
specimens surface, otherwise out-of-plane deformations can lead to errors. In
the uniaxial tensile tests performed, the specimens also can deform out of the
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x-y-plane. This deformation can lead to blurring effects that have influences
on the DIC results. In order to eliminate these effects, the specimen surface
was scanned with two cameras. The displacements are then calculated with
stereo-correlation. The pictures taken by the two cameras can be used to
calculate displacements in the z-direction as well. In order to achieve reliable
results, the system has to be calibrated. After the calibration the position
of the two cameras is determined, which is important for the calculation of
displacements with stereometry. In the three-dimensional case the position of
the cameras can be chosen freely. However, the cameras should be positioned
in a way that the area of interest is visible with both cameras and a calibration
of the system is possible. A schematic drawing of the scanning procedure with
two cameras during testing is shown in Figure 4.27.

Figure 4.27.: Schematic drawing of the stereo measurement.

Strains can be calculated based on the digital image correlation measurements.
The VIC 3D system calculates the strains from the displacements that were
obtained before, as the following equations 4.19 to 4.21 show.

εxx = u,x+
1

2
(u,x

2 + v,x
2) (4.19)

εyy = u,y +
1

2
(u,y

2 + v,y
2) (4.20)

εxy =
1

2
(u,y + v,x) (4.21)
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The principal strains are calculated with equations 4.22 and ??.

ε1,2 =
εx + εy

2
±

√(
εx − εy

2

)2

+
(γxy

2

)2

(4.22)

The equations for u(x, y) and v(x, y) can be derived from equations 4.22 and
?? with a local polynomial adaptation.

u(x, y) = u0 + uxx+ uyy (4.23)

v(x, y) = v0 + vxx+ vyy (4.24)

In the three-dimensional case the strains are calculated as follows:

εxx,yy,zz = ∇(ux,y,z, vx,y,z) (4.25)

When calculating strains also the pixels nearby are considered. The closer
the pixels are the more they are weighted. The weighting decreases linearly
with the distance to the point that is calculated. Before the calculation the
number of pixels and the amount of subsets that should be considered can be
determined. This increases the accuracy of the strain calculation. For details
see Schreier and Lichtenberger (2006).

4.6.2. Preparation of specimens

In order to identify pixels from the un-deformed picture in the picture of
the deformed specimen, the surface of the specimen has to show a random
and not repeating pattern. If the material itself does not show this pattern
the specimen has to be prepared: A speckle pattern has to be applied on
the surface of the specimen. It is important that the pattern does not influ-
ence the behavior of the specimen and can deform freely with the surface. A
speckle pattern produced by simply spraying paint on the surface is an effect-
ive method, fulfilling the above constrains. First the surface is painted white
and next speckles are applied in black using an airbrush. The speckle size
depends on the resolution of the camera and the size of the area of interest.
At least 3x3 speckles should be in one subset. A detail of a speckled specimen
is shown in Figure 4.28. In this picture one can see the size of the speckles in
comparison to the crack-size and the size of the fibers that bridge the crack.
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Figure 4.28.: Detail of speckled specimen with crack after testing.

4.6.3. Setup

During testing a specimen was scanned with two high resolution cameras
(2048 x 2048 pixels). The two cameras were placed at one side in front of the
testing machine. Additionally two cold light sources were placed in front of
the specimen to ensure constant light during testing. The two cameras are
connected with a trigger-box that ensures synchronization. For controlling
the camera system and for storage of the pictures a computer is connected to
the system. Furthermore it is possible to connect the system with the testing
machine. This allows to link the force signal from the testing machine to each
picture that is taken with the cameras, and thus the images can be directly
related to the force-displacement curve of the specimens. The set-up of the
camera-system is shown in Figure 4.29. A force over picture number diagram
is shown in Figure 4.30 exemplarily.

The number of pictures taken per second during the test can be adjusted.
This value must be large enough to capture small displacements which is im-
portant for the digital image correlation. If the value is too large the pictures
cannot be stored in time which leads to errors and the amount of data gets too
large. A rate of 5Hz was chosen for the tests, which neither caused problems
with data storage nor with computing displacements.

