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1. Introduction

Research upon improving the flexural/tensile properties of cement-
basedmaterials by admixing short reinforcement fibers into the cement
mixtures can be traced back up to the 1960s [1]. Synthetic high perfor-
mance fibers, e.g. steel, glass or carbon fibers, exhibiting high tensile
strengths (up to 6000 MPa) and Young's moduli (up to 400 GPa), have
proven great potential for developing high tensile/flexural resistant ce-
mentitious materials [2,3]. The resulting cement-based composites, re-
inforced by up to 7 vol% of chopped fibers [4], undergo distributed
multiple micro-cracking with small crack widths prior to the crack lo-
calization and thus provide exceptional energy absorption prior to frac-
ture [5–9]. In order to classify the effectiveness of a fiber-reinforcement
of such kinds of composites, their typical fracture behavior is often char-
acterized in detail. Under tensile or bending loads a hardening behavior
can be observed driven by the fact that not one single crack develops
(which is the case for plain cementious materials) but multiple cracks
are forming. The fracture behavior shows post-cracking stress higher
than the cracking stress, which is referred to as “strain hardening” in
tensile strength tests and “deflection hardening” in bending strength
tests [8,10]. Cementitious materials exhibiting strain/deflection
hardening show a remarkable increase in tensile/flexural properties
leading to relative strength increases of up to 500% and showing an
ultimate tensile/flexural strength up to 50 MPa: In some cases one
urg.de (M. Hambach),
order of magnitude higher than that of plain mortar/concrete (lacking
further reinforcement) [4,11–18].

However, the fact that fibers are randomly dispersed in fiber-
reinforced cementitious materials fabricated by traditional methods
(e.g. casting) is wasting much of their potential. The maximum achiev-
able flexural strength of the composite is limited since fibers are dis-
persed in 3° of freedom, but flexural/tensile stress is in most cases
directed in a single direction. Efforts on extruding fiber-reinforced ce-
ment pastes are reported in literature, which focus on fiber direction
alignment through high shear and compression forces [19–22]. It has
been shown that extrusion processing of fiber reinforced cementitious
composites can achieve a good fiber alignment in the extrudate and
consequently enhance tensile/flexural properties of the material [23,
24]. By admixing and aligning 5 vol.-% of glassfibers in extruded cement
composites, flexural strength values up to 35 MPa have been obtained
[19]. Based on the research on extruded fiber-reinforced composites, a
similar concept of aligning chopped fiber reinforcement by a nozzle in-
jection technique is presented in this study.

2. Materials and methods

2.1. Carbon fiber treatment

Carbon fibers were obtained from Toho Tenax Co., Ltd. (Tokyo,
Japan). Carbon fibers type Tenax®-J HT C261 (PAN type, 7 μm in
diameter) were pre-chopped having an average length of 3 mm. The
tensile strength of these fibers as reported by the manufacturer is
about 4000 MPa and Young's modulus is 238 GPa at an elongation at
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break of 1.7%. Carbon fibers were surface oxidized in a Nabertherm N 7/
H muffle furnace to improve fiber-matrix bonding as suggested by pre-
vious publications regarding oxidized carbon fibers in cementitiousma-
trices [25–28].

2.2. Cement paste specimen preparation

61.5 wt% of type I 52.5 R Portland cement was used in conjunction
with 21 wt% silica fume (Elkem Microsil), 15 wt% of water and
2.5 wt% of a water reducing agent (BASF Glenium ACE 430). The silica
fume improves coupling of fibers to the cementitious matrix [29].
Water cement ratio was 0.28 (including water in the water reducing
agent). All solid components, apart from carbon fibers, were mixed in
dry state. Water and water reducing agent were added and mixed
with a rotary mixer at 600 rpm until a homogeneous mixture was ob-
tained. Finally the carbonfiberswere added and themixturewas stirred
again at 50 rpm until the fibers were dispersed uniformly. The typical
batch size was 60 g, which was sufficient to prepare six specimens for
3-point-bending or compressive strength tests. The freshly prepared ce-
ment mixture was poured into Teflon molds with dimensions of
60 × 13 × 3 mm (±0.3 mm) for 3-point-bending test and
15 × 15 × 15 mm (±0.3 mm) for uniaxial compressive strength test.
Samples containing randomly oriented carbon fibers were cast at once
in the middle of a mold being 60 × 50 × 15 mm in three dimensions.
After preparation a plate vibrator was used for densification. Test spec-
imenswere subsequently cut into the required sizes by a low-speed saw
after hardening for 7 days.

