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Abstract. The present work studies the possibility to decrease the formation of micro and nano cracks around short
fibres in fibre-reinforced concrete (FRC) composite with the help of nano-reinforcement, which is carbon nanotubes, or
micro reinforcement, which is carbon short fibres and nano-fillers. Tensile and bending strength of FRC depends on the
spatial distribution of fibres inside a material, type of fibre and cement matrix, as well as an effective micromechanical
work of each fibre while pulling out of the concrete matrix. Shrinkage stresses, acting in the matrix in the vicinity of
a fibre, lead to the formation of micro-cracks. Such micro-cracks were observed experimentally and were investigated
numerically performing broad modelling based on the finite element method (FEM). The investigation was focused on
the micromechanical behaviour of a single steel fibre in a cement matrix. Numerical modelling results demonstrated a
high level of shrinkage overstresses around steel fibres in concrete. The role of nano and micro admixtures, nanotubes,
short carbon fibres as well as the role of water/cement ratio in a high performance concrete matrix, changing (increasing
or decreasing) the friction force between the matrix and the steel fibre, were investigated experimentally by way of per-
forming a single fibre pull-out tests. The high scatters of experimental results were obtained in performed pull-out tests.
At the same time, for the same series of samples, a positive role of micro and nano admixtures and carbon nanotubes in

the increase of pull-out force was recognised.

Keywords: fibre concrete, pull-out, nano admixture, cement matrix.

Introduction

The role of fibres. Concrete is a brittle material that has
low fracture deformation. Last few decades have been
associated with the investigation of novel concrete types:
high strength, high performance and ultra-high perfor-
mance concretes (UHPC) and their appearance on the
market (Schmidt, Fehling 2005). Such materials combine
the increasing compressive strength with relatively weak
load-bearing capacity under tensile loads. It should be
mentioned that the increase in compressive strength of
such materials is mainly concerned with more dense in-
ternal micro and nano structure of a material, which is the
reason that triggers the explosive-like failure under axial
compression. A possible solution to such problems is the
use of short fibres distributed in concrete. Fibres can be
added into concrete to improve its bending and tensile
load bearing capacity as well as to make brittle concrete
to behave quasi-plastically and to detain crack formation.

The conventional technology of fibre-reinforced
concrete (FRC) is about the addition of fibres into a con-

crete mix, mixing, filling a mould and curing. The ap-
plication of external loads leads to internal stress, FRC
deformation as well as formation and widening of micro
and macro cracks. Fibres bridge cracks and provide re-
sistance to crack opening. Every fibre that bridges a crack
is stretched. The increase in external loads leads to cy-
lindrical the initiation of a debond crack and its running
between the fibre and concrete matrix. Once the debond-
ing crack reaches the whole length of one end of a fibre,
it starts to pull out (Mobasher, Li 1995; Kononova ef al.
2012; Krasnikovs et al. 2009, 2010; Li, Mobasher 1998).
Fibre pull-out from a concrete matrix has a main role in
the mechanical behaviour of FRC in the post-cracking
stage.

Fibre—matrix interface. Short fibres carry loads in
cracked FRC. In terms of any particular fibre in concrete,
it is important to consider mechanical properties of fibre-
concrete matrix interface, the interface debonding mecha-
nisms and overstress distribution in its vicinity. Intensive
investigations of fibre-matrix interfaces commenced with
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works by Bentur and Kovler (2003), Bentur (2000), Wille
and Naaman (2010). Li and Stang (1997), Htut and Fos-
ter (2010) reviewed pull-out tests of single and multiple
fibres aimed at finding a different way to characterise
the mechanical behaviour of the interface. A number of
research efforts focused on interface bond interpretation
based on the ultimate tensile strength (Krasnikovs et al.
2009, 2010; Li 1992; Li et al. 1993; Stang et al. 1995) or
based on parameters of fracture mechanics (Pupurs 2012;
Pupurs et al. 2013; Cheng, Mobasher 1998). This work
focuses only on the mechanical side of the fibre interface
bond and the work of straight steel fibres. The mitiga-
tion of each fibre pull-out process is a very important
problem for concrete with dispersedly distributed fibres.
A number of papers (Li 1992; Li ef al. 1993; Stang et al.
1995) addressed various fibre and matrix strengthening
techniques, such as fibre form and shape variation, fibre
surface modification and treatment as well as concrete
matrix densification.