4.6.4. Results

The results of the digital image correlation were analyzed with the program
VIC 3D (LIMESS Messtechnik & Software GmbH). The images presented in
this section show the maximum principal strain ε1. The strain peaks give a
hint where cracks can occur. In order to check the results, the displacements
calculated with digital image correlation were compared to the displacements
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Figure 4.29.: Schematic drawing of camera-setup and testing device.
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Figure 4.30.: Force versus picture number.
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measured with the LVDTs. If large differences are obtained, the results of the
DIC are likely not reliable. Figure 4.31 shows, as an example, a comparison
between the displacement measured with the LVDTs mounted on the speci-
men and the DIC. One can see that there are only very small differences. The
values of the testing device are the mean value of the two LVDTs mounted
on the sides of the specimen, the values from the DIC are calculated from the
center of the specimen. Small differences can result from local deformations
at the specimens surface during testing.
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Figure 4.31.: Example for comparison between displacement from LVDTs
and DIC.

The results of the digital image correlation with the stereo system for the
uniaxial tensile tests are shown below. This method is used because it clearly
shows the differences between the different materials and sizes in the deform-
ation and cracking behavior. Under very large deformations, especially when
cracks occur, the system was not able to correlate correctly, because the space
resulting from a crack can not be found in the reference image, at these points
black pixels are displayed. The strains are presented as micro-strains (µm per
m). For the display a grayscale is used with 16 levels between 200 and 20000
micro-strains for all pictures, see the scale bar in Figure 4.32

Figure 4.32.: Gray scale for Lagrange principal strains ε1 [µm/m].

Here the results for the scaled material with different sizes are presented. First
the results of a single specimen for each size are shown at three different load-
steps, Figures 4.33 and 4.34 show the results for w/c=0.3. Further results are
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presented in Appendix F. Second, the results at the same load-step for small
and large specimens are compared, therefore the results of three specimens
are compared. The stress-strain relations show differences especially in the
pre-peak behavior. For this reason the results from DIC at 90% peak-load
and at peak-load are shown here.
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Figure 4.33.: Stress-strain curve and corresponding principal strains for
small specimen w/c=0.3.
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Figure 4.34.: Stress-strain curve and corresponding principal strains for
large specimen w/c=0.3.
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(a) Small 90% PL
w/c=0.3

(b) Large 90% PL
w/c=0.3

(c) Small 90% PL
w/c=0.3

(d) Large 90% PL
w/c=0.3

(e) Small 90% PL
w/c=0.3

(f) Large 90% PL
w/c=0.3

Figure 4.35.: Principal strains for specimens w/c=0.3 at 90% peak load.
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(a) Small PL w/c=0.3 (b) Large PL w/c=0.3

(c) Small PL w/c=0.3 (d) Large PL w/c=0.3

(e) Small PL w/c=0.3 (f) Large PL w/c=0.3

Figure 4.36.: Principal strains for specimens w/c=0.2 at peak load.
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The results from DIC show the different cracking behavior of small and large
specimens. Where in the large specimens mostly one main crack can be ob-
served, the small specimens show more cracks at the surface. Furthermore, at
90% peak load larger strains can be observed in the small specimens, which
corresponds to the distinct plateau observed in the stress-strain relations for
small specimens. This underlines the assumption that the bonding behavior
of small fibers is different from the one for large fibers. The fiber-matrix bond
seems stronger for small fibers. Due to this stronger bond the fiber pullout
resistance is larger for small fibers which leads to a larger amount of cracks
at the specimen’s surface.
The number of cracks on a surface as well as the crack opening displacement
(COD) were analyzed for three specimens of each series. This was done by
analyzing the vertical displacements (V) on a line in the middle of the speci-
mens, see figure 4.37a. The jumps in the line indicate cracks. The COD was
measured as the displacement in the jump, see figure 4.37b.
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Figure 4.37.: Analysis of cracks from DIC results. (a) centerline A-B where
displacements from DIC measurements were derived and (b) ex-
ample for vertical displacements V versus y (A-B).