The approach used in this study towards fiber alignment is imple-
mentedby injecting the cement paste (containing admixed short fibers)
through a nozzle, which will lead to a specific fiber orientation if the
nozzle diameter is smaller than the average length of the fibers. The ori-
entation of the fibers is thus parallel to the direction of flow through the
nozzle, as illustrated in Fig. 2a. For the prepared samples in this study a
syringe having a nozzle diameter of 2mmalongwith 3mm long carbon
fiberswas used. The readymixed cement paste containing carbon fibers
was filled into a 20 mL disposable syringe (B. Braun Melsungen AG,
Melsungen, Germany) and injected into 60 × 13 × 3 mm (±0.3 mm)
Teflon molds for 3-point-bending tests and into a 60 × 50 × 15 mm
(±0.3 mm) mold for uniaxial compressive strength test. For a coales-
cence of the cylinders of cement paste (which were extruded from the
syringe) into a solid sample a plate vibrator was used to densify thema-
terial for about 1 min for each sample. Specimens intended for tests of
compressive strength were cut by a low-speed saw into the desired di-
mensions (15 × 15 × 15mm) 7 days after preparation. After casting and
shaping all specimens were stored at 100% humidity for 24 h, then
transferred for 6 days into a water bath and, finally, kept for another
3 weeks at 60% humidity prior to testing. More detailed information
about specimen nozzle injection preparation is given in Fig. S1 (Supple-
mentary material).

2.3. Rheology measurements

Rheological measurements were performed using a Malvern
Kinexus rotational rheometer using the plate geometry at a measure-
ment gap of 3 mm between the plates. The temperature was kept at
25.0 ± 0.5 °C. The shear viscosity was measured by increasing the
shear rate step-wisely in a range from0.5 to 100 s−1. The shear rate dur-
ing each periodwasmaintained until an equilibrium shear viscositywas
obtained (typically 20 s).

2.4. Flexural strength measurements

Flexural strength measurements were carried out with at least 6
specimens for each testing series in a 3-point bending testing setup.
The testing machine was a Zwick/Roell BT1-FR05TN.D14 with a 500 N
load cell attached. Testing conditions were deflection controlled at
1 mm per minute. By measuring the maximum force F the flexural
strength fs can be calculated by the following Eq. (1):

fs ¼ 3
2
� F � l
w � h2 ð1Þ

l represents the distance between the supports (50 ± 0.1 mm),w is the
specimenwidth and h is the specimenheight. The specimendimensions
were determined prior to the measurement within accuracy of
0.01 mm. Fig. 1a shows testing setup and fiber orientation for samples
containing aligned carbon fibers.

2.5. Compressive strength measurements

For compressive strength measurements six specimens for each
testing series were tested. A Zwick/Roell BZ1-MM14640.ZW03 testing
machine with a 50 kN load cell attached was used. By measuring the
maximum force F the compressive strength cs can be calculated by the
following Eq. (2):

cs ¼ F
l �w ð2Þ

l represents the length andw thewidth of the sample. The specimen
dimensions were determined prior to the measurement within accura-
cy of 0.01 mm. Samples containing aligned fibers were tested as
sketched in Fig. 1b.

2.6. Thin section preparation

For samples containing oriented fibers, specimens of three different
thicknesses, namely 0.5mm1.5mmand 2.5mm,were prepared bywet
polishing. Polished specimens were glued by epoxy resin to a micro-
scopic slide and were further wet polished until a thickness of 80 to
100 μm. An Olympus BX 51 transmission optical microscope equipped
with a QImaging MicroPublisher 5.0 RTV imaging system was used for
capturing optical micrographs.