1. Shrinkage of a concrete matrix and its effect on
the formation of overstress around steel fibres

Cement hydration process is associated with shrinkage
processes. Different types of shrinkage can be mentioned,
such as autogenous, carbonation, drying, etc. Fibres re-
strict shrinkage of a cement matrix, which results in over-
stress. Cracks occur under tensile overstress, which is ex-
ceeded tensile strength of the cement matrix. Therefore,
the material around every fibre in concrete is subjected
to overstresses. Drying shrinkage is higher in areas close
to external surfaces of a structural clement, at the same
time, in the framework of the present investigation we
will not try and separate these different types of shrink-
ages and only consider shrinkage in general. Absolute
values of shrinkage deformation for different concretes

r-Filter=sB
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Fig. 1. a) SEM image of the steel fibre channel in a concrete
matrix. Dotted lines show the place of steel fibre. The photo
shows an internal surface of the cavity made in concrete by
the fibre; b) SEM image of an internal surface of the cavity
made by steel fibre in a concrete (above the dotted line) and
the concrete matrix around the fibre, covered by an orthogonal
to fibre direction and oriented along the fibre shrinkage cracks
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vary in a range between 0.0002 mm per one mm and
0.001 mm per one mm (ACI 2008). In early age hydra-
tion, values of shrinkage deformations are smaller than
above-mentioned values, and strength of early age con-
crete is low as well.

In order to detect the formation of micro-cracks in
the contact zone of the fibre-cement matrix, three types
of concrete matrixes were investigated, namely a low
strength, a normal strength and a high strength matrix
(data on the matrixes is provided below). Samples after
the steel fibre pull-out test were split along the plane,
which passes the empty channel of the fibre (after split-
ting, some pieces were burnished to reach this plane).
Then, sample surfaces were investigated, using an elec-
tron-scanning microscope. In all types of a cement ma-
trix, deep longitudinal and orthogonal cracks (oriented
against the direction of the fibre) were observed. Fig-
ure 1b shows the microstructure of a normal strength ce-
ment matrix around the fibre channel.

2. Numerical investigation of shrinkage overstresses
around steel fibres

Numerical modelling, based on the finite element meth-
od (FEM), was performed aiming to evaluate possible
crack formation around steel fibres in concrete. Commer-
cial software Solid Works was used. Straight cylindrical
form steel fibre surrounded by a concrete matrix was ob-
served. The numerical model was used and the cement
matrix was considered as a homogeneous and isotropic
material. For practically important fibre concentrations
in concrete (concentrations used in real fibre concretes),
the average distance between fibres is traditionally high-
er than a single fibre length, this is why an interaction
between adjacent fibres was neglected (the interaction
between their overstress fields). Commercially available
round cross section steel fibres usually have a length to
diameter ratio L/D equal or more than 30. Let us observe
the concrete ring encircling the fibre at its middle part far
from both ends. Let us take out a fibre from the matrix
ring. The matrix ring will have no loads or stresses on
its internal and external cylindrical surfaces. The internal
cylindrical channel radius is equal R = D/2. Then, the
ring material will be exposed to shrinkage deformations.
The internal diameter of the ring will decrease reaching
the radius of R — A.

Stress condition caused by concrete matrix shrink-
age around the fibre was calculated by inserting a steel
fibre into the channel in the concrete matrix having the
initial external radius R (and determining contact condi-
tions between the fibre and concrete matrix surfaces). Ac-
cording to the symmetry, only one-fourth part of the fibre
surrounded by the matrix was used in calculations. Sym-
metry conditions were used on radial planes of the model.
Figures 2—6 show the calculation results obtained for the
fibre having the length of L = 5 mm and the diameter of
D =1 mm, which was inserted in the concrete matrix
cylinder, having the following external dimensions: the
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Fig. 2. Stress o,, distribution in a steel fibre and concrete matrix due to the matrix shrinkage of 0.0002 mm/mm

length of 7 mm and the diameter of 2 mm and the internal
cylindrical cavity with the length of 5 mm and the diam-
eter D = (1 — 2A) mm, when A = 0.1 mm.