Figure 4.38a clearly shows that the crack opening displacement is much larger
for large specimens. By looking at the amount of cracks at a specimen’s sur-
face one can easily see, that more cracks can be found on small specimens, see
Figure 4.38b. It is interesting to see that in small specimens more cracks can
be found with w/c=0.3, whereas in large specimens for w/c=0.2 more cracks
are observed. This underlines the different bonding behavior between small
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Figure 4.38.: COD and number of cracks on specimens surface from DIC
for scaled material.

and large fibers that are surrounded by hydration products of the same size.
For small specimens w/c=0.3 seems to be better for obtaining multiple crack-
ing than w/c=0.2, whereas for large specimens the reverse trend is observed.
The bond between fiber and matrix seems to be weaker for large specimens
and with a lower w/c-ratio the bond can be strengthened, which leads to more
cracks.
In comparison to the results of the scaled material, results from DIC per-
formed on uniaxial tensile tests with identical material in different sizes are
presented here. The crack pattern between small and large specimens does not
vary that much as it was observed for the scaled material. The crack spacing
seems to be much smaller for large specimens containing 3mm micro-fibers
than observed for the large specimens containing 12mm fibers. The results at
90% and 100% peak load (PL) for specimens containing 3mm fibers are shown
in Figure 4.39 and the corresponding results for specimens containing 6mm
fibers are shown in Figure 4.40. One can easily see that the crack pattern is
different for specimens containing 3mm fibers to the one for specimens con-
taining 6mm fibers. More strain concentrations, which indicate cracks, can be
found for specimens containing 3mm fibers. This clearly shows the effect of
the material on the results. The material has a large influence on the cracking
behavior as it was already observed by many other researchers, but it also has
a large influence on the cracking behavior of specimens with different sizes.
Concluding, one can see from these results that not only the specimen size
influences the results but also the material used for producing the specimens.
One has to distinguish between the effect of specimen size and the effect of
the material on the results.
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(a) Small 90% PL 3mm (b) Large 90% PL 3mm

(c) Small PL 3mm (d) Large PL 3mm

Figure 4.39.: Principal strains for specimens with identical material con-
taining 3mm fibers at 90% and 100% peak load (PL).



106 4. Macro-mechanical Investigations: Uniaxial Tensile Tests

(a) Small 90% PL 6mm (b) Large 90% PL 6mm

(c) Small PL 6mm (d) Large PL 6mm

Figure 4.40.: Principal strains for specimens with identical material con-
taining 6mm fibers at 90% and 100% peak load (PL).
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4.7. Discussion and conclusion

4.7.1. Discussion of the results

Figure 4.24 shows the maximum strengths obtained from uniaxial tensile tests
with different materials and varying sizes. Both materials, the scaled material
as well as the specimens made of identical material show a clear size effect.
With increasing size the maximum tensile strength was observed to decrease.
Usually in size effect studies the results are plotted in a log-log diagram. In
the present case a three dimensional scaling was performed. The length and
the diameter of the fibers as well as the diameter of the cement grains were
scaled by a factor of 4. The length, depth and height of the specimens was
scaled with a factor 4 as well. Even the whole testing setup was scaled with
this factor.
An important factor determining the behavior of fiber reinforced materials is
the interface between fiber and matrix. The interface area is equal to the fiber
surface:

Ai = 2 · rfπ · lf (4.26)

Both fiber radius (rf ) and fiber length (lf ) were scaled with a factor of 4. As
a consequence, the interface area (Ai) is scaled by a factor of 16. For this
reason a scaling factor of 16 could be reasonable to consider.
It should also be noted that the specimen sizes were scaled with the same
factor in all directions as the basic material. Hence, a volumetric scaling
factor of 64 would be suitable.

The idea behind these tests was to find possible explanations for the size ef-
fect. To this end, not only the structural size of the specimen, but also the
size of the basic materials used for producing the specimens was varied. The
different materials do not show large differences in maximum tensile stress,
but a size effect could be observed for all specimens. However, by consid-
ering not only the maximum stress, but also the whole stress-strain curve,
differences for small and large specimens could indeed be found. Where the
large specimens show a peak and decreasing strength after the linear elastic
regime, the small specimens show a much larger plateau around the peak load,
which can be characterized as an elastic-plastic behavior before the peak load.
The differences in the stress-strain behavior could be confirmed with the res-
ults obtained from the digital image correlation. The small specimens seem to
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have more distributed cracks at the surface than the large specimens. Possible
reasons for this behavior might be the hydration products that, in contrast
to the rest of the material, can not be scaled. The hydrates, like C-S-H and
CH, are an important factor for the bond between fiber and matrix. Due to
the increase of fiber size a different de-bonding and pullout behavior within
the same surrounding hydrates results. These differences can lead to the dif-
ferences in cracking behavior observed from the performed tests.