3. Results

3.1. Fiber alignment and rheology

To investigate fiber alignment in the prepared samples thin sections
and ESEM-micrographswere prepared and are shown in Fig. 2. Samples
prepared by conventional mold-casting (Fig. 2c) do not show any dis-
cernible fiber orientation whereas nozzle-injected cement pastes dis-
play preferential orientation of fibers parallel to the movement
direction of the guided nozzle at both 1% (Fig. 2d) and 3% (Fig. 2e) car-
bon fiber volume. Fiber alignment can also be investigated at the frac-
ture edge of a test specimen shown in Fig. 2b. In consequence, the
presented simple injection technique for carbon fiber-reinforced ce-
ment paste is leading to unidirectional alignment of cement-
embedded short carbon fibers that follow the movement direction of
the guided nozzle. Consequently samples containing fibers oriented in
the direction of stress should exhibit improved tensile/flexural proper-
ties as reported by other authors [21,23,30].

Since the rheology of the extruded cement paste will affect the mu-
tual alignment of fibers, rheology measurements were carried out and
are presented in Fig. 3. All tested cement paste samples exhibit lower
shear viscosity by increasing the shear rate. Admixing carbon fibers to
the prepared cement paste leads to an increase of the shear viscosity
of the samples, as compared to plain cement paste samples at similar
shear rates. For low shear rates (0.5 to 10 s−1) 1 vol.-% admixed carbon
fiber samples show slightly lower shear viscosity, compared to 3 vol.-%
admixed carbon fiber samples. For high shear rates (15 to 100 s−1) no



Fig. 1. a) Specimens were tested in 3-point bending and b) uniaxial compressive strength tests - grey lines indicate the alignment direction of carbon fibers in nozzle injected samples.
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differences in shear viscosities of 1 and 3 vol.-% admixed carbon fiber
samples can be observed.
3.2. Flexural strength increase by aligning carbon fibers in cementitious
binders

In order to obtain a significant increase of tensile/flexural strength of
a fiber-reinforced composite the following condition on fiber and ma-
trix properties has to be satisfied: the Young'smodulus and the (tensile)
strength of the fibers have to be higher than those values of the matrix
[31]. The used carbon fibers provide strength of 4000MPa and a Young's
modulus of 238 GPa. By expecting average values of 5 MPa of (tensile)
strength and 20 GPa of Young's modulus for cement paste it can be as-
sumed [32], that cement paste samples containing admixed carbon fi-
bers should provide higher flexural strength compared to plain
cement paste samples. To investigate the gain of strength and the frac-
ture mechanics of nozzle-injected fiber-reinforced cement experimen-
tally, 3-point bending and compressive strength tests were performed.
All specimens were tested in longitudinal fiber direction as presented
in Fig. 1. Results are given in Table 1, stress-deflection graphs are plotted
in Fig. 4 for 3-point bending tests and in Fig. S2 (Supplementary materi-
al) for uniaxial compressive strength tests.
Fig. 2. (a) By applying a force (F) on the syringe fiber alignment in the extruded cement paste c
fibers can be fabricated. (b) ESEM micrograph of a fracture edge of a test specimen of nozzle-i
aligned carbon fibers at 1 (d) and 3 (e) percent by volume.
Plain cement paste shows good compressive strength for cement
paste lacking any fillers of about 101.8 (±19.1)MPa, but only poor flex-
ural strength of 8.3 (±1.1)MPa. Admixing 1% (by vol.) of randomly dis-
persed carbon fibers, a flexural strength increase from 8.3 to 20.3
(±2.5)MPa (relative enhancement of 146%) can be observed compared
to plain cement paste. The boost in flexural strength upon adding a
small amount of short carbon fibers was predictable, as described be-
fore, and similar values have already been reported by other authors
for carbon fiber composites containing randomly dispersed fibers [33,
34]. Aligned fiber-reinforced cement (1 vol.-% percent fibers) resists
flexural stress up to 46.5 (±4.3) MPa and thus exhibits a remarkable
relative enhancement of strength of some 460%. Stress-deflection
graphs (Fig. 4) show that the Young's modulus is not influenced signif-
icantly by admixing carbon fibers at 1% (by vol.) to the cement. Howev-
er, the maximum stress, the maximum relative deflection and the
curves' shape are notably affected by the presence of carbon fibers in
the cement mixture. Cast samples exhibit a stress-deflection curve
widely known for fiber-reinforced cements showing linear-elastic fea-
tures up to about 75% of maximum stress showing a transition into a
ductile behavior and finally leading to material failure. The samples
show deflection hardening driven by multiple cracking up to 0.3% de-
flection [5,7] and post-fracture behavior (deflection softening) e.g.
caused by fiber pull-out [35] for a deformation from0.3% to 0.5% relative
an be achieved; by moving the nozzle in a direction (v) solid samples containing oriented
njected cement paste. Thin sections of (c) randomly distributed carbon fibers and nozzle-
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Fig. 3. Relation between the logarithm of shear viscosity and the logarithm of shear rate
(0.5 to 100 s−1) in plain and in carbon fiber-reinforced cement pastes (1 and 3 vol.-%). Fig. 4. Stress-deflection plots of 3-point bending tests for plain cement paste, mold casted

