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is Abstract
18
19 This paper analyses the influence of the presence of polypropylene fibres in the microstructure
gg of a high-strength self-compacting concrete by X-ray computed tomography and its
22 consequences on the mechanical and fracture properties. The addition of PP fibres alters the
gi pore structure of the concrete matrix, and this affects the macroscopic response (i.e.,
25 mechanical and fracture behaviour). A microstructural analysis of an unreinforced concrete,
26 used as reference mix, and two polypropylene fibre-reinforced mixes with two fibre length (6
3; and 24 mm) were experimentally carried out. Complementary, a comprehensive experimental
29 study of the mechanical and fracture properties of each concrete were performed. Finally, it
30 was established a correlation between the microscopic response (pore morphology and pore
g; distribution) and the macroscopic behaviour of high-strength self-compacting concrete.
33
34 Keywords: high-strength concrete, polypropylene, fracture mechanic, X-ray computed
gg tomography, microstructure.
37
38 1. Introduction
39
40
41 Self-compacting concrete (SCC) is regarded as one of the most used construction material
42 worldwide [1,2] mainly due to the favourable properties in fresh (e.g. workability, pumpability,
ji finishability) and hardened state (e.g. strength, density, permeability, durability) [3]. This
45 concrete must be as fluid as possible with a stable mix to avoid segregation of solids. The
46 fluidity is achieved commonly with the addition of super-plasticiser and/or viscosity modifying
jg admixtures, and the stability of mix is obtained primarily through proper selection of powders
49 (i.e., cement and cement replacement) [4]. Additionally, these characteristics conduct to a
50 higher packing density (i.e., a reduction of porosity) which combined with the benefits of fibre
g; addition derive to enhanced mechanical and fracture properties in comparison with vibrated
53 concretes [2,3,5,6].
54
gg In self-compacting concrete with high compressive strength is very generalised the use of
57 several industrial waste as cement replacement (e.g. fly ash, steel slag, rice husk) [7-11] and /
gg or aggregate substitute (e.g., air-cooled blast furnace slag, masonry waste) [2,12,13] as
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reflected by the high number of studies related to this issue. This behaviour conducts
principally to two environmental benefits, the reduction of CO, emissions by the cement
replacement, and complementary, the reuse of waste from several industries. Likewise,
polypropylene fibres are also commonly added into the high-strength concretes [1,2,14-17].
The polypropylene fibres reduce the shrinkage effects [18] and enhance fire resistance [19].
Both the substitution of powder or aggregates as well as the fibre addition in the matrix alter
the microstructure of concrete and the pore morphology [1,20,21]. Thus, the characteristics of
fibres or constituents added have a significant influence in the microstructure and
consequently, in the macroscopic response (i.e., mechanical and fracture properties).

The mechanical behaviour of concrete and especially its fracture behaviour, is strongly
dependent on the porosity and pore distribution in the material [1,22—-25]. There are three
types of pores in cementitious matrix depending on the origin generation and their sizes. Gel
pores, with characteristic dimensions between 0.5-10 nm; capillary pores, corresponding to
the water-filled space ranging from 5 to 5,000 nm and macropores from entrained and
entrapped air above 5,000 nm [20,23]. Gel pores have not a significant influence on the
strength of material [23]. Nevertheless, capillary pores and macropores (i.e., those due to
entrained or entrapped air) affect the strength and stiffness of concrete. There are a large
number of researches which have studied the effect of pore structure on fibre-reinforced SCC
(i.e., size, distribution, amount) by mercury intrusion porosimetry (MIP) technique [14-16,26].
However, this technique does not allow to capture data of larger pores (i.e., above 40 pum
approximately) and the size of samples analysed is too small as being representative of real
structural elements. X-ray computed tomography (CT) technique has being increasingly used
on cementitious materials [27—-31]. This technique allows to determine the geometry of pores
(i.e., shape, size, sphericity, volume, etc.) and additionally, to analyse greater samples more
representative of the structural elements in a three-dimensional scale.

The appearance of X-ray CT scanning to analyse the microstructure of cementitious materials is
relatively recent. Numerous researches have used X-ray CT scan to determine the orientation
and distribution of steel fibres on fibre-reinforced primarily concretes [24,29,31,32] since the
significant difference of density between steel and concrete make this the ideal technique for
this purpose. Nevertheless, there are scarce studies which have used X-ray CT technique in
concrete reinforced with polymeric or plastic fibres because the small size of certain fibres
makes more difficult their detection by X-ray CT scan. Pujadas et al. [33] analysed the
orientation pattern of macro-plastic fibres by X-ray CT scan in which a predominantly
perpendicular orientation to the flow of concrete was observed. The orientation of plastic
fibres also was the aim of the study by Kaufmann et al. [34] by X-ray CT scan in a spray
concrete. In this case, it was determined that the fibres were principally addressing to the
perpendicular direction of spray.

Otherwise, some studies have been focused on the influence of pore structure of self-
compacting concretes through MIP technique with different purposes. Mastali et al. [26]
studied the effects of pozzolanic binders on the hardened-state properties of concrete. Saccani
et al. [14] evaluated the effects in the interphase fibre-matrix of composites reinforced with
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carbon fibres. However, the most common focus on interest is the thermal effects in the
matrix. Missemer et al. [16] characterised the sensitivity of fibre-reinforced concrete to
spalling and proposed a critical quantitative factor to determine a fire-resistant composition.
Yermark et al. [35] presented a comprehensive study which correlated the mechanical
properties with the thermal damage of concrete. Although there are a significant number of
studies that have studied the mechanical [19,36-38] and fracture properties [39-42] of self-
compacting concrete, scarce investigations have been focused on the porosity evolution inside
concrete and the correlation with the macroscopic response (i.e. mechanical and fracture
properties).

This work is focused on the effect that the addition of polypropylene fibres in the
microstructure of high-strength self-compacting concrete (HSSCC) and its influence on the
mechanical and fracture properties. For this, a plain concrete, used as reference concrete, and
two PP fibre-reinforced concretes were experimentally assessed. The microstructural analysis
of the matrix was performed by X-ray computed tomography technique. Finally, it was
established a correlation among the microstructural results obtained by X-ray computed
tomography and the mechanical and fracture behaviour of each concrete. The influence of the
presence of PP fibres as well as the pore morphology in the fracture mechanisms have been
comprehensively analysed.