The crucial factor for fiber reinforced composites is the interface between fiber
and matrix, since it is important for the bond strength and the fiber pullout
behavior. For the results with the scaled material a scaling factor of 16, due
to the increase of interfacial area, is considered, whereas for the results with
identical material a scaling factor of 4 is considered. The comparison between
these two different scaling factors can be seen in Figure 4.42.
Figure 4.41 clearly shows the differences in the slopes obtained for the small
and large specimens of the different materials. The slope for the pure cement
specimens is much steeper than the slopes for the fiber-reinforced materials.
In order to point out the differences for scaled and identical fiber reinforced
material, figure 4.42 only shows the results for the fiber reinforced material.
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Figure 4.41.: Maximum tensile strength for specimens containing no fibers
compared with specimens containing 3mm and 6mm fibers at both
sizes.

In order to compare the behavior of the different materials, the slopes of the
connecting lines were calculated and the results are displayed in table 4.7. For
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Figure 4.42.: Maximum tensile strength for specimens containing 3mm
and 6mm fibers at both sizes a) and specimens containing scaled
material 3mm (small specimens) and 12mm (large specimens) fibers
with w/c-ratios 0.2 and 0.3 specimens b) .

scaled material the surface scaling factor 16 is used and for identical material
the scaling factor 4 is used.

The slope for identical material is about three times steeper than the one for
scaled material.
The size effect is much more distinctive when identical material is used for
different specimen sizes. In the case of material scaling related to the scaling
of specimen size, the size effect becomes smaller.

The results presented above clearly show that parameters like fracture energy
and tensile strength change with different sizes. Furthermore, these results
show that not only the change of specimen dimensions has to be considered
for size effect models, but also the material composition, such as the use of
fibers, as well as the material structure and initial material size.

4.7.2. Comparison with previous investigations

The slopes of the results in the double-log σn − D - diagram obtained from
the experiments performed for this thesis can be compared to size effect ex-
periments done by other researchers. The value of the slope itself can be
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Table 4.7.: Slopes of results for different materials.

Mixture Slope

Scaled material w/c=0.2 -0,163
w/c=0.3 -0,085

3mm -0,386
Identical material 6mm -0,308

CEM I 32,5 -0,491
CEM I 52,5R -0,500

compared, but furthermore, by using equation 4.1 the Weibull parameter m
can be compared. This equation is used because investigations on size ef-
fect performed by Van Vliet (2000b) and the modeling results by Man (2009)
showed that the obtained results fit well to the Weibull relation from equation
4.1. In the case of three-dimensional scaling, as it was done for this thesis,
the parameter n is set to n=3. With this fixed parameter, subsequently m
can be calculated. Zech and Wittmann (1978) obtained a value m=12 for
tensile experiments. Sabnis and Aroni (1969) did bending experiments on
concrete which resulted in values of m=10 - 12.5. The value obtained by Zech
and Wittmann (1978) also fits to the results of Van Vliet (2000b) for uniaxial
tensile tests on concrete (dry series). For numerical investigations of size effect
on bending experiments with a lattice model by Man (2009) a Weibull factor
of m=8 fits well to the results. The compared results for m are listed in table
4.8.

Table 4.8 shows that the Weibull parameters for concrete in tension and bend-
ing are between 8 and 12.5 in the literature. The present study shows dif-
ferences for the hardened cement paste as the values obtained by Zech and
Wittmann (1978). A possible reason for the difference can be that the spe-
cimens described by Zech and Wittmann (1978) were loaded after 14 days
whereas the specimens used for this thesis were loaded after 28 days. The
results obtained with identical material in the present study fit quite well to
the values found in the literature, whereas the values calculated for the scaled
material show much larger values for m. This again shows that with the scal-
ing of the basic materials the size effect can be reduced, and this shows that
the material has a large influence on the size effect. The effect of pure size
has to be differentiated from the material effect. The differences in m for
different materials show that the material, the sample is made of, influences
the size effect. This study also shows that by increasing the micro-structure
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Table 4.8.: Values calculated for m obtained by various researchers.

