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A B S T R A C T

The effects of a surface nano-silica treatment, carried out with the sol gel method, on the post-cracking be-
haviour of polypropylene macro-synthetic fibre reinforced concrete are experimentally investigated here for
the first time. The present study extends previous experimental and analytical investigations on the corre-
sponding improvement of the bonding properties of a single synthetic macro fibre, performed by means of
pull-out test. Scanning electron microscopy is adopted here to explore the changes in the morphological char-
acteristics of polypropylene macro synthetic fibres, before and after mixing in the concrete matrix. A compar-
ative analysis, carried out with three-point bending tests on notched beam specimens, is used to evaluate the
effects of the nano-silica treatment on the concrete post cracking behaviour. Increase in concrete toughness
and residual post-cracking strength is recorded due to improved adhesion between fibres and the concrete ma-
trix and to the consequent increase in the frictional shear stress generated during the fibre pull-out, especially
for large crack opening. As shown by the SEM images, the nano-treatment favours the bonding of the con-
crete hydration products to the surface of the treated fibres, thus ensuring strengthening of the interface transi-
tion zone. In addition, the links between the nano-silica coating and the concrete hydration products improve
the frictional shear stress and thus the overall energy absorption, as denoted by the increase of the residual
strength during the post-cracking phase.

© 2017.

1. Introduction

Concrete is one of the most widespread materials used for build-
ings and constructions because of its many benefits in terms of high
performance, economic purposes and versatility. As well known, plain
concrete exhibits a high compressive strength. However, it suffers a
limited tensile strength that makes it classifiable as brittle material.
To overcome this limit, concrete is usually reinforced with materi-
als that provide ductility and tensile strength after first cracking. The
most common application is certainly reinforced concrete (RC) with
steel bars or webs, which today is massively used in most civil engi-
neering structures. Fibre reinforced concrete (FRC) with short fibres
of various materials (steel, glass, polymeric, natural, carbon etc.) has
developed over the last 50 years as an alternative solution to plain
concrete or RC. If compared to plain concrete, FRC shows greater
toughness, that is the capacity of energy absorption during the frac-
ture process, and higher post cracking tensile strength. Assessment of
FRC properties required an intensive study in terms of experimenta-
tion and modelling until it was introduced into the Model Code 2010
[1], which is currently the most authoritative and updated FRC de-
sign guideline. Steel fibres are the most commonly used for FRC,

⁎ Corresponding author.
Email address: eradi@unimore.it (E. Radi)

even if they exhibit some problems due to corrosion in alkaline or
chemically aggressive environments and to their electromagnetic
properties [2]. For these reasons and for others of economic nature,
there has been an increasing interest in synthetic fibres of various
types of materials (polypropylene, polyethylene, polyvinyl chloride,
polyethylene terephthalate, etc.) in recent years. In particular,
polypropylene (PP) fibres display high stability in the chemical con-
crete environment without the critical features of steel fibres [3]. Two
class of synthetic fibres are usually employed for FRC: micro-syn-
thetic fibres (micron order diameters), which are used for contrasting
micro cracking of cement composites resulting from plastic shrink-
age [4], and macro-synthetic fibres (mm order diameters), which have
comparable dimensions with steel fibres and can equally improve
concrete toughness and tensile strength [5]. For their properties, the
macro-synthetic fibres have increased their commercial attractiveness
over the years, being used in many civil engineering applications
such as concrete pavements (used for industrial floors, roads, harbour
piers), tunnels shotcrete (fibre reinforced sprayed concrete) and pre-
cast industry [6–11]. Despite the increased use of macro-synthetic fi-
bres, they also display some peculiar weakness mainly related to the
low elastic modulus, if it is compared to that of steel fibres [12], high
deformability in time (creep) [13,14] and poor adhesion to the cement
matrix due to the chemical inertia of PP and polymeric materials in
general [15]. In order to mitigate the low adhesion of PP fibres to the
cement matrix, several mechanical measures have been implemented