and nozzle-injected carbon fiber-reinforced cement paste for 1 and 3 vol.-% carbon fibers.
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deflection. Test specimens containing aligned carbon fibers exhibit line-
ar elastic behavior up to 50% of maximum stress. By applying higher
stress deflection hardening is initiated and multiple micro-cracking af-
fects the deformation behavior (Fig. 4). Deflection hardening can be ob-
served from 0.2 to 0.8% relative deflection and, in contrast to randomly
dispersed fiber samples, the samples do not exhibit post-fracture
behavior.

Admixing 3 vol.-% of carbon fibers to the cement mixture and
aligning them during the application, is boosting flexural strength
even further, leading to an ultimate flexural strength of 119.6 (±7.6)
MPa and enhancing the strength as compared to plain cement pastes
by 1340%, (more than one order of magnitude (Table 1). The course of
the stress-deflection graphs of test specimen containing either 1 or 3
vol.-% percent of aligned fibers is similar, themaximum stress andmax-
imum relative deflection being much higher for the sample filled by 3
vol.-% of carbon fibers (Fig. 4). The slope of the curve of 3 vol.-% aligned
fiber samples is slightly larger and, as a consequence, higher Young's
moduli can be reported for those samples for both linear-elastic and de-
flection hardening behavior. After specimen failure no post-fracture be-
havior (e.g. deflection softening) can be observed for the 3 vol.-%
aligned fiber samples.

Table 1 shows that compressive strength values are slightly decreas-
ing, if fibers are admixed to the prepared cement paste samples. For 1
vol.-% randomly dispersed fibers namely by about 10% to 87.4
(±21.5) MPa and for 1 vol.-% fibers aligned in stress direction to 87.3
(±11.6) MPa. For 3 vol.-% of aligned carbon fiber samples compressive
strength was determined to be 83.8 (±9.0) MPa. Decreasing compres-
sive strength by increasing fiber volume content could ascribed to
fiber induced damage effects, which results in a composite with higher
porosity compared with the plain matrix material [32]. However, the
samples still comply to the highest Portland cement class standards
Table 1
Results of 3-point bending test and uniaxial compression test of plain cement paste and fi-
ber-reinforced cement paste.

Sample Flexural
strength
[MPa]

Compressive
strength
[MPa]

Plain cement paste, without fibers 8.3 ± 1.1 101.8 ± 19.1
1 vol.-% carbon fibers, fibers randomly
dispersed

20.3 ± 2.5 87.4 ± 21.5

1 vol.-% carbon fibers, fibers oriented in stress
direction

46.5 ± 4.3 87.3 ± 11.6

3 vol.-% carbon fibers, fibers oriented in stress
direction

119.6 ± 7.6 83.8 ± 9.0
since their compressive strength is higher than 52.5 MPa required for
standard mortars.