Material Load type m Reference

Concrete Tension 12 Zech and Wittmann (1978)
Concrete Bending 10-12.5 Sabnis and Aroni (1969)
Concrete Bending 8 Zech and Wittmann (1978)

Hard. Cement Paste Bending 14 Zech and Wittmann (1978)
Concrete Tension 12 Van Vliet (2000b)
Concrete Bending 8 Man (2009)

Hard. Cement Paste Tension 6 present study
1.5 % microfibers Tension 8 present study
1.5 % 6mm fibers Tension 10 present study

1.5 % scaled w/c=0.2 Tension 18 present study
1.5 % scaled w/c=0.3 Tension 35 present study

of the material as well as the specimen size the size effect can be reduced.
One possible reason for size effect is the material structure itself, not only the
geometry of the tested structure.
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5. Correlation of Results,
Conclusion and Outlook

5.1. Correlation between micro- and
macro-mechanical investigations

5.1.1. Comparison between pullout- and uniaxial tensile
tests

In this thesis pullout-tests on micro-fibers that are embedded in a cement mat-
rix were performed with varying embedded lengths and varying w/c-ratios.
Furthermore, uniaxial tensile tests were performed on specimens containing
the same fibers. Usually, comparisons between single fiber pullout tests and
uniaxial tensile tests are complicated, because many different factors have to
be considered. Factors like the amount of fibers in a cross-section, fiber ori-
entation and the fiber spacing are factors that can hardly be measured. In
the present study, the fibers were aligned with a special filling method. The
analysis of cross-sections close to the cracks of the tested tensile specimens
show that the fibers were well aligned and equally distributed over the cross-
section. Furthermore the amount of fibers was determined and the average
fiber spacing was calculated. With the results of this analysis a simple relation
between single fiber pullout test and uniaxial tensile test can be made.

5.1.2. Failure mechanisms

By performing the pullout tests in an ESEM the elastic wire behavior could be
separated from the de-bonding and pullout behavior. With this method the
pure pullout behavior was determined. This pullout behavior can be used for
comparing the single fiber pullout with the fiber pullout in tensile specimens.
In the case of uniaxial tensile tests the matrix cracks when the tensile strength
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of the matrix material is reached. The generated micro cracks in the matrix
can then expand unless a fiber crosses the crack (see figure 5.1).

Figure 5.1.: Schematic drawing of a crack close to a fiber.

In this case the fiber de-bonding starts at a load higher than the first cracking
load. After de-bonding the fiber starts to slip, which is basically the same as
observed in fiber pullout tests. Figure 5.1 shows a crack close to a bridging
fiber. A fiber can only bridge a crack when the crack crosses the fiber. This
means the fiber pullout length is at most half the fiber length lf . Assuming
a uniform distribution of fiber bridging lengths between 0 and lf/2 results in
a mean value for the fiber bridging length of lf/4. This assumption was also
made by Pfyl (2003) for an analytical model for fiber reinforced concrete.
Pullout tests were performed with embedded lengths of 2, 3 and 4mm. The
maximum embedded length for 3mm fibers in the case of uniaxial tensile tests
is 1.5mm and the mean value for the fiber bridging length is then 0.75mm.
Since pullout tests on fibers with lengths smaller than 1mm are not easy to
perform (surface influences, wall effects and problems due to moisture and
shrinkage increase and have a very large influence on the results) the val-
ues obtained for larger embedded lengths were extrapolated. Further differ-
ences between pullout and uniaxial tensile tests can occur because of the large
amount of fibers in the specimen that all influence the crack-growth, the fiber
de-bonding and pullout. A factor that is not investigated is the influence of
fiber distance on the pullout behavior. Although the average fiber distance
was calculated from the cross-sections, no results of pullout tests for the used
micro-fiber with this distance are available. Further influences which are
not considered are influences from moisture and temperature in the dogbone
specimens that can have influences on the results of uniaxial tensile tests.
Although the fibers were aligned well in the dogbone shaped specimens fiber
clusters can occur, that means three or more fibers almost touch each other.
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These clusters certainly have a different bond behavior than single fibers. The
different bonding behavior can be compared to bundles of prestressing wire.
The wire bundles show a larger surface than a single wire and with this a
stronger bond.