This paper is organised as follows: a presentation of the materials manufactured, and a
description of the sample preparation are shown in Section 2. A description of the
experimental programme is exposed in Section 3. The results and discussion are presented in
Section 4, and finally, the conclusions are found in Section 5.

2. Materials
2.1 Raw materials and mix designs

In this research, three concretes composed of the same constituents, except that instead of
polypropylene fibres, have been manufactured. The mixes were designed following the
method proposed by Karihaloo and Ghanbari [43], and Deeb and Karihaloo [44] for self-
compacting ordinary and high-strength concretes. The nomenclature and fibre content of the
mixes are presented in Table 1. The former mix, used as control concrete, is an unreinforced
concrete and it is denoted as PC (plain concrete). The second and third of concretes mixes are
reinforced with two types of PP fibres. The properties of PP fibres used are the same, except
that of length, as can be seen in Table 1. The mix labelled as SFC (short-fibre concrete) contains
PP fibres of 6 mm in length and the mix designated as LFC (long-fibre concrete) has fibres of 24
mm in length. The amount of PP fibres added to the mixes was the same in both cases (i.e.,
SFC and LFC) as well as the properties of PP fibres (i.e., thickness and toughness, see Table 1).
The PP fibre length is the only difference so that the study is focused on the influence of fibre
length in the microstructure of mixes.
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Table 1 : Nomenclature of mixes, PP fibre content and properties.

fibre )
i thickness toughness
fibre type content (um) (MPa)
um a
(kg/m?)
pcC® no fibres 0 - -
SFCP 6 mm in length 1.2 33 450
LFC® 24 mm in length 1.2 33 450

2 plain concrete, ® short-fibre concrete, ¢ long-fibre concrete.

The mix proportions of constituents used are shown in Table 2. The concrete paste has a low
water-to-binder ratio which infers a higher performance in terms of mechanical properties to
the control concrete (i.e., PC). The binder is formed by type Il Portland cement and densified
silica fume of 0.1 um particle size. Three types of aggregates are used (Table 2), one
designated as fine silica sand, with a maximum particle size of 1 mm, coarse silica sand with a
maximum particle size of 10 mm and a limestone sand with 2 mm of maximum size. The
grading distribution of the aggregates are shown in Fig. l.a. A third-generation
polycarboxylate-based superplasticiser is used as water reducer. Slump flow tests of each mix,
according to EFNARC recommendations [45], were conducted in order to ensure the
flowability of concrete paste without segregation (Fig. 1.b).

Table 2 : Mix compositions of plain concrete (kg/m3)

w/b® cement® silicafume fine silica coarse limestone water superplasticiser
sand silica sand sand
0.17 657 99 867 1301 139 131 23
2w/b water-to-binder ratio, ? Portland cement (CEM Il B-L 32.5 N).
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Fig. 1: Grading distribution of aggregates (a) and slump flow test of LFC mix (b).
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2.2 Sample preparation

The specimen production was always carried out following the same mixing procedure in order
to ensure minimising the experimental scattering. A laboratory horizontal rotary mixer was
used for the manufacturing of mixes. First the constituent with coarser particle size (i.e.,
coarse silica sand) is poured in the mixer during the mixing process, next the finer particle size
constituent (i.e., silica fume) is added and so, alternatively and subsequently, with the rest of
dry constituents (i.e., limestone aggregate, cement and fine silica sand respectively). All dry
constituents are mixing for 5 min to ensure a uniform mix. Then, a mix of the water and
superplasticiser is poured, and it is mixed for 10 min. When a self-compacting paste is reached
the PP fibres are added (for SFC and LFC mixes) and then mixed for 5 min more until fibres are
homogeneously dispersed in the concrete paste (Fig. 1.b). The specimens were demoulded
after casting for one day and stored in water at ambient temperature for 27 days more. After
curing time, the specimens were dried at ambient temperature for 1 day.

3 Methods

In this section, the X-ray CT scanning and the mechanical and fracture tests performed are
described.

3.1. Microstructural analysis by X-ray CT scan

X-ray computed tomography scans were carried out for each mix in order to obtain the effect
of two PP fibre length (i.e., length of 6 mm and 24 mm) on the microstructure of self-
compacting high-strength concrete. For this, three samples of each mix (PC, SFC and LFC) have
been scanned in order to minimise the scattering derived from the intrinsic heterogeneity of
the material. The samples scanned by X-ray CT had a dimension of 25x25x100 mm? and were
sawn from beam specimens of 100x100x440 mm?3 casted. A schematic view of the specimen
and the samples extracted is shown in Fig. 2. The samples were sawn from the core of the
specimen and the same part for each mix to avoid border effects that might alter the
microstructure of matrix, and consequently, the X-ray CT results obtained.

The CT scan used was a GE Phoenix v|tome|x device (General Electric, Boston, MA, USA),
belonging to the ‘Centro Nacional de Investigacion sobre la Evolucién Humana (CENIEH)’, in
Burgos, Spain. It is equipped with a tube of 300 kV/500 W. This facility emits a cone ray, which
is received by an array of detectors. Thereby, the scanning process is fast, and highly accurate
scans are produced of equal resolution in the X, Y, and Z axes.

The CT scan provides 16 bits pictures of 2,048x2,048 pixels. From each specimen we obtained
5,000 section images with a pixel size of 0.02. Also, the separation of each section slice was
0.02 mm.
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440 mm 100 mm

Fig. 2: Scheme of X-ray samples sawn.