3.3. Analysis of planar fiber orientation in casted and nozzle-injected car-
bon fiber-reinforced cement pastes

Optical micrographs (Fig. 2) and fracture behavior (Fig. 4) of nozzle-
injected fiber-reinforced cement indicate a good uniaxial fiber align-
ment, which can be parallel to a designated stress direction. In order
to quantify fiber orientation, thin sections (about 80 μm of thickness)
were prepared and analyzed by optical microscopy. The recorded mi-
crographs are over-exposed on purpose in order to simplify automated
image processing, which leads to the appearance of black carbon fibers
surrounded by a translucent cement matrix (Fig. 5a–c). Each micro-
graph covers an area of 1.8 × 1.4 mm2 and for each sample six optical
micrographs from three thin sections have been recorded (18 micro-
graphs for each sample in total). In the following step the micrographs
were processed with the plugin Directionality of the image processing
software ImageJ/Fiji [36] and the fiber orientation direction was ana-
lyzed for each micrograph as schematized in Fig. 5c. The experimental
orientation direction was derived by averaging all 18 distribution histo-
grams for each sample. All thin section images and fiber orientation his-
tograms are given in Figs. S3–11 (Supplementary material). The
orientation directions are interpreted as the fraction of fibers (%) per
angle (−90 to 90°). The software recognizes the fraction of the image
area with a preferred direction but does not perform any segmentation
of fibers. The resulting orientation directions for specimen containing 1
vol.-% percent carbon fibers (casted and nozzle-injected sample) and 3
vol.-% fibers (nozzle-injected samples only) are plotted in Fig. 5d. The
black columns represent fiber orientation for casted samples and
show a statistical variation of the fibers' orientations proving that the fi-
bers do not show any preferred orientation. The slightly higher amount
in 0°fiber orientationmight be caused by border effects,which occurred
while pouring the cement paste into the Teflon mold. Nozzle-injected
samples containing 1 vol.-% (red columns) and 3 vol.-% (blue columns)
of fibers show a peak around 0° fiber orientation, which proves that
nozzle injection of fiber-reinforced cement is capable of aligning fibers
within±20° at afiber orientation directed by themovement of the noz-
zle. Summing up the amount of linear structures oriented at 0° (±20°),
a total fraction of 62% for samples containing 1 vol.-% percent and 71%
for samples containing 3 vol.-% percent of aligned carbon fibers were
obtained. Thus an increase of fiber content is leading to improved
fiber alignment. It should be noted that the method for sampling fiber
alignment presented here, in a strict sense is semi-quantitative in na-
ture, since the analyzed quantity is the projection of the traces of the
carbon fibers onto the cutting plane of the specimen – and not the

Image of &INS id=
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Fig. 5. Evolution of thin sections (80 μm thickness) from optical micrographs (a) to over-exposed images (b) and finally to orientation maps created by ImageJ/Fiji along with “Direction-
ality” image processing plug-in (c); and (d) relative fiber fractions plotted against fiber orientation direction for mold casted and nozzle-injected samples.
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complete 3D arrangement of the fibers in the cementitious matrix. The
latter requires elaborate analytical techniques, i.e. X-ray diffraction
computed tomography at a very high spatial resolution as suggested
by previous work on fiber distribution [37]. First steps into this direc-
tion, employing a nano-CT at highest resolution (i.e. minimum voxel
size of about 300 nm), have demonstratedmajor challenges in differen-
tiating thin (i.e. 7 μmdiameter) carbon fibers from the surrounding (in-
homogeneous) cement matrix by processing CT image stacks with
standard image analysis techniques. Clearly, this analytical tool should
be further elaborated and adapted for the envisaged task.