The stress o,, distribution in the matrix and in the
fibre is shown in Figure 2. Mechanical parameters of the
matrix and steel were as follow: the concrete Young mod-
ulus £, = 30 GPa; the Poison’s ratio v, = 0.2; the steel
fibre elastic modulus £,=200 GPa and the Poison’s ratio
vy = 0.3. The stresses distributions along the line AB in
the concrete matrix, depending on the shrinkage value A
are shown in Figures 3a—3c. Peaks on graphs correspond
to singular stress distributions in the vicinity of corners
from fibre ends. The real geometrical form and shape of
fibre ends depend on fibre production technology and
usually have a round form (or partially round). It means
that additional investigation of overstresses is necessary
for every particular type of fibre, with its ends geometry
in regions of the matrix located close to fibre ends. This
work focuses on overstresses in the concrete matrix in
the middle part of the fibre. Numerical calculations were
performed on fibres having the length equal to 30 mm.
Stresses in the middle part of the fibre were practical-
ly the same as for the fibre, which was 5 mm long (for
stresses in the concrete on the surface of the fibre at its
half-length, the difference was less than 2%). Therefore,
this article gives figures for fibres that are 5 mm long.

The value of the shrinkage parameter A equal to
0.001 mm per mm corresponds to concrete having a
high level of shrinkage deformations. It may be concrete
with high water-to-cement ratio. A equal to 0.0005 and
0.0002 mm per mm belongs to concretes with the middle
and small range of shrinkage deformations. Numerical-
ly obtained circumferential and longitudinal stresses are
high compared to the tensile strength of concrete, which
varies in the range from 2.5 MPa to 6 MPa (for early age
concrete, the tensile strength is still lower). These stresses
exceed the concrete strength in case of concretes with
high and middle range shrinkage (ordinary concretes).
Cracks orthogonal to the direction of fibre as well as
cracks along the fibre will be formed in such concretes,
which was observed experimentally (Fig. 1). With the
goal to evaluate the decrease in stress fields in the con-
crete matrix, going away from the fibre surface, stress
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Fig. 3a. Radial stress o,,. in the concrete matrix along line AB
(see Fig. 4a) depending on shrinkage parameter A
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Fig. 3b. Circumferential stress oyg in the concrete matrix
along the line AB (see Fig. 5a) depending on the shrinkage
parameter A
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Fig. 3c. Longitudinal stress 6, in the concrete matrix along the
line AB (see Fig. 5a) depending on the shrinkage parameter A
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Fig. 4. Geometrical lines in the concrete matrix, along which
calculated stress values are shown

fields were calculated on lines parallel to the fibre surface
(see Fig. 4). Stresses are smoothly decreasing in the con-
crete increasing the distance from the fibre surface. Vali-
dating the obtained numerical results, FEM calculations
were compared with the analytical solution (1) existing
for a thick endless cylinder subjected to the internal de-
formation A equal to 0.0002 mm per mm (Hearn 1997):
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m
where rq is the inner radius of the matrix; r, is the outer
radius of the matrix. The analytical solution for G,, stress,
in the concrete matrix on the surface of the fibre, at its
half-point is equal to 3.56 MPa and obtained numerically

(using FEM) 3.59 MPa.

A numerical simulation was made of steel fibre sur-
rounded by a concrete matrix with two orthogonal to fibre
direction and symmetrically located disk-like cracks in
a case of concrete matrix shrinkage and different crack
dimensions. Figures 5a—5c¢ show the stress distributions
around a fibre with two symmetrically located cracks of
a different length (6 = 0.1 mm and 6 = 0.5 mm). The
analysis of the stress pictures shows a rather high level
of tensile stresses in the concrete close to the fibre surface
between cracks. This means that the next crack can be
triggered. The cracking process will form disk-like cracks
oriented perpendicularly to the direction of the fibre. In
the beginning, the cracking process is random. Then, a
new crack appears between two adjacent cracks. This
process continues until saturation (as soon as overstress
fields of adjacent cracks start to decrease the overstress
level between two cracks). The length of shrinkage cracks
needs an additional investigation using the approach of
fracture mechanics. Looking at overstress pictures, it is
possible to see that for every level of shrinkage exists
a crack length, at which a crack has a tendency to stop
(Fig. 5¢c). It is obvious that the real network of micro-
cracks and nano-cracks affects the pull-out process of
every steel macro fibre.
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3. Modification of the concrete structure