https://doi.org/10.1016/j.mechrescom.2018.01.004
0093-6413/© 2017.
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such as giving a favourable shape to the fibres (crimped, undulated,
fibrillated, embossed, etc.) that increase the grip [16,17]. Two other
methods have been used to improve the fibre surface characteristics:
the first one, of physical nature, aims to increase the surface micro
roughness [18] and the second one, of chemical nature, tends to in-
crease the functionality of the surface by improving the bonding with
the hydration products of the cement matrix [19]. The proper work-
ing mechanism of FRC requires the progressive pull-out of fibres from
the matrix without breaking during the post cracking process. During
this process, each fibre experiences progression of debonding, then
followed by frictional slippage between fibre and matrix. In this way,
energy dissipation is promoted so that FRC becomes able to display
ductile behaviour [20]. The pullout of the macro synthetic fibres is
mainly related to the properties of the Interface Transition Zone (ITZ),
that is the crossing zone between the fibre and the matrix. Due to its
chemical-physical characteristics, the ITZ is identified as the weak
zone where the local rupture of the fibre-matrix link occurs [21]. As
reported in some experimental works [22], the mechanical properties
of fibrous reinforced cementitious composites can be improved by in-
creasing the local strength and micro hardness of the ITZ. This pur-
pose can be achieved by reducing the porosity of the ITZ, by adding
nano-fillers or polymers to the concrete mixture [23,24] or by per-
forming chemical treatments on the outer surface of the fibre [25] that
increase the functionality and the specific contact surface area, in or-
der to produce an anchoring effect. The influence of various treat-
ments on the fibres adhesion were mainly studied and validated by
pull-out tests on single-fibre. However, the strengthening effects ob-
served in the pull-out response of a single treated fibre may only par-
tially extend to the macroscopic flexural behaviour of macro synthetic
fibre reinforced concrete (MSFRC) [26] depending on fibre dosage
and other random factors, such as the fibres distribution and orienta-
tion [27–29], which may reduce the overall effects of the advantages
observed in the pull-out of a single treated fibre.

The present investigation provides the first experimental data
available in literature on the post-cracking flexural behaviour of MS-
FRC whose fibres are treated with nano-silica, thus extending previ-
ous experimental and theoretical studies on the efficiency of nano-sil-
ica treatment on single fibre pull-out [30,31]. The effectiveness of the
treatment has been evaluated in terms of toughness and post crack-
ing residual strength of MSFRC beam specimen. In order to im-
prove the interactions between the synthetic fibres and cementitious
matrix, the superficial functionalization of PP fibres was achieved
by a base-catalysed sol-gel treatment. Sol-gel reactions promote the
growth of colloidal particles and their subsequent network formation
through the hydrolysis and condensation reactions of inorganic alkox-
ide monomers. Tetraethoxysilane (TEOS) was used here as metal
alkoxide. Under base-catalysed conditions, TEOS allows to obtain
highly branched clusters due to the longer time that monomers need
to aggregate in a most thermodynamically stable arrangement [32,33].
Adhesion of the so obtained silica nanoparticles on the PP fibre sur-
face was evaluated by scanning electron microscopy and the resulting
enhancement in the interfacial strength between treated fibres and ce-
mentitious matrix was characterized by mechanical three point bend-
ing tests.

2. Materials and methods

2.1. Reference concrete

Mix proportions for the reference concrete are reported in Table 1.
The used cement was Portland Cement type CEM II/B–LL 32.5R ac

Table 1
Reference concrete mix proportions.

Portland cement 350kg/m3

Water 150 l/m3

Fine aggregate (0–2mm) 742kg/m3

Coarse aggregate (2–16mm) 1058kg/m3

Water/cement ratio 0.43

cording EN 197-1 with mechanical characteristics as reported in Table
2. The used water/cement ratio was 0.43. Crushed gravel with max-
imum size of 16mm and controlled granulometric distribution, re-
ported in Table 3, was used for coarse aggregate and river sand was
used as fine aggregate. In order to classify the strength class of the
reference concrete, compression tests were performed on three cubic
specimen 150× 150× 150 mm3 according to UNI EN 12390-1:2002.
The concrete was poured in cubic moulds and compacted properly so
as not to have any voids. After 24h, the moulds were removed and
test specimens were ripened to season. After 28 days of curing the
specimens were tested in a compressive Metrocom testing machine
(3000 kN of capacity) to get the concrete cubic strength Rc reported in
Table 4.