3.4. Analysis of multiple micro-cracking in casted and nozzle-injected car-
bon fiber-reinforced cement pastes

Deflection hardening behavior observed in Fig. 4 indicates that mul-
tiple cracking is occurring in the presented fiber-reinforced cement
paste samples. In order to investigate multiple cracking behavior of
the tested samples the zone of maximum stress (area proximal to the
crack tip) of fractured specimens was immersed with epoxy resin
Fig. 6. Sketch of a broken specimen (in 3-point bending test) showing analyzed areas proxim
containing 1 vol.-% of randomly dispersed fibers (c), a specimen containing 1 vol.-% of oriented
containing a red coloring agent (Fig. 6a). Thin sections were prepared
to reveal cracks, which are soaked with epoxy resin and hence adopt a
red color. For each sample three thin sections were prepared and all
photomicrographs are shown in Fig. S12–15 (Supplementary material).
Plain cement paste samples without fibers do not show any deflection
cracks (Fig. 6b). Samples containing 1 vol.-% of randomly dispersed fi-
bers display deflection cracks at a single crack distance of 1–2 mm
(Fig. 6c). If the carbon fibers are aligned (at 1 vol.-% fiber content), the
samples present smaller cracks at a crack-to-crack distance of b1 mm
(0.3–1mm),which is caused by amore efficient crack deflection evoked
by the fiber alignment (Fig. 6d). The evolution of these deflection cracks
can be investigated in the deflection hardening zone (saw tooth shape)
of the stress-deflection curve (0.2 to 0.8% deflection) presented in Fig. 4.
Specimen containing 3 vol.-% of oriented fibers lack any colored deflec-
tion cracks, indicating that higher amounts of oriented fibers are gener-
ating crack sizes, which are too small to be filled by the colored epoxy
resin (Fig. 6e). Images processed by color filtering are provided in Fig.
S12–15 (Supplementary material) for better visibility of the deflection
cracks. This rather simple investigation of broken specimens proves
al to the crack tip (a). Photomicrographs of plain cement paste mixture (b), a specimen
fibers (d) and a specimen containing 3 vol.-% oriented fibers (e).

Image of &INS id=
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that multiple cracking (leading to a high energy adsorption) is much
more efficient in cement paste samples containing aligned fibers.

3.5. Analysis of deformation behavior in cyclic load-unload tests

Cyclic load-unload tests (3-point bending test) were performed to
investigate the relative displacement of the specimens after 70% of frac-
ture load is applied for 10 cycles. Plain cement paste shows only linear-
elastic features and consequently no significant displacement of the
specimen retains after 10 load cycles, as plotted in Fig. 7. If cement
paste samples containing carbon fibers are exposed to relative deflec-
tion that exceeds the linear elastic zone, a certain deformation remains
(0.05% relative deflection) and thus plastic deformation corresponding
to a ductile behavior can be observed. If fibers are aligned in stress direc-
tion the samples also exhibit hysteresis and a permanent residual de-
flection under periodic unloading and reloading tests (70% of fracture
stress). However, the maximum displacement retaining after 10 load-
unload tests is higher than those of casted samples. For 1 vol.-% of
aligned fiber samples a residual deflection of 0.075% and for 3 vol.-% of
aligned fiber samples of 0.15% deflection can be reported. Additional
unload-reload graphs for 30% and 70% fracture stress are given in Fig.
S16 (Supplementary material). The observed effect of plastic deforma-
tion present in all fiber reinforced samples, caused by the generation
of multiple micro-cracks (Fig. 7), is absorbing huge amounts of energy
and is giving the material its high flexural strength.