5.1.3. Relations between single fiber pullout tests and
uniaxial tensile tests

With the analysis of cross-sections, the number of fibers in the narrow part of
the dogbone specimen, which is the part where the cracks arise, was determ-
ined. As the fibers in the dogbone specimens were aligned almost perfectly
a relation between single fiber pullout test and uniaxial tensile test could
be drawn. The pullout behavior observed during single fiber pullout tests is
simply multiplied with the number of fibers measured in the cross-section.
The maximum tensile strength of the dogbone specimen sigmat can be cal-
culated with the maximum pullout force FPO times the number of fibers in
the cross-section mf divided by the area of the cross-section (Acs) plus the
maximum tensile strength of the pure cement specimen sigmacem.

σt = (FPO ·mf )/Acs + σtcem (5.1)

The value for the maximum pullout force has to be diminished because of
the smaller fiber bridging length. The mean value for fiber bridging length,
as mentioned above (0.75mm) is used. As there are no pullout results for
micro-fibers with an embedded length of le = 0.75mm. The maximum pul-
lout forces obtained from the pullout tests in this study are extrapolated. For
this extrapolation the assumption made in equation 3.10 is used. This leads
to a maximum pullout force for le = 0.75mm of about 1.2 N.

With a mean value for the number of fibers in a small cross-section of 650
fibers, for a small dogbone with a smallest cross-section of 100mm2 equation
5.1 leads to tensile strength of about 11 MPa, which fits well to the results of
the uniaxial tensile tests.
This simple attempt for relating single fiber pullout-tests to uniaxial tensile
tests can only work in the case of perfectly aligned fibers with a uniform fiber
distribution over the cross-section. Furthermore, the pullout-load for the fiber
bridging length was extrapolated from the pullout tests performed with larger
embedded length. In order to validate these values, results of pullout tests
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with an embedded length of le = lf/4 are needed and the influence of fiber
distance on the pullout behavior needs to be investigated.
Furthermore, this simple relation does not consider the size effect. As the aim
of this study was to find possible reasons for the size effect, in the authors
opinion it does not make sense to include a further size effect term in the
relation.

5.2. Conclusions

The investigations on microfiber reinforced cement show that there is a large
potential for straight steel microfibers. The comparison of cut fibers and
industrial fibers made in chapter 2 demonstrates the large increase of bend-
ing strength and the much larger strain capacity of specimens containing cut
fibers. Investigations on hybrid fiber concrete with the addition of microfibers
show that microfibers can contribute to enlarge the linear elastic behavior of
the composite by bridging micro-fibers. As the tests were only performed
with industrially produced microfibers this effect is expected to be much lar-
ger with straight cut fibers. Furthermore, the influence of aligning fibers on
the bending strength is shown. Specimens containing aligned fibers show lar-
ger bending strengths and a lower scatter.
The production of straight microfibers with a diameter of 50µm has to be
improved. During the work on this thesis about 1kg of microfibers were cut
from a fine-wire. Therefore more than 32 million cuts are needed. In order to
produce more fibers, the abrasion of cutting knifes and problems with other
parts of the cutting machine that required a large amount of maintenance
need to be solved.
In chapter 3 single fiber pullout tests were performed in order to investigate
the mircro-mechanical behavior of a micro steel fiber embedded in a cement
matrix. The results show a clear influence of w/c-ratio on the pullout re-
sponse. The larger amount of water with larger w/c-ratios leads to a larger
porosity around the fiber. The weaker interface with larger w/c-ratios is re-
sponsible for lower pullout strengths. Furthermore, it was observed that the
larger porosity can have an influence on the pullout work. The fiber de-
bonding does not only occur along the fiber surface; for larger w/c-ratios a
cohesive failure in the porous fiber-matrix interface was observed. This leads
to cement particles remaining on the fiber surface which lead to an interlock
with the surrounding matrix. This interlock leads to a larger pullout work
for larger w/c-ratios. The influence of the embedded length on the pullout
response is not that distinctive. However, a large influence of the wire-type
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was observed. The pure wire behavior has a large influence on the pullout
behavior. The tests with heat treated wires which show a low strength and a
large strain capacity resulted in constantly low fiber pullout strengths.
With performing the pullout tests in ESEM the fiber slip can be observed in
detail and the displacement of the fiber at the point where the fiber enters the
matrix can be measured. By comparing the displacement measured with the
LVDT mounted on the testing device with the fiber slip measured from ESEM
pictures, large differences were found. These differences show the elastic de-
formation of the free wire. From the point on where the fiber pullout starts
the difference between LVDT and ESEM stays constant. With this compar-
ison the exact point can be determined in the load-displacement curve where
the pullout process starts.
The uniaxial tensile tests again showed the potential of straight microfibers.
Tensile stresses of 10 MPa were reached with a fiber volume of 1.5%. The
stress-strain curves show a strain hardening behavior for small dogbone shaped
specimens. The results of digital image correlation show multiple cracking at
the specimens surface, as it is usually observed for concretes containing PVA
fibers.
A further important part of this thesis are the investigations on size effect.
Different from previous investigations where the structural size was varied in
2 or three dimensions, in this study the basic material was scaled as well. The
basic materials were scaled with the same factor as the specimen dimensions
and the whole testing setup. The scaling factor used was 4. As the fiber
diameter and length as well as the diameter of the cement grains were scaled
with a factor of 4 the area between fiber and matrix was scaled with a factor
of 16. As the hydration products could not be scaled a decrease of strength
from small to large specimens was observed. Furthermore, a different crack
pattern on the specimens surface was observed using DIC. The stress-strain
curves also show large differences between small and large specimens due to
the different bonding behavior at small fibers surrounded by small hydration
products and large fibers surrounded by small hydration products. The slope
of the results plotted in a σ−D double-log diagram was lower than the results
obtained with tests on identical material at different sizes. This clearly shows
the influence of the materials microstructure on the size effect. In conclu-
sion, the influence of the material has to be separated from the influence of
structural size.
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5.3. Outlook