Multiple 2D radiographs of each sample scanned were taken by X-ray CT with a scanning
resolution of 1,024x1,024 pixels. The commercial software AVIZO was used for the 3D
reconstruction of samples scanned (Fig. 3.a, b and c) and the subsequent microstructural
analysis of pore properties (i.e., pore equivalent diameter, sphericity, pore surface and shape
coefficient). The beam hardening and ring effects [28] were reduced by post-process tools
from the analysis software. The equivalent diameter corresponds to the diameter of a sphere
with the same volume of the pore, and it is defined as:

d =36V I (1)

eq pore

Whereby Vpore is the volume of a pore. The sphericity of a pore represents how closely the
shape of a pore approaches that of a perfect sphere and is defines as:

2/3
1/3
7% (Ve )

= _pore) 2
2 A ()

pore

whereby Vyore is the volume of a pore and Apore is the surface area of a pore. The sphericity of a
sphere is one and any pore which is not a sphere will have values below 1. The pore surface
corresponds to the total area that the surface of the pore occupies. The shape coefficient is a
dimensionless property that describes the shape of a pore independently of its size and it is
defined as:

3
a= Apore
362V .°

pore

(3)

For more detailed information about the X-ray CT analysis procedure, see the previous work by
Rios et al. [32].
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(b) ()

Fig. 3 : 3D reconstruction of each samples scanned by X-ray CT (a) PC, (b) SFC and (c) LFC mix.

3.2. Mechanical property tests

The compressive strength, f., of each mix (i.e. PC, SFC and LFC) were measured from the
testing of cubic specimens of 100 mm of side. Four cube specimens of each mix were tested in
accordance with the European standard EN-12390-3:2009 [46]. A servo-hydraulic machine of
3,000 kN as maximum load capacity was used with a loading rate of 0.5 MPa/s. The Young’s
modulus, E., was determined by cylindrical specimens of 100 mm diameter and 200 mm height
according to the EN-12390-13:2014 [47]. Four specimens were tested of each mix (i.e., PC, SFC
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and LFC) and the same servo-hydraulic machine used for compression was used. The
procedure consists on the application of a gradual loading until a third of its failure load, and
simultaneously, the relative strain is measured by two linear variable displacement transducer
(LVDT) sensors of 25 mm in length.

3.3. Fracture property tests

Four specimens of each mix (i.e., PC, SFC and LFC) were conducts on three-point bending tests
on notched prismatic specimens of 100x100x440 mm? (BxDxL) and notch depth, g, of 50 mm
to determine the size-independent fracture energy, Gr, by the RILEM method [48] and
considering the recommendations suggested by Guinea et al. [49-51]. The tests were
conducted on a servo-hydraulic dynamic machine of + 200 kN and the deflection at the
midspan of the specimen was measured by an LVDT sensor of 25 mm. The sensor was
mounted on a rigid frame fixed to the specimen. Additionally, the bilinear tension softening
diagrams (Fig. 4) of each mix (i.e., PC, SFC and LFC) were determined by the use of an inverse
analysis method based on the non-linear hinge model [52,53]. The method is based on the
fictitious crack model which is commonly used for the analysis of cracked concrete structures
using finite element models [53]. The bilinear softening diagram is defined by the tensile
strength, f;, the slope of the first linear branch, a;, the slope of the second linear branch, a;,
and its intersection with the ordinate axis, b;.

Stress, o

Crack opening displacement, w

Fig. 4: Bilinear tension softening diagram.

The bilinear tension softening diagram is a proper way to analyse the effect of microstructure
in concretes since it provides information about the micro-cracking and frictional dissipation
processes responsible for the post-peak behaviour in concrete [39]. The initial fracture energy,
Gy, corresponding to the area under the first linear branch (grey zone in Fig. 4), is depending on
the microcracking process, while the second linear branch is a result of the frictional
dissipation (e.g. aggregate interlock or fibre adherence) [39,54]. That information can be
correlated with the X-ray CT results and establish a connection between microstructure and
fracture behaviour.

On the other hand, it has been calculated the characteristic length, /., which is a fracture
parameter that provides information about the intrinsic brittleness of the cohesive material
[55]. It is directly related to the fracture process zone (FPZ) due to a greater characteristic
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length, higher FPZ [56]. Since all specimens tested had the same dimensions, there was no size
effect, and an analysis of the ductility of mixes could be carried out. The characteristic length
was calculated as according to Eq. 6:

: (6)

4 Results and discussion

In this section are shown the results obtained by the X-ray computed tomography so that the
effect of PP fibres on the microstructure of mixes can be related with the mechanical and
fracture behaviour.

4.1 Microstructural analysis

The use of X-ray CT scan to analyse the microstructure of concrete allows the determination of
a wide information about the pore properties (e.g., pore size, surface area, sphericity, etc.)
with an accuracy of 40 um in a large volume of material (Fig. 4). This leads to obtain more
reliable results of microstructure in comparison with other techniques in which the volume of
material analysed is remarkably more reduced (e.g., mercury intrusion porosimetry). Four
prismatic samples of 100x25x25 mm?® were analysed by X-ray CT scan for each mix (PC, SFC
and LFC) and an average value of each pore property measured was obtained in order to
reduce the scattering of results due to intrinsic heterogeneity of microstructure [57]. In this
work, pores with less than 0.03 voxels (i.e., below 0.1 mm length approximately) are discarded
because they are too small to be identified with enough definition [25].

From the X-ray CT results, the diagrams of the equivalent diameter of pores (abscissa axis) and
its frequency (ordinate axis) are shown in Fig. 5 and 6 for each mix (PC, SFC and LFC). Pore
equivalent diameter in a range between 0.10 and 0.60 mm is presented in Fig. 5 and a detailed
diagram of the range of smaller pores, between 0.100-0.225 mm, is shown in Fig. 6 to be more
clearly observed. The frequency of pores higher than 0.60 mm is significantly low so that it has
not been shown in Fig. 5 since it does not provide relevant information.
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Fig. 5: Distribution of pore equivalent diameter of mixes.