Table 2
Cement characteristics.

Time Cement compressive strength

2 days 10MPa (>100 kg/cm2)
28 days 32.5MPa (>325 kg/cm2)

Table 3
Characteristics of the aggregates.

Sieve size (mm) ISO 3310-1/2 Passing (%)

31.5 100.0
22.4 100.0
20 100.0
16 99.8
14 96.6
12.5 93.5
11.2 90.1
10 87.2
8 82.0
6.3 76.9
5.6 74.7
4 63.4
2 41.2
1 26.1
0.5 17.2
0.25 9.6
0.125 2.8
0.063 0.6
Bottom 0.0
Water abs. 1.2–1.9
31.5 100.0

Table 4
Results of compressive tests.

Specimen Compressive strength (MPa) Rcm (MPa) SD (MPa)

Rc1 30.67 30.50 0.20
Rc2 30.25
Rc3 30.56
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2.2. Fibres

The macro synthetic fibres (Fig. 1) consist of PP crimped monofil-
aments with a diameter of 0.78mm and length of 49mm (aspect ratio
63). The main properties of the used PP macro-synthetic fibres are re-
ported in Table 5.

2.3. Treatment methods

The surface functionalization of PP fibres with silica nanosphere
was carried out by sol-gel process, as reported by Di Maida et al. [30].
In particular, the fibres were fixed on a solid support to form a brush
structure and immersed in the reaction solution throughout the treat-
ment period. This device avoided collisions between the fibres and
floating phenomena, optimizing the nanoparticle adhesion to the fibre
surface.

The materials used for the sol-gel treatment were ethanol (EtOH),
ammonium hydroxide solution (NH4OH, 28 wt%) and tetraethyl-or-
thosilicate (TEOS). All materials are high purity reactants
(Sigma-Aldrich) and were used without any purification.

3. SEM and EDX characterization

The morphology and distribution of silica nanoparticles on PP
macro-synthetic fibres surface were evaluated by scanning electron
microscopy (SEM), using the field emission SEM Nova NanoSEM
450 (FEI Company, USA). Acquired images were obtained in immer-
sion lens mode using the “through-the-lens" detector (TLD), with ac-
celerating voltage (HV) of 10kV, spot size of 3 and working distance
(WD) of 5mm. The elemental composition of the nanoparticles was
verified by the energy-dispersive X-ray spectroscopy system (X-EDS)
QUANTAX-200 (Bruker, Germany).

In order to evaluate the fibre-concrete interface after the concrete
curing, cement-based cylindrical samples, with base diameter and
width of 30mm, containing both treated and untreated fibres were pre-
pared. Cement mortar with a mix proportion by weight of cement, wa-
ter and sand respectively equal to 1:1.5:0.5 was used to prepare the test
specimens.

Fig. 1. Macro synthetic PP fibres.

Table 5
Macro synthetic fibres properties and characteristics.

Diameter (mm) 0.78
Lenght (mm) 49
Aspect ratio 63
Material Polypropylene
Tensile Strenght (MPa) 500

The samples were gradually broken in order to limit the perturba-
tion on the fibre surface. The surface conformation of the fibres was
examined by the environment scanning electron microscopy ESEM
QUANTA 200 (FEI Company, USA). Backscattered electrons were
used to collect the images in low vacuum mode with accelerating
voltage (HV) of 15kV, spot size of 6 and working distance (WD) of
14mm.

4. Bending test and experimental program

Three point bending test, according the EN 14651 [34] standard,
were executed on prismatic specimens with dimension of
150× 150× 600 mm3. According to the requirements of EN 14651
standard, six MSFRC beams were casted using the reference concrete
described in Section 2.1, three beams with 5kg/m3 (about 0.5% vol-
ume per cent) of treated fibres and three beams with the same dosage
of untreated fibres. The specimens were casted in plastic moulds and
covered with plastic sheets for 2 days. Then, they were demoulded
and stored to curing for 28 days. After the curing period the speci-
mens were notched (notch 25mm in length and 5mm in width) at the
mid-span, presenting a total height hsp = h− 25= 125mm between the
tip of the notch and the top surface in the mid-span section.