This thesis shows that fiber reinforced cement with micro-fibers cut from a
fine-wire shows great potential in terms of enhancing tensile strength as well
as ductility. Since the fibers were produced with a prototype of a cutting
machine at our institute, only a low amount of fibers could be produced. In
order to perform more investigations on this material, more fibers need to be
produced. Further uniaxial tensile tests as well as bending and compressive
tests could be performed to study more mechanical properties. Furthermore,
the matrix into which the fibers are mixed in could be varied; for example,
micro-silica could be added in order to enhance the fiber bond.
In order to study the relation between fiber pullout and uniaxial tensile tests
with aligned fibers, the influence of the fiber spacing could be studied. Pullout
tests with two or more fibers embedded in a cement matrix with different dis-
tances could be performed. Furthermore, influences on the fiber bond could
be studied more intensively; for example, the influence of the oil film on the
fiber surface on the bonding behavior would be of interest.
The size and scale effects and reasons for different cracking behavior can be
studied by performing pullout tests with 12mm fibers in a cement matrix con-
taining the coarse cement. Furthermore, with a larger amount of fibers larger
specimens containing cut micro-fibers could be produced in order to study
the effect of specimen size on the tensile behavior of micro-fiber reinforced
cement.
With a large amount of micro-fibers a hybrid fiber concrete could be de-
veloped containing the full range of fibers, and the influence of micro-fibers
on the tensile behavior of hybrid fiber concrete could be studied.



A. Tables and figures from
preliminary investigations

Table A.1.: Matrix mixture for 3-point bending tests with cut and indus-
trially produced micro-fibers.

Material Weight / m3

Cement 1821.5 kg
Superplasticizer 36.4 kg

Water 364.3 kg
w/c 0.2

The mixture was used for investigating the influence of different micro-fibers
on the 3-point bending behavior. Since only a few cut micro-fibers were
available, only small specimens with the dimensions 10 x 10 x 60mm could
be tested. The supports for 3-point bending were placed with a distance of
50mm. Tests were performed with specimens containing 3,5,7 and 10% micro-
fibers. Details of this study can be found in Schmid (2007).
The identical mixture was used for producing the beams with the U-shaped
mould. With these beams (20 x 20 x 115mm) 4-point bending tests were
performed. The setup for the 4-point bending tests is shown in figure A.1.