From the results of Fig. 5, it is observed as the control concrete (i.e., PC) has a microstructure
with a predominant concentration of pores in the smaller equivalent diameter, the 50% of
pores are in the range of 0.10-0.15 mm (see Fig. 5). The presence of polypropylene fibres (SFC
and LFC mixes) reduced the number of smaller pores (i.e., between 0.10 and 0.20 mm). The
equivalent diameter between 0.10-0.15 mm was reduced 10% in comparison with the control
concrete (i.e., PC), due to the air bubbles concentration inferred around fibres according to the
results obtained by other authors [21,32]. This conducts to an increment of the equivalent
diameter, due to pore fusion by concentrated air bubbles, in the range of pore size 0.25-0.60
mm (see Fig. 5). It is not observed significant differences in the microstructure of those mixes
with PP fibres (SFC and LFC), as observed in the overlapping of their curves.
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0.100-0.105
0.105-0.110
0.110-0.115
0.115-0.120
0.120-0.125
0.125-0.130 4
0.130-0.135
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0.145-0.150
0.150-0.155
0.155-0.160 -
0.160-0.165
0.165-0.170
0.170-0.175 -
0.175-0.180 -
0.180-0.185 -
0.185-0.190 -
0.190-0.195 -
0.195-0.200 -
0.200-0.205 -
0.205-0.210 -
0.210-0.215 -
0.215-0.220 -
0.220-0.225 -

Pore equivalent diameter (mm)
Fig. 6: Pore equivalent diameter of mixes with diameter below 0.225 mm.

Fig. 6 presents the information about those pores with equivalent diameter below 0.22 mm
since it has been observed that the presence of PP fibres affects significantly to these pores
and it was not able to observe changes, clearly, in the scale of Fig. 5. As observed, the control
concrete (PC) has pores with smaller equivalent diameter than those reinforced with PP fibres
(SFC and LFC) in the range between 0.100-0.175 mm. That difference is more remarkable for
diameter size below 0.140 mm (see Fig. 6). This confirms that the addition of PP fibres
increases the pore size by air bubbles concentration around fibres [21,32], as was seen in Fig.
5. The variation on the amount of pores with equivalent diameter between 0.175-0.225 mm is
almost non-existent.

Table 3 : Pore density of mixes.

Pore density (pores/cm?3) Total
Mix >1mm? 1-0.5 0.5-0.1 <0.1 mm3 porosity (%)
mm3 mm3
PC 2005 23106 278 4423 £ 1309 2.6+0.7
SFC 25105 42+0.8 57+5 6923 £ 608 54+0.3
LFC 2.2+0.6 3.1+13 55+24 10555 + 444 7.0+04

Table 3 presents pore density (in pores/cm?) for pore volumes higher than 0.1 mm?3, in which
the number of pores is low and, as a consequence, those pores could not be shown in Fig. 5
and 6. With regards to the control concrete (PC), it is the mix with a lower number of pores for
any volume higher than 0.1 mm3. This confirms that the plain concrete has a microstructure
with pores of a smaller size than those with fibres [32]. In the PP fibre reinforced concretes
(SFC and LFC), the mix with shorter PP fibres (SFC) presented significantly less amount of pores
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below 0.1 mm? in comparison with that with longer PP fibres (LFC). The higher fibre-matrix
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Fig. 7 : Sphericity (a) and shape coefficient (b) of pores for each mix.

Fig. 7 shows the values of the sphericity and shape coefficient of pores for each mix (PC, SFC
and LFC). Both properties, the sphericity and shape coefficient, are an indication of the pore

shape, which is related to each other as follows: ¢ = For this reason, the discussion of

al/S ’
the results is made jointly. The range of sphericity values (Fig. 7.a) varies between 0.000-0.160,
which shows that the shape of pores is not very spherical for any mix, control (PC) or PP fibre-
reinforced concrete (SFC and LFC). With regards to PP fibre reinforced mixes, the join of air
bubbles generated beneath fibres leads to a higher sphericity (Fig. 7.a) and shape coefficient
(Fig. 7.b). This was observed in the horizontal displacement (i.e., into higher spherical pore) of
the peak points of Fig. 7.a and b for SFC and LFC mixes in comparison with PC mix. Additionally,
there is a decrease of the shape coefficient in the range 0.150-0.175 and a complementary
increase in the range 0.475-0.500 that confirms as pores are more spherical. This fact is more
remarkable if the PP fibres are shorter (i.e., SFC) than longer (i.e. LFC) due to the decrease in
the range of 0.150-0.175 of shape coefficient is significantly higher than LFC. By contrast, the
increase in the range 0.475-0.500 of shape coefficient is higher than LFC mix.
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Fig. 8 : Pore surface of each mix

The pore surface results for each mix (PC, SFC and LFC) are shown in Fig. 8. From the control
concrete (i.e., PC), there is a higher number of pores with surface area lower than those in PP
fibre reinforced mixes (SFC and LFC). As shown, the 20% of pores are in the range of pore
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surface between 0.01-0.04 whereas the PP fibre reinforced mixes (SFC and LFC) have a 16% in
the same interval (see Error! Reference source not found.). The mesh of air bubbles generated
around PP fibres leads to pores with higher volumes (as shown Table 3) and more spherical
(Fig. 7Error! Reference source not found..a and b) so that the surface area of pores must be
higher, as shown in Fig. 8.

4.2 Mechanical properties
The average value of the compressive strength and Young’s modulus, corresponding to the
tests described in the previous section, and their standard deviation are shown in Table 4 for

each SCC mix.

Table 4 : Average mechanical properties and standard deviation.

Mix . (MPa) E. (GPa)
PC 80.0 (7.4) 38.9 (3.4)
SFC 77.2(3.9)  40.9(1.1)
LFC 75.2(4.8)  43.2(1.7)

From the results of compressive strength, it is observed as the addition of PP fibres conducted
to a slight decrease of 3.5% for SFC and 6% for LFC. Other authors observed this fact in similar
conditions [20,58]. This decrease was due to the inclusion of a material less resistant (i.e.,
polypropylene fibres) to the compressive stresses during the test and the alteration of
microstructure by the presence of PP fibres, as presented in total porosity results (Table 3).
The incidence of microstructure on the compressive strength of cement-based materials has
been significantly studied by several researchers [22,23,25,59]. Many relationships that are
establishing a connection between the compressive strength and pore structure of material
have been obtained [22,59]. Thus, the decrease of compressive strength by the addition of PP
fibres is due to the inclusion of a material less resistance (i.e., polypropylene fibres) and,
additionally, to the increase of the total porosity, the pore size and amount of pores lower
than 0.1 mm?3, due to the concentration of air bubbles around fibres reflected by the higher
values of equivalent diameter (Fig. 5 and 6) and density (Table 3) respectively.