The samples casted with untreated macro-synthetic fibres were
named with code NT and the samples with treated macro-synthetic fi-
bres with the code T followed by the sample number.

The setting of the test according the EN1 4651 standard is de-
scribed in Fig. 2 where the specimens are placed on two roller sup-
ports, with a free span of 500mm and are subjected to three point
bending test.

After the single specimen was correctly located under the three
point testing machine, a displacement transducer was mounted across
the mouth of the notch as sketched in Fig. 2 in order to measure
the CMOD (Crack Mouth Opening Displacement), namely the crack
opening variation with the load increasing. The tests were conducted
with an Instron UTM 5582 machine, by increasing the CMOD at the
constant rate of 0.05mm/min initially. When CMOD reached 0.1mm
then the rate of increase of CMOD changed to 0.2mm/min. Dur-
ing the first 2 min of the test, the values of the load and the corre-
sponding CMOD were recorded at a rate of 5Hz, then reduced to

Fig. 2. Setting of the three point banding test (EN 14651).
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1Hz. The tests were terminated at the CMOD value of 4mm. A typical
experimental curve is shown in Fig. 3. The load values of interest can
be determined from this diagram. In particular, from the experimen-
tal results one can obtain the maximum applied load in the CMOD in-
terval ranging between 0 and 0.05mm, namely FL, and the loads cor-
responding respectively to CMOD values of 0.5mm, 1.5mm, 2.5mm
and 3.5mm, defined by F1, F2, F3 and F4, respectively.

The cracking and post cracking flexural tensile strengths can be ex-
tracted from these load values. In particular, the limit of proportional-
ity (LOP) corresponds to the maximum applied load FL and the resid-
ual post cracking strengths fRj correspond to the loads F1, F2, F3, F4
according to the following expressions [34]:

5. Result and discussion

5.1. SEM images

The SEM images of both sol-gel treated and untreated PP fibres
are reported in Fig. 4 before mixing to the concrete matrix. Structures
with nanometric dimension and spherical geometry can be observed
on the surface of treated fibres (Fig. 4a, c, e).

These nanostructures are homogeneously distributed as a single
layer on the surface of the fibre. Some nanoparticle aggregates can be
distinguished preferably in correspondence to the fibre superficial ir-
regularities, which are more clearly seen in the images of untreated fi-
bres (Fig. 4b, d and f).

Similar characteristics of the single crimped macro synthetic fibre
were already observed on the treated wires, used in the pullout tests
[30]. On the other hand, the surface morphology of the untreated fibres
shows completely different characteristics with respect to those previ-
ously described. In fact, the surface of untreated fibres appears smooth
and regular, with some irregularities and discontinuities due probably
to the extrusion and crimping processes.

The observed nanoparticles have a size distribution centred at
50nm and a chemical composition based on silicon and oxygen, as
confirmed by EDX elemental analysis (Fig. 5).

Therefore, silica nanoparticles produced by the sol-gel process ex-
hibit good adhesion to the fibre surface and can act effectively in in-
creasing interactions between the synthetic fibres and the concrete ma-
trix.

The ESEM images of the fibre-concrete interface both for treated
and untreated fibres are shown in Fig. 6. Untreated fibres have a
smooth and polished surface, where very few hydration products are
noticeable only in some localized areas (Fig. 6c, d). On the contrary,

Fig. 3. Typical load – CMOD curve (EN 14651).

Fig. 4. SEM images of treated (a, c, e) and untreated PP fibres (b, d, f) at different mag-
nification.

Fig. 5. EDX spectra of respectively treated and untreated fibres.

an almost uniform diffusion of the hydration products still attached to
the surface of the fibres can be clearly distinguished in the treated fi-
bres (Fig. 6a, b), thus indicating a strong interaction between the con-
crete matrix and the fibres.