During few last decades, numerous investigations were
made in the field of concretes having a high packing den-
sity of the material, focusing on the addition of micro
and nano-particles into the cement matrix (Hecht 2012;
Sanchez, Sobolev 2010; Naaman, Wille 2012).

Such materials are known as high strength, high per-
formance or ultra-high performance concretes (UHPC)
(Sanchez, Sobolev 2010). Some modern directions focus
on nano-modified cement matrixes, the use of nano-sized
fibres (nanotubes) and short micro-sized fibres in a con-
crete mix.

In earlier days, the term “nanotechnology” was as-
sociated with the creation and production of nano-objects
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Fig. 5a. Radial stress o,,.in the concrete matrix along the lines
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with dimensions smaller than 100 nm. Nowadays, some
principles of nanotechnology are used in the concrete in-
dustry (Hecht 2012). Multi-sized aggregate (filler) sys-
tem, including macro, micro and nano-particles is the
basic condition for dense microstructural packing. The
most important component of high-performance concrete
is pozzolanic filler, consisting of micro and nano-sized
amorphous silicate or alumosilicate particles.

Ultra High-Performance Fibre Reinforced Concrete
(UHPFRC) is characterized by high cement and poz-
zolan content, extremely low water/cement ratio, very
high compressive strength (>150 MPa) and high bend-
ing strength (>15 MPa). The interface between the me-
chanical behaviour of fibre and matrix determines the
post-cracking behaviour, the bearing capacity of FRC,
the fracture energy as well as the reliability of structural
elements. The high value of autogenous shrinkage is the
main drawback of high-strength concrete with the water/
cement ratio smaller than 0.25 (Justs et al. 2014).

The interaction between fibre and matrix may be
evaluated experimentally by a single fibre pull-out test.
Traditionally, a pull-out test sample consists of one or two
concrete (mortar) parts with embedded fibre. The sample
is fixed to special grips of the testing machine. The sam-
ple is stretched and the current value data of the applied
load and the corresponding displacement between the
grips are collecting in on-line regime, allowing to obtain
fibre pulled out length — applied tensile force diagram by
Sahmenko et al. (2007). Numerous studies have proved
the determining role of the steel fibre geometry (Naaman,
Wille 2012) in the pull-out process. Straight and smooth
fibres have the lowest value of the pull-out energy (mea-
suring as an area under the pull-out diagram). Tradition-
ally, a fibre with hooked ends demonstrated the maxi-
mal pull-off force, which was 2.5 times higher. However,
the undulated fibre demonstrated the value of the pull-
off force, which was seven times higher, as well as a
much higher pull-out energy compared with the straight
one (Sahmenko et al. 2007). The use of carbon nano-
tubes as nano-sized reinforcement is a very exciting and
interesting research direction in the area of cement and
concrete technologies. Carbon nanotubes can be rolled
from graphite sheets and multi-walled carbon nanotubes
(MWCNT) consist of a number of layers (Sasmal et al.
2013). The diameter of MWCNT is 10-20 nm. Reported
results regarding the change in mechanical properties of
concrete (and fibre concrete) because of the addition of
MWCNT (in the range of 0.0024 to 0.5% by mass of the
cement binder) are very controversial. One of the experi-
mental studies (Wille, Loh 2010) revealed that a small
amount (0.022% of the cement amount) of MWCNT sig-
nificantly improved the bonding behaviour of a single
pulled-out fibre. At the same time, the influence on the
compressive strength has not been detected.

During concrete maturing, shrinkage creates over-
stressed areas in the concrete matrix. Overstress leads to
the formation of micro and nano cracks in the matrix.

429

A wise use of nano-reinforcement may decrease the num-
ber of micro-cracks, finally increasing the fibre pull-out
force.