Regarding Young’s modulus, the PP fibre reinforced mixes (SFC and LFC) slightly increased,
5.1% on SFC and 11% on LFC, following the results obtained by other authors [20,60,61]. As
known, this property is primarily influenced by a higher number of pores with a size of
nanometres, rather than a lower amount of pores with larger sizes [62]. From the results
shown in Fig. 6, it is observed that the addition of PP fibres decreased the number of pores
with smaller size (0.105-0.160 mm) and so that Young’s modulus has increased. Nevertheless,
this is supposing that the pores with nanometric size follow the same trend that those
analysed by X-ray CT scan (i.e., pores above 40 um).

4.3 Fracture behaviour
The fracture properties of each mix are presented in Table 5. The tensile strength, f;, has been

determined as one parameter of the bilinear tension softening diagrams (Fig. 9) by the
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application of an inverse method based on the non-linear hinge model [63,53], as was
described in the previous section. The rest of the parameters of the bilinear softening
diagrams are shown in Table 6 for each mix (PC, SFC and LFC). The initial fracture energy, G,
was determined as the area below the first linear branch of the bilinear softening diagrams
(grey zone in Fig. 4) and the total area under the bilinear diagram corresponds with the
fracture energy, Gr.

With regards to the tensile strength (Table 4), f; slightly decreased with the addition of PP
fibres following the trend of the compressive strength results qualitatively. The tensile
strength in the concrete reinforced with short PP fibres (SFC) dropped 1.5%, whereas the
concrete reinforced with long fibres (LFC) 4.6% compared with the control concrete (i.e., PC).
As mentioned, the addition of PP fibres conducted to a concentration of air bubbles around
fibres which induced to a large number of pores with higher diameter and volume (Fig. 5 and
Table 3) by the pore merging. That increase of pore sizes derives into a reduction of the tensile
strength [59].

Table 5 : Average fracture properties and standard deviation.

Mix ft (MPa) Gr (N/m) Gy (N/m) len (mm)

PC 6.5(0.2) 83.7 (7.5) 81.2(7.1) 77.1(4.5)
SFC 6.4 (0.4) 100.4 (2.0) 96.0 (2.3) 100.3 (3.6)
LFC 6.2(0.2) 120.9 (9.8) 117.4 (9.4) 135.9 (9.2)

The fracture of concrete is a consequence of the development of the fracture process zone
(FPZ) in the material. This process involves a micro-cracking, coalescence, crack branching and
frictional interlocking in the weak interfacial transition zone (ITZ) [64]. In this case, the
interfacial transition zone would be referred to aggregates and cement paste in the plain
concrete (PC) and, additionally, between the fibre and cement paste in the PP fibre reinforced
mixes (SFC and LFC). In the FPZ are developed the cohesive normal stresses from a value equal
to the tensile strength, at the tip of the crack, until zero at the end of FPZ, in accordance with
the widely adopted fictious crack model of Hillerborg [55]. Those cohesive stresses are
commonly represented by bilinear softening diagrams, stress-crack opening displacement (Fig.
9).
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Fig. 9 : Bilinear tension softening diagrams of each mix.

The first linear branch of the bilinear softening diagram is primarily related to the micro-
cracking, whereas the second linear branch with the frictional aggregate interlock [39].

The fracture energy results strongly depend on the dosage of the concrete, as postulated by
numerous studies [43,44,54,65]. It is worth mentioning that the high content of cement of
mixes generates greater shrinkage and provides low fracture energy values in the reference
mix (PC). As observed in Table 5, the total fracture energy (Gy) increased with the addition of
PP fibres, 17% for SFC and 31% for LFC. It is worth noting as the value of fracture energy
corresponded mainly to the initial fracture energy (Gy), with an average percentage of 96.5%
Gr. This data together with the values of the slope of the first linear branch, a;, in Table 6,
demonstrate as the microcracking and coalescence are the main processes involve in the
fracture mechanisms of these concretes (PC, SFC and LFC).

Table 6 : Parameters of the bilinear tension softening diagrams of each mix.

Mix a; (mm?)  a;(mm?)  b;(MPa)  w;(mm) w;(mm)
PC 40.0 22.4 1.1 0.025 0.028
SFC 37.3 21.0 1.2 0.030 0.034
LFC 29.3 16.8 13 0.038 0.043

The slope of the first linear branch risen in those cases of PP fibre reinforced mixes (SFC and
LFC) and consequently, the initial fracture energy increased because the presence of PP fibres
reduced the number of pores with lower diameter (Fig. 6) and additionally, changed the shape
of pores to more spherical. The compression of a porous material mainly leads to compression
stresses at the edge of pore and tensile stresses at the pole [66] which derived in the cracking
of material when the compressive or tensile maximum stress is achieved. When pores are
closer to spherical shapes, the stress concentration (in compression or tension) are lower, as
stated by David et al. [66]. With the addition of PP fibres, the pore shape is more spherical (Fig.
7), especially in the longer PP fibres (LFC), and as a consequence the fracture energy in the
cracking process is higher according to the results of Table 5. On the other hand, the
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concentration of pores around PP fibres, induced by the presence of them, weakened the
adherence between the fibre and cement paste and the frictional interlocking was reduced, as
observed from the values of the slope of the second linear branch, a; in Table 6. The
characteristic length provides information about the ductility of concrete when the specimen
size is the same for all tests performed. From the results of Table 5, the ductility (analysed
through the characteristic length) of the concretes reinforced with PP fibres significantly risen
a 29% for short fibres (i.e., SFC) and a 75% for long fibres (i.e., LFC). This was due to the high
number of pores in the matrix (Table 3) which leads to a more ductile material [67]. The
increase was significantly higher for long fibre reinforced mix (LFC) because the density of
smaller pores is significantly higher, as observed in Table 3. Additionally, the fibres have a
bridge effect on the crack front that reduce any microcracking and enhance the ductile
behaviour. The bridge effect is more remarkable for longer fibres.