4. Discussion

For plain cement pastes micro-crack shielding, crack deflection,
crack trapping, crack face pinning, aggregate/ligament bridging and ten-
sion softeningbehavior have been observed [38]. Thesemechanisms are
driven by the fact that plain mortars or concrete are quasi-brittle mate-
rials and behave in linear elastic features described by linear-elastic
fracture mechanics [39]. However, plain cementitious materials exhibit
only low fracture toughness, shown in Fig. 4 by comparing the area be-
neath the stress-deflection plots. In contrast fiber-reinforced cements
exhibit high fracture toughness, which can be ascribed to different
toughening mechanisms. All presented fiber-reinforced cement paste
samples exhibit similar fracture characteristics, when comparing the
stress-deflection plots of the tested samples (Fig. 4). Linear-elastic be-
havior can be reported for low stress values running into deflection
hardening for higher stress values, which is also reported for high per-
formance fiber-reinforced cement-based composites by other authors
[7,40,41]. Deflection hardening occurs under bending load, when
Fig. 7. Cyclic load-unload plots (10 cycles in 3-point bending test) of mold casted and
nozzle-injected carbon fiber-reinforced cement paste (1 and 3 vol.-% fiber fraction).
microscopic defects trigger the formation of multiple matrix cracks.
Cracks are bridged by fibers transmitting tensile stresses across the
crack surfaces [42]. Increasing load initiates further crack formation
generating a network of multiple micro-cracks, which are acting as a
load deflection mechanism. The opening of multiple cracks is thereby
driven by the fact, that more energy is needed to open an existing
crack than it takes to create a new crack [8]. The generation of numerous
new crack surfaces and hence the distinct pull-out and crack-bridging of
fibers provides a very high energy absorption and thus a high fracture
toughness [43]. The residual deflection after applying 70% of fracture
load and the performed epoxy immersion of cracks prove that deflec-
tion hardening is occurring in the bending stress tests of the presented
fiber-reinforced samples. For cementitious materials containing ran-
domly dispersed fibers (in most cases steel or glass fibers) deflection
hardening is reported for fiber volume fractions exceeding 2 vol.-% of fi-
bers [44]. Aligned carbon fiber-reinforced samples presented in this
study exhibit a significant deflection hardening behavior even at low
fiber volume fractions starting at 1 vol% (Fig. 4). Since aligned fiber sam-
ples contain fibers oriented in the stress direction, it is obvious that
stress deflection mechanisms (driven by multiple micro-cracking) are
working remarkably better compared to samples containing randomly
dispersed fibers (Fig. 6). Thus the presented material can be reported
as a deflection hardening composite at relatively low fiber volume
fraction.

Further stress tests (namely tension tests) have to be performed in
order to investigate potential strain hardening behavior of the material.
Furthermore, the energy adsorption capacity of the material has to be
studied to classify the material among (ultra-)high performance fiber-
reinforced cementitious composites.
5. Conclusion

Summarizing the results gleaned frommorphological andmechani-
cal investigations on cement pastes reinforced by aligned carbon fibers
it can be stated that oriented carbon fibers (aligned in stress direction)
can significantly improve the flexural properties of the resulting com-
posite. By using a fiber content of 3 vol.-% a net increase of flexural
strength by 1340% (in comparison to plain cement paste) and an ulti-
mate flexural strength of about 120 MPa can be achieved. By using a
nozzle diameter (2 mm) being smaller than the average fiber length
(3 mm) a good fiber alignment (60 to 70% of the total fiber fraction)
in a designated direction can be reported. Furthermore, significant de-
flection hardening was investigated for 1 and 3 vol.-% carbon fiber
fraction.

With respect to common concrete technologywe are facing different
challenges of the presented fiber-aligning technique: Since the cement
mixture used in the presented study is containing only Portland cement,
silica fume and carbon fibers, filling aggregates have to be admixed to
the cement paste in order to reduce costs. However, the aggregate size
in concrete is commonly greater than the averagefiber length employed
in our study (3 mm) and, consequently, extrusion nozzles for concrete
mixtures would become too large for obtaining good fiber alignment
by extrusion. Thus fine grained fillers have to be used (e.g. sand) in
order to reduce nozzle sizes for short fibers or longer fibers could ensure
fiber alignment for larger nozzle sizes. Another technological challenge
rests upon the up-scaling of the process into dimensions of construction
yard compatible fabrication, since a hand guided nozzle technique
seems illusive for large-scale applications. 3-D (parallel) printing
might be employed as a solution, which is gaining increasing popularity
in material fabrication processes in the past years [45–49]. If used for
cement-basedmaterials, the readymixed paste could be stored in a res-
ervoir and extruded by an automatedmoving dispenser system to form
layered structures, as already been reported by other authors for ce-
mentitious mixtures [50,51]. By using a dispenser system containing
numerous small diameter nozzles a sufficient material extrusion for

Image of Fig. 7
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larger scale production could be realized along with a sufficient fiber
alignment for high flexural strength.
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