5.2. Load-CMOD diagrams

The resulting diagrams of the three-point bending tests are shown
in Figs. 7 and 8, where average diagrams are reported. All the graphs
display the typical trend of the fibre reinforced concrete with macro
synthetic fibres in which an initial elastic response is distinguished
until the matrix first cracking strength is achieved, followed by a de-
scending softening response representing the post cracking behaviour
[35].

After the peak point, corresponding to the first cracking strength,
an immediate decay in the load carrying capacity can be observed
due to the low elastic modulus of the macro synthetic fibres with
respect to the matrix one, until a minimum is reached at a CMOD
about 0.5mm. After the minimum point, a rise in the applied load is
observed, due to the activation of the debonding and pull-out mech

(1)
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Fig. 6. ESEM images of respectively treated (a and b) and untreated (c and d) fibres af-
ter concrete curing.

Fig. 7. Load–CMOD diagrams.

Fig. 8. Average load–CMOD diagrams.

anisms of the fibres put in evidence in [30] and modelled in [31]. In
this part, small oscillations may occur due to the rupture of some fi-
bres during the crack opening process.

The resulting load-CMOD curves, both in the case of treated and
untreated fibres, have a good degree of homogeneity with low scat-
tering, being comparable the number of fibres counted in the cracked
section of each specimen. Using the expressions (1) it is possible to
derive the LOP and residual post cracking strengths fRj from the rel

ative load values. Their values are given in Table 6, whereas the aver-
age values of the LOP and fRj residual strengths are reported in Table
7. From the values reported in Tables 6 and 7, it can be noted that the
sol-gel treatment has a positive effects on the FRC flexural strength.
As well known from the studies on FRC [36], the addition of fibres,
both in the case of treated and untreated fibres, does not produce sub-
stantial effects on the FRC first cracking strength, which remains al-
most unchanged.

On the contrary, appreciable effects on post-cracking residual
strengths are obtained for treated fibres. In particular, an increase of
about 30% is observed for fR1, whereas the following residual post
cracking strengths fR2, fR3, fR4 increases of about 40%. The lower effect
on residual post cracking strength fR1 (CMOD = 0.5mm) can be attrib-
uted to the low elastic modulus of the macro synthetic fibres that, for
low CMOD values, is the predominant factor in MSFRC performance
and determine the typical dropping in the curvature of the load-CMOD
diagram. For increasing values of CMOD instead, when the main fac-
tor becomes the energy absorption resulting from the pull-out, the ef-
fects of nano-silica treatment become more evident. This result is due
to the positive influence that the nano treatment has on the pull-out
behaviour of the fibres, both in the debonding phase and in the subse-
quent frictional phase. As observed for the pull-out of a single treated
PP fibre [30,31], the frictional shear stress between fibre and matrix
displays a steeper hardening behaviour with fibre slippage, thus in-
creasing the amount of energy required for the complete extraction
of the fibres. A similar trend is reproduced also in the macroscopic
post-cracking behaviour of MSFRC, even if the post cracking load
does not reach the first cracking load value and thus the global be-
haviour remains of softening type.

Note also that the increase in energy absorption observed in Figs. 7
and 8 is due only to the enhanced pullout behaviour of the synthetic
fibres crossing the cracked section, not to the formation of multiple or
diffuse cracking in the concrete, since a single macrocrack propagates
within the specimen.

Table 6
Loads Fj and post cracking residual strengths fRj.

Sample NT1 NT2 NT3 T1 T2 T3

FL (N) 12,392 12,445 12,221 11,040 11,733 12,743
F1 (N) 3410 3216 2822 3847 4494 4059
F2 (N) 3774 3534 3457 4869 5341 4802
F3 (N) 4420 4116 4217 5841 6203 5595
F4 (N) 4794 4464 5160 6580 7220 6597
LOP (MPa) 3.97 3.98 3.91 3.53 3.75 4.08
fR1 (MPa) 1.09 1.03 0.90 1.23 1.44 1.30
fR2 (MPa) 1.21 1.13 1.11 1.56 1.71 1.54
fR3 (MPa) 1.41 1.32 1.35 1.87 1.98 1.79
fR4 (MPa) 1.53 1.43 1.65 2.11 2.31 2.11

Table 7
Average post cracking residual strengths fRj.