5. Conclusions

The influence of the presence of PP fibres in the microstructure of self-compacting concretes
and its consequences in their mechanical and fracture behaviour is a complex analysis that has
been thoroughly studied in this work. Three PP fibre-reinforced self-compacting concretes
were manufactured. The following conclusions can be drawn from the experimental results:

e The presence of polypropylene fibres in the matrix of concrete reduced the number of
smaller pores (i.e., those between 0.10 and 0.20 mm) due to the air bubbles
concentration inferred around fibres.

e The concentration of air bubbles around fibres conducted to an increment of the
number of pores in the range of pore size 0.25-0.60 mm deriving into a higher amount
of larger pores in PP fibre-reinforced mixes (SFC and LFC).

e The mix reinforced with short PP fibres (SFC) presented significantly less amount of
pores below 0.1 mm?3 in comparison with that with longer PP fibres (LFC). The higher
fibre-matrix interface led to a more significant pore concentration around fibres than
in that case of short fibre concrete (SFC). Nevertheless, it was not observed a
significant alteration of the microstructure relative to those pore volumes higher than
0.1 mm? between SFC and LFC mixes.

e The joining of air bubbles generated beneath fibres leads to a higher sphericity and
shape coefficient in PP fibre-reinforced mixes (SFC and LFC). This fact was more
remarkable if the PP fibres were shorter (SFC) since the matrix-fibre interface is
smaller.

e In the compressive strength, it was observed as the addition of PP fibres conducted to
a slight decrease of 3.5% for SFC and 6% for LFC. This decrease was due to the
inclusion of a material less resistant (polypropylene fibres) and, additionally, to the
increase of the pore size due to the concentration of air bubbles around fibres.
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With regards to the tensile strength, the tensile strength in the concrete reinforced
with short PP fibres (SFC) dropped 1.5%, whereas the concrete reinforced with long
fibres (LFC) 4.6% compared with respect to the control concrete (PC) due to the
increase of pore sizes derives into a reduction of the tensile strength.

The total fracture energy (G) increased with the addition of PP fibres, 17% for SFC and
31% for LFC. It is worth noting as the value of fracture energy corresponded mainly to
the initial fracture energy (G¢), with an average percentage of 96.5% Ge. This data
together demonstrates as the microcracking and coalescence are the main processes
involve in the fracture mechanisms of these concretes (PC, SFC and LFC).

The initial fracture energy increased on PP fibre-reinforced mixes due to the bridge
effect of PP fibres and because the presence of fibres reduced the number of pores
with lower diameter. Additionally, changed the shape of pores to more spherical in
which the stress concentration is lesser.

The concentration of pores around PP fibres conducted to the adherence between the
fibre and cement paste was additionally weakened and the frictional interlocking was
reduced.

The ductility (determined indirectly by the characteristic length) of the concretes
reinforced with PP fibres significantly risen a 29% for short fibres (SFC) and a 75% for
long fibres (LFC). This was due to the high number of pores in the matrix, which leads
to a more ductile material and the crack bridging of fibres. The increase was
significantly higher for long fibre reinforced mix (LFC) because the density of smaller
pores is significantly higher and the more efficient adherence of longer fibres.
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Abstract

This paper analyses the influence of the presence of polypropylene fibres in the microstructure
of a high-strength self-compacting concrete by X-ray computed tomography and its
consequences on the mechanical and fracture properties. The addition of PP fibres alters the
pore structure of the concrete matrix, and this affects the macroscopic response (i.e.,
mechanical and fracture behaviour). A microstructural analysis of an unreinforced concrete,
used as reference mix, and two polypropylene fibre-reinforced mixes with two fibre length (6
and 24 mm) were experimentally carried out. Complementary, a comprehensive experimental
study of the mechanical and fracture properties of each concrete were performed. Finally, it
was established a correlation between the microscopic response (pore morphology and pore
distribution) and the macroscopic behaviour of high-strength self-compacting concrete.

Keywords: high-strength concrete, polypropylene, fracture mechanic, X-ray computed
tomography, microstructure.

1. Introduction

Self-compacting concrete (SCC) is regarded as one of the most used construction material
worldwide [1,2] mainly due to the favourable properties in fresh (e.g. workability, pumpability,
finishability) and hardened state (e.g. strength, density, permeability, durability) [3]. This
concrete must be as fluid as possible with a stable mix to avoid segregation of solids. The
fluidity is achieved commonly with the addition of super-plasticiser and/or viscosity modifying
admixtures, and the stability of mix is obtained primarily through proper selection of powders
(i.e., cement and cement replacement) [4]. Additionally, these characteristics conduct to a
higher packing density (i.e., a reduction of porosity) which combined with the benefits of fibre
addition derive to enhanced mechanical and fracture properties in comparison with vibrated
concretes [2,3,5,6].

In self-compacting concrete with high compressive strength is very generalised the use of
several industrial waste as cement replacement (e.g. fly ash, steel slag, rice husk) [7-11] and /
or aggregate substitute (e.g., air-cooled blast furnace slag, masonry waste) [2,12,13] as
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reflected by the high number of studies related to this issue. This behaviour conducts
principally to two environmental benefits, the reduction of CO, emissions by the cement
replacement, and complementary, the reuse of waste from several industries. Likewise,
polypropylene fibres are also commonly added into the high-strength concretes [1,2,14-17].
The polypropylene fibres reduce the shrinkage effects [18] and enhance fire resistance [19].
Both the substitution of powder or aggregates as well as the fibre addition in the matrix alter
the microstructure of concrete and the pore morphology [1,20,21]. Thus, the characteristics of
fibres or constituents added have a significant influence in the microstructure and
consequently, in the macroscopic response (i.e., mechanical and fracture properties).