4. Experimental investigation

The task of the experimental part is to evaluate the in-
fluence of different factors on the fibre pull-out behav-
iour, such as: the type of the cement matrix (using low
strength, normal strength and high strength cement ma-
trixes); the influence of the cement matrix modification
by MWCNT, and the influence of the cement matrix
modification by short carbon fibres.

Mix design and materials. In the concrete mix, the
preparation of alite-based white Portland cement CEM 1
52.5 R was used as the binding agent with naturally frac-
tioned and washed quartz sand as the main filling agent.
Ground quartz sand and silica fume (Elkem “Microsilica
920 Densified”’) were used as micro fillers. The obtained
SEM images of used silica fume showed a high amount
of particles smaller than 100 nm (>15%); therefore, this
material may be classified as micro/nano admixture.
Polycarboxilate-based super plasticizer was used to con-
trol the workability of the mix.

The first set was designed to model the part of the
concrete matrix of practically used concrete mixes with
different compressive strengths. Tree types of cement
matrixes were produced and tested (Table 1). The first
type of concrete was low strength (LS) with the cement
content of 400 kg/m3, without silica fume and water-to-
cement (W/C) ratio equal to 0.75 and filler/cement ra-
tio equal to 4.1. The second type of concrete was nor-
mal strength concrete (NS) with the cement content of
550 kg/m>, with silica fume, W/C ratio equal to 0.55 and
filler/cement ratio equal to 2.7. The third type of concrete
was high-strength concrete (HS) with the cement content
of 800 kg/m3, silica fume, the W/C ratio of 0.25 and the
filler/cement ratio of 1.6. The amount of micro-filler was
adjusted in order to achieve the paste content of 60+3%
by volume in all cases. The mix compositions are sum-
marized in Table 1. Mixes were modified with multi-wall
carbon nanotubes (MWCNT) Graphistrength CW2-45.
They are characterized by each nanotube with the diam-
eter of 10—-15 nm and a high aspect ratio (>100). The
water dispersion of 2% concentration of MWCNT was
preliminarily prepared by ultrasound and was used as an
admixture. The solution of nanotubes was added to con-
crete mixes in the amount of 10 1/m3, which corresponds
to 200 g of nanotubes in 1 m3. Correspondingly, in HS,
NS and LS mixes, amounts of MWCNT were equal to
0.05%, 0.072% and 0.10% of the cement weight.

The second experimental set is based on high-strength
composition with the cement content of 800 kg/m3. Ex-
periments were carried out in order to define the influence
of MWCNT, short carbon fibres (the diameter of 7 mm
and the length of 12 mm), as well as the combination of
carbon fibre and nano-tubes together. The prepared matrix
types were: 5 MIX — Reference; 6 MIX — Carbon fibres;
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Table 1. Tree types of cement matrixes produced and tested

O. Kononova et al. Investigation of influence of nano-reinforcement on the mechanical properties of composite materials

HS | HS-NT | NS | NS-NT LS |LS-NT| HS HS HS HS
MIXS | MIX6 | MIX7 MIXS8
Cements I 52.5 R Aalborg | 1.000 | 1.000 1.000 | 1.000 1.000 | 1.000 |1.000 |[1.000 | 1.000 1.000
Sand Quartz 0.3/1 mm 1.000 | 1.000 1.455 | 1.455 2.000 |[2.000 |1.500 |[1.500 |1.500 1.500
Sand Quartz fine 0/0.3 0.375 | 0.375 0.727 | 0.727 1.500 | 1.500 | 0.000 |0.000 |0.000 0.000
Quartz micro filler 0.083 | 0.083 0.455 | 0.455 0.625 |0.625 |0.375 [0.375 |0.375 0.375
Silica Fume 920 D 0.167 | 0.167 0.091 | 0.091 0.000 |0.000 |0.175 |[0.175 |0.175 0.175
MWCNT, 2% dispersion 0.000 | 0.025 0.000 | 0.036 0.000 |0.050 |0.000 [0.000 |0.029 0.029
MWCNT, calculated as dry | 0.000 | 0.00050 | 0.000 | 0.00072 | 0.000 |0.0010 | 0.000 |0.000 |0.00058 | 0.00058
Carbon fibre 7 pm/15 mm - 0.014 |- 0.014
Water 0.250 | 0.250 0.545 | 0.545 0.750 |0.750 |0.286 |[0.286 |0.286 0.286
Superplasticizer 0.030 | 0.030 0.009 | 0.009 0.008 | 0.008 [0.030 |0.030 |[0.030 0.030