Samples NT1-NT2-NT3 T1-T2-T3

LOP (MPa) 3.95 3.79
SD (MPa) 0.04 0.27
fR1 (MPa) 1.01 1.32
SD (MPa) 0.10 0.11
fR2 (MPa) 1.15 1.60
SD (MPa) 0.05 0.09
fR3 (MPa) 1.36 1.88
SD (MPa) 0.05 0.10
fR4 (MPa) 1.54 2.18
SD (MPa) 0.11 0.12
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6. Conclusions

Nanosilica-based treatment by means of the sol-gel process was
successfully conducted on macro-synthetic PP fibres in order to im-
prove the interaction area at the interface between the synthetic fibres
and the concrete matrix. After sol-gel treatment, SEM images denote
the presence of a homogeneous and diffused silica nanoparticle coat-
ing on the fibre surface. Moreover, ESEM images show a remarkable
increase of hydration products on the surface of treated fibres com-
pared to untreated ones, after mixing them with the cement matrix.
Three point bending tests on notched beams were performed to inves-
tigate on the effect of the nano-silica treatment over the post cracking
behaviour of MSFRC. The main experimental results show that the
concrete flexural strength is not affected by the use of the nano-sil-
ica coating while the post cracking residual strengths relative to the
treated fibres show variable increments. In particular, the post crack-
ing strength increases for large crack opening, namely it increases
about 40% for CMOD ≥ 1.5mm. The greater values of the post crack-
ing strength lead to a global rise of the load-CMOD diagrams denoting
a stronger capacity of the treated fibres to absorb and dissipate energy,
during the debonding and pullout phases. The enhancement of the post
cracking behaviour of the MSFRC by the use of the nano-silica treat-
ment can be explained by a local modification of the ITZ depending
on the products bonded to the surface of the treated fibres, which can
be observed from the images here reported. These products are the re-
sult of the high reactivity of the nano-silica layers and they generate
a strengthening mechanism depending on two main factors. The first
one is that the presence of the nano-silica layers, which are very chem-
ically compatible with the cement matrix, produces additional hydra-
tion products with the result of a water reduction in the ITZ, thus de-
creasing its weakness. The second one is the increase of the specific
surface produced by the adhesion of the hydration products that cre-
ates a micro mechanical anchoring, thus improving the frictional shear
stress required for the fibre pullout. The enhancement of the adhesion
properties due to the modification of the ITZ increases the hardening
behaviour during the debonding and frictional pull-out phases of a sin-
gle treated fibre, as observed in [30] and modelled in [31]. A similar
improvement has been found here also for the post cracking flexural
behaviour of MSFRC beam specimen, thus proving the effectiveness
of the nano-treatment proposed in [30] at the macroscale. In particu-
lar, the increase observed both in the synthetic fibre bonding proper-
ties and in MSFRC toughness is larger than that induced by chemical
treatments aiming to enhance the chemical affinity between the fibre
and the cement matrix. The latter treatments provide indeed a max-
imum increases in the residual strengths limited to 17.6% [19]. The
enhancement observed in MSFRC toughness is instead comparable to
that obtained by performing physical treatments on synthetic fibres,
aiming to generate a micro roughening to the surface in order to pro-
vide mechanical anchoring, such as by Argon and Oxygen plasma,
which showed a toughness increase of 27% [37]. A possible limitation
in the experimental evaluation of the FRC toughness and post crack-
ing strength is the high scattering of the results of the bending test
caused not only by the heterogeneity of the concrete matrix but also
by the small specimen geometries and by random factors determin-
ing the number of fibres crossing the cracked section [38]. The former
data on the enhanced flexural behaviour of a treated MSFRC here pro-
vided will contribute in future works for the assessment of accurate
modelling of the mechanical response of more complex structures like
frames and plates [7,8] made of treated MSFRC.

Regarding the sustainability of the industrial process, even if the
silica precursor is quite expensive, the suggested treatment can be con-
sidered as applicable on industrial level taking into account for the
small quantities that are used. Moreover, the treatment can be opti-
mized to be added in line after the fibre extrusion process.
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