The mechanical behaviour of concrete and especially its fracture behaviour, is strongly
dependent on the porosity and pore distribution in the material [1,22—-25]. There are three
types of pores in cementitious matrix depending on the origin generation and their sizes. Gel
pores, with characteristic dimensions between 0.5-10 nm; capillary pores, corresponding to
the water-filled space ranging from 5 to 5,000 nm and macropores from entrained and
entrapped air above 5,000 nm [20,23]. Gel pores have not a significant influence on the
strength of material [23]. Nevertheless, capillary pores and macropores (i.e., those due to
entrained or entrapped air) affect the strength and stiffness of concrete. There are a large
number of researches which have studied the effect of pore structure on fibre-reinforced SCC
(i.e., size, distribution, amount) by mercury intrusion porosimetry (MIP) technique [14-16,26].
However, this technique does not allow to capture data of larger pores (i.e., above 40 pum
approximately) and the size of samples analysed is too small as being representative of real
structural elements. X-ray computed tomography (CT) technique has being increasingly used
on cementitious materials [27—-31]. This technique allows to determine the geometry of pores
(i.e., shape, size, sphericity, volume, etc.) and additionally, to analyse greater samples more
representative of the structural elements in a three-dimensional scale.

The appearance of X-ray CT scanning to analyse the microstructure of cementitious materials is
relatively recent. Numerous researches have used X-ray CT scan to determine the orientation
and distribution of steel fibres on fibre-reinforced primarily concretes [24,29,31,32] since the
significant difference of density between steel and concrete make this the ideal technique for
this purpose. Nevertheless, there are scarce studies which have used X-ray CT technique in
concrete reinforced with polymeric or plastic fibres because the small size of certain fibres
makes more difficult their detection by X-ray CT scan. Pujadas et al. [33] analysed the
orientation pattern of macro-plastic fibres by X-ray CT scan in which a predominantly
perpendicular orientation to the flow of concrete was observed. The orientation of plastic
fibres also was the aim of the study by Kaufmann et al. [34] by X-ray CT scan in a spray
concrete. In this case, it was determined that the fibres were principally addressing to the
perpendicular direction of spray.

Otherwise, some studies have been focused on the influence of pore structure of self-
compacting concretes through MIP technique with different purposes. Mastali et al. [26]
studied the effects of pozzolanic binders on the hardened-state properties of concrete. Saccani
et al. [14] evaluated the effects in the interphase fibre-matrix of composites reinforced with
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carbon fibres. However, the most common focus on interest is the thermal effects in the
matrix. Missemer et al. [16] characterised the sensitivity of fibre-reinforced concrete to
spalling and proposed a critical quantitative factor to determine a fire-resistant composition.
Yermark et al. [35] presented a comprehensive study which correlated the mechanical
properties with the thermal damage of concrete. Although there are a significant number of
studies that have studied the mechanical [19,36-38] and fracture properties [39-42] of self-
compacting concrete, scarce investigations have been focused on the porosity evolution inside
concrete and the correlation with the macroscopic response (i.e. mechanical and fracture
properties).

This work is focused on the effect that the addition of polypropylene fibres in the
microstructure of high-strength self-compacting concrete (HSSCC) and its influence on the
mechanical and fracture properties. For this, a plain concrete, used as reference concrete, and
two PP fibre-reinforced concretes were experimentally assessed. The microstructural analysis
of the matrix was performed by X-ray computed tomography technique. Finally, it was
established a correlation among the microstructural results obtained by X-ray computed
tomography and the mechanical and fracture behaviour of each concrete. The influence of the
presence of PP fibres as well as the pore morphology in the fracture mechanisms have been
comprehensively analysed.

This paper is organised as follows: a presentation of the materials manufactured, and a
description of the sample preparation are shown in Section 2. A description of the
experimental programme is exposed in Section 3. The results and discussion are presented in
Section 4, and finally, the conclusions are found in Section 5.

2. Materials
2.1 Raw materials and mix designs

In this research, three concretes composed of the same constituents, except that instead of
polypropylene fibres, have been manufactured. The mixes were designed following the
method proposed by Karihaloo and Ghanbari [43], and Deeb and Karihaloo [44] for self-
compacting ordinary and high-strength concretes. The nomenclature and fibre content of the
mixes are presented in Table 1. The former mix, used as control concrete, is an unreinforced
concrete and it is denoted as PC (plain concrete). The second and third of concretes mixes are
reinforced with two types of PP fibres. The properties of PP fibres used are the same, except
that of length, as can be seen in Table 1. The mix labelled as SFC (short-fibre concrete)
contains PP fibres of 6 mm in length and the mix designated as LFC (long-fibre concrete) has
fibres of 24 mm in length. The amount of PP fibres added to the mixes was the same in both
cases (i.e., SFC and LFC) as well as the properties of PP fibres (i.e., thickness and toughness, see
Table 1). The PP fibre length is the only difference so that the study is focused on the influence
of fibre length in the microstructure of mixes.
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Table 1 : Nomenclature of mixes, PP fibre content and properties.

fibre )
i thickness toughness
fibre type content (um) (MPa)
um a
(kg/m?)
pcC® no fibres 0 - -
SFCP 6 mm in length 1.2 33 450
LFC® 24 mm in length 1.2 33 450

2 plain concrete, ® short-fibre concrete, ¢ long-fibre concrete.

The mix proportions of constituents used are shown in Table 2. The concrete paste has a low
water-to-binder ratio which infers a higher performance in terms of mechanical properties to
the control concrete (i.e., PC). The binder is formed by type Il Portland cement and densified
silica fume of 0.1 um particle size. Three types of aggregates are used (Table 2), one
designated as fine silica sand, with a maximum particle size of 1 mm, coarse silica sand with a
maximum particle size of 10 mm and a limestone sand with 2 mm of maximum size. The
grading distribution of the aggregates are shown in Fig. 1.a. A third-generation
polycarboxylate-based superplasticiser is used as water reducer. Slump flow tests of each mix,
according to EFNARC recommendations [45], were conducted in order to ensure the
flowability of concrete paste without segregation (Fig. 1.b).