7 MIX — MWCNT; 8 MIX — MWCNT + Carbon fibres.
The compressive strength was determined in accordance
with the standard LVS EN 12390-3 (2002) for the ages of
10 and 28 days. The compression testing machine Con-
trols 50-C56G2 was used, applying the rate of loading of
0.9 MPa/s. Pull-off test specimens were prepared using a
single steel fibre of the length of 50 mm, the diameter of
0.8 mm and the tensile strength of 1050 MPa. The fibre
was symmetrically (25 mm on each side) incorporated in
the concrete matrix. After casting, samples were covered
by polyethylene film, and after two days, samples were
demoulded and cured in a water environment. 12 hours
before testing, the samples were removed from the water.
Single fibre pull-out tests were made using the univer-
sal testing machine Zvick Z150. A sample with incor-
porated fibre was loaded using specially designed grips
as described by Kononova et al. (2012). The mutual dis-
placement rate of grips was equal to 5 mm/min and was
provided during the whole test. The fibre pulling out dis-
placement was controlled by video extensometer.

5. Experimental results and discussions

Compressive strength. Results of the tests for compres-
sive strength are presented in Figure 6a. It must be noted,
that HS and NS compositions with carbon nanotubes are
characterised by a little decrease in compressive strength
values, changing in the range of 5-18%, comparing to
samples without nanotubes. Three samples of each mix
were tested after 10 days and three — after 28. For LS
mixes, strength reduction was smaller. The phenomenon
of the reduction in strength may be explained as the side
effect of MWCNT, e.g., the presence of dispersing agents
and air-entraining effect in this situation.

Fibre pull-out tests. High variation of pull-out re-
sults is found between tree types of cement matrixes.
The average fibre pull-out force for basic mixes of the
low-strength matrix was 16 N, for the normal-strength
matrix — 77 N and for the high-strength matrix — 140 N.
All compositions with nanotubes showed higher pull-out
force values compared to basic mixes: the average fibre

pull-out force for basic mixes of the low strength matrix
was approx. 46 N, for the normal strength matrix — ap-
prox. 95 N and for the high-strength matrix — approx.
226 N. Pull-out averaged maximum forces and deviations
of results are summarised in Figure 6b. Diagrams char-
acterising fibre pull-out diagrams are given in Figure 6b.
Big scattering of pull-out test results should be noted, but
in spite of this fact, the positive influence of adding car-
bon nanotubes is evident. The improvement of pull-out
behaviour was proved for low strength, normal strength,
as well as high strength cement matrixes. The influence
of the modification of the cement matrix by carbon fibre
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Fig. 6. a) Results of compressive strength; b) Averaged
maximum forces of pull-out (the diagrams show the scatter of
results averaging data over nine samples)
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Fig. 7. Pull-out response results for a single fibre pull-out
of the concretes designated as MIX 5 — reference concrete;
MIX 6 — concrete with carbon fibres; MIX 7 — concrete with
MWCNT; MIX 8 — concrete with MWCNT and carbon fibres.
The diagram presents experimental data for each concrete mix
averaged over nine samples. Along the vertical axis, the pulling
force is applied, and along the horizontal axis — the length of
the pull-out fibre

and MWCNT are investigated in the second experimen-
tal set. Nine samples were tested for each composition.