Furthermore, with this material beams with the dimensions 70mm x 70mm x
280mm were produced. Before testing the specimens surfaces were ground and
the specimens were tested with a 4-point bending setup. The specimens were
placed between supports with a distance of 210mm. The load was applied
with two supports on top of the specimens with a distance of 70mm. More
details of fresh concrete tests and the detailed mixture procedure can be found
in Vetter (2008) and Meier (2008).
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Figure A.1.: Setup for 4-point bending tests performed with specimens
from U-shaped mould.

Table A.2.: Matrix mixture for 4-point bending tests with HFC and HFC
+ IPF.

Material Weight / m3

Cement 1053.3 kg
Fly-ash 253.3 kg

Micro-silica 106.7 kg
Quartz powder 97.0 kg
Sand (< 5mm) 373.3 kg
Superplasticizer 21.06 kg

Water 282.7 kg
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Figure A.2.: Stress-displacement-diagrams for 4-point bending specimens
containing different steel fibers.
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B. Image analysis from ESEM
pictures

The porosity around the fibers with different w/c-ratios was analyzed from
ESEM pictures of cross-sections. The cross-sections show a micro-fiber em-
bedded in a cement matrix. Cross-sections with different w/c-ratios were
analyzed concerning porosity around the fiber. The ESEM pictures were con-
verted to black and white pictures with a fixed threshold and the porosity
was determined in sections around the fiber using MATLAB.

(a) (b) (c)

Figure B.1.: Image analysis of porosity from ESEM pictures using MAT-
LAB, (a) original image, (b) black and white image and (c) black
and white image with sections for determining the porosity.
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C. Pullout diagrams from ESEM
analysis

The figures on the following pages show the differences for displacements
measured with the LVDT mounted on the micro tensile test device and the
displacement measured with the ESEM measurement technique. One can see
large differences between the displacements. The figures show the differences
for the two different wire-types, the different w/c-ratios and the different
embedded lengths. Due to the larger time and effort for performing in-situ
pullout-tests in ESEM only one specimen of each series was tested in this way.
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Figure C.1.: Pullout diagrams with ESEM analysis for specimens with le =
2mm.
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Figure C.2.: Pullout diagrams with ESEM analysis for specimens with le =
3mm.
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Figure C.3.: Pullout diagrams with ESEM analysis for specimens with le =
4mm.



D. Force-displacement-diagrams
from uniaxial tensile tests
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Figure D.1.: Force-displacement-diagrams for scaled material.
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Figure D.2.: Force-displacement-diagrams for identical material.



E. Position of LVDTs at small and
large dogbone specimens

The uniaxial tensile tests were performed in closed-loop test control. The
displacement transducer used for the actual deformation value were mounted
on the specimen. As well as the size of the specimens and the dimensions
of the testing setup, the distance (l0) between the LVDTs were scaled. The
initial distance for the center of the supports glued on the specimens was
30mm for the small dogbones and 120mm for the large specimens. Because of
the small range of the LVDTs the supports had to be modified for the large
dogbones, see figure E.1.

(a) Small dogbone with
lo = 30mm

(b) Large dogbone with
lo = 120mm

Figure E.1.: Position of LVDTs used for test control on the tensile speci-
mens.
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F. Results of digital image
correlation

Results of digital image correlation done with the VIC 3D system by LIMESS
are presented in the following figures. Strain concentrations on the surface of
the specimens are plotted next to the corresponding stress-strain curve. On
the curves the load is indicated where the picture was taken, see figure F.1
and F.2. Furthermore, strain concentrations on the surface of small and large
specimens are presented at different load-steps.
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Figure F.1.: Stress-strain curve and corresponding principal strains for
small specimen w/c=0.2.
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Figure F.2.: Stress-strain curve and corresponding principal strains for
large specimen w/c=0.2.
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(a) Small 90% PL
w/c=0.2

(b) Large 90% PL
w/c=0.2

(c) Small 90% PL
w/c=0.2

(d) Large 90% PL
w/c=0.2

(e) Small 90% PL
w/c=0.2

(f) Large 90% PL
w/c=0.2

Figure F.3.: Principal strains for specimens w/c=0.2 at 90% peak load.
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(a) Small PL w/c=0.2 (b) Large PL w/c=0.2

(c) Small PL w/c=0.2 (d) Large PL w/c=0.2

(e) Small PL w/c=0.2 (f) Large PL w/c=0.2

Figure F.4.: Principal strains for specimens w/c=0.2 at peak load.
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