This allowed to evaluate results objectively. Aver-
aged curves are shown in Figure 7. Comparing the pull-
out curves of a single steel fibre, it is possible to conclude
that the addition of short carbon fibres (6 MIX) decreased
the pull-out force. It can be explained by the lower ho-
mogeneity of the resultant cement matrix (6 MIX),
compared with the reference matrix (5 MIX). It must
be mentioned that such a situation is characteristic of a
straight shape steel fibre, used in this case. At the same
time, other pull-out experiments with a curved geometry
steel fibre resulted in a positive clumping effect when
the cement matrix was modified by short straight micro
fibres (Wille, Loh 2010; Chung 2000; Sahmenko et al.
2007). The mix containing carbon nanotubes (7 MIX)
showed a higher clumping effect. On average, the mix
with the composition of carbon nanotubes and nano fi-
bres (8 MIX) demonstrated the same clumping behaviour
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as the reference mix. Microscopic investigations of the
concrete with carbon fibres and carbon nanotubes dem-
onstrated a dense microstructure of the cement matrix and
rather a homogeneous hardened cement paste, consisting
of quartz sand aggregate and amorphous C-S-H (Fig. 8b).
Using higher magnification, a carbon nanotube, which
crosses the shrinkage micro crack (white arrow) in the
vicinity of the carbon fibre, can be recognised (Fig. 8b).
In the right corner of Figure 8D, it is possible to recognise
the shrinkage crack, which is situated along the carbon
fibre. The reason for the formation of such crack in the
vicinity of the carbon fibre is the circumferential stress
Ggp (similarly as it was calculated for the steel fibre and
is shown in Fig. 5b). This fact confirms a positive role
of carbon nanotubes, which may be explained by bridg-
ing micro cracks and preventing crack propagation. As
a result, the effect of the increasing fibre pull-out force
is achieved. Investigations resulted in the discovery of
the micro-structure of the cement matrix modified with
MWCNT as well as with nano-fibres, hypothetically, cov-
ered by C-S-H gel. It must be noted, that the diameter of
such fibres was approximately 100 nm to 300 nm, it is
much more than the diameter of MWCNT (10-20 nm)
and much smaller than the diameter of the carbon fibre
(7000 nm). The effect of MWCNT modification during
the cement hydration should be studied in more detail in
the future.

Conclusions

The paper focused on detailed experimental and paramet-
ric numerical investigation of shrinkage cracks. It was
demonstrated that shrinkage overstresses in a concrete
matrix, in the vicinity of a steel fibre lead to the formation
of micro and nano cracks. Numerically obtained circum-
ferential and longitudinal stresses for the shrinkage param-
eter A were equal to 0.0005 and 0.0002 mm/mm. This is
high in comparison to the tensile strength of the concrete,
which varies in the range from 2.5 MPa to 6 MPa. These

SEM MAG: 50.00 kx
SEM HY: 15.00 kv
WD 18.57 mm

Vac: Hivac
Date(midiyy 12/19/14 1 pm
Det: SE Detector

MIRAY TESCAM
-
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Fig. 8. a) SEM image of a carbon nanotube crossing the crack (white arrow) in the vicinity of a carbon fibre;
b) SEM image of carbon nanotubes crossing an amorphous area
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stresses exceed concrete strengths in terms of concretes
with high and middle range shrinkage. According to ex-
perimental observations, cracks orthogonal to the direc-
tion of the fibre as well as cracks along the fibre form in
such concretes. Aiming to evaluate the decrease in stress
fields in the concrete matrix with a different length of
shrinkage cracks, stress fields were numerically (using
FEM) calculated. Looking at overstress pictures along
the lines parallel to the fibre surface, it is possible to see
that for every level of shrinkage exists a crack length,
at which the crack will have a tendency to stop. Shrink-
age cracks decrease the pull-out force for every particu-
lar fibre. Such cracks affect the macro fibre pull-out pro-
cess. The addition of a nano filler improves the situation.
Diftferences in pull-out forces were detected: the normal
strength composition showed a 5 times higher result, but
high-strength composition showed a 9 times higher result
compared to with the low strength cement matrix. Adding
a small amount of MWCNT demonstrates a tendency to
improve the pull-out behaviour in all experimental series.
Carbon nanotubes and short carbon fibres are bridging
micro and nano cracks in the vicinity of the macro fibre.
No pronounced positive result was found by adding short
carbon fibres for straight steel macro fibre clumping. Ex-
perimental results confirmed that the highest effect on
macro fibre clumping in the concrete matrix can be ob-
tained using a high strength concrete matrix with carbon
nanotubes and micro/nano admixture, such as silica fume.
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