Table 2 : Mix compositions of plain concrete (kg/m3)

w/b® cement® silicafume fine silica coarse limestone water superplasticiser
sand silica sand sand
0.17 657 99 867 1301 139 131 23
2w/b water-to-binder ratio, ? Portland cement (CEM Il B-L 32.5 N).
1009 = = . x —a— fine silica sand
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Fig. 1: Grading distribution of aggregates (a) and slump flow test of LFC mix (b).
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2.2 Sample preparation

The specimen production was always carried out following the same mixing procedure in order
to ensure minimising the experimental scattering. A laboratory horizontal rotary mixer was
used for the manufacturing of mixes. First the constituent with coarser particle size (i.e.,
coarse silica sand) is poured in the mixer during the mixing process, next the finer particle size
constituent (i.e., silica fume) is added and so, alternatively and subsequently, with the rest of
dry constituents (i.e., limestone aggregate, cement and fine silica sand respectively). All dry
constituents are mixing for 5 min to ensure a uniform mix. Then, a mix of the water and
superplasticiser is poured, and it is mixed for 10 min. When a self-compacting paste is reached
the PP fibres are added (for SFC and LFC mixes) and then mixed for 5 min more until fibres are
homogeneously dispersed in the concrete paste (Fig. 1.b). The specimens were demoulded
after casting for one day and stored in water at ambient temperature for 27 days more. After
curing time, the specimens were dried at ambient temperature for 1 day.

3 Methods

In this section, the X-ray CT scanning and the mechanical and fracture tests performed are
described.

3.1. Microstructural analysis by X-ray CT scan

X-ray computed tomography scans were carried out for each mix in order to obtain the effect
of two PP fibre length (i.e., length of 6 mm and 24 mm) on the microstructure of self-
compacting high-strength concrete. For this, three samples of each mix (PC, SFC and LFC) have
been scanned in order to minimise the scattering derived from the intrinsic heterogeneity of
the material. The samples scanned by X-ray CT had a dimension of 25x25x100 mm? and were
sawn from beam specimens of 100x100x440 mm?3 casted. A schematic view of the specimen
and the samples extracted is shown in Fig. 2. The samples were sawn from the core of the
specimen and the same part for each mix to avoid border effects that might alter the
microstructure of matrix, and consequently, the X-ray CT results obtained.

The CT scan used was a GE Phoenix v|tome|x device (General Electric, Boston, MA, USA),
belonging to the ‘Centro Nacional de Investigacion sobre la Evolucién Humana (CENIEH)’, in
Burgos, Spain. It is equipped with a tube of 300 kV/500 W. This facility emits a cone ray, which
is received by an array of detectors. Thereby, the scanning process is fast, and highly accurate
scans are produced of equal resolution in the X, Y, and Z axes.

The CT scan provides 16 bits pictures of 2,048x2,048 pixels. From each specimen we obtained
5,000 section images with a pixel size of 0.02. Also, the separation of each section slice was
0.02 mm.
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Fig. 2: Scheme of X-ray samples sawn.

Multiple 2D radiographs of each sample scanned were taken by X-ray CT with a scanning
resolution of 1,024x1,024 pixels. The commercial software AVIZO was used for the 3D
reconstruction of samples scanned (Fig. 3.a, b and c) and the subsequent microstructural
analysis of pore properties (i.e., pore equivalent diameter, sphericity, pore surface and shape
coefficient). The beam hardening and ring effects [28] were reduced by post-process tools
from the analysis software. The equivalent diameter corresponds to the diameter of a sphere
with the same volume of the pore, and it is defined as:

d, =36v__Ir (1)

eq pore

Whereby Vpore is the volume of a pore. The sphericity of a pore represents how closely the
shape of a pore approaches that of a perfect sphere and is defines as:

213
1/3
T (6V bore )

o= (2)

pore

whereby Vyore is the volume of a pore and Apore is the surface area of a pore. The sphericity of a
sphere is one and any pore which is not a sphere will have values below 1. The pore surface
corresponds to the total area that the surface of the pore occupies. The shape coefficient is a
dimensionless property that describes the shape of a pore independently of its size and it is
defined as:

3
= Apore
362V °

pore

(3)

For more detailed information about the X-ray CT analysis procedure, see the previous work by
Rios et al. [32].
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(b) ()

Fig. 3 : 3D reconstruction of each samples scanned by X-ray CT (a) PC, (b) SFC and (c) LFC mix.

3.2. Mechanical property tests

The compressive strength, f., of each mix (i.e. PC, SFC and LFC) were measured from the
testing of cubic specimens of 100 mm of side. Four cube specimens of each mix were tested in
accordance with the European standard EN-12390-3:2009 [46]. A servo-hydraulic machine of
3,000 kN as maximum load capacity was used with a loading rate of 0.5 MPa/s. The Young’s
modulus, E., was determined by cylindrical specimens of 100 mm diameter and 200 mm height
according to the EN-12390-13:2014 [47]. Four specimens were tested of each mix (i.e., PC, SFC
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and LFC) and the same servo-hydraulic machine used for compression was used. The
procedure consists on the application of a gradual loading until a third of its failure load, and
simultaneously, the relative strain is measured by two linear variable displacement transducer
(LVDT) sensors of 25 mm in length.

3.3. Fracture property tests

Four specimens of each mix (i.e., PC, SFC and LFC) were conducts on three-point bending tests
on notched prismatic specimens of 100x100x440 mm? (BxDxL) and notch depth, g, of 50 mm
to determine the size-independent fracture energy, Gr, by the RILEM method [48] and
considering the recommendations suggested by Guinea et al. [49-51]. The tests were
conducted on a servo-hydraulic dynamic machine of + 200 kN and the deflection at the
midspan of the specimen was measured by an LVDT sensor of 25 mm. The sensor was
mounted on a rigid frame fixed to the specimen. Additionally, the bilinear tension softening
diagrams (Fig. 4) of each mix (i.e., PC, SFC and LFC) were determined by the use of an inverse
analysis method based on the non-linear hinge model [52,53]. The method is based on the
fictitious crack model which is commonly used for the analysis of cracked concrete structures
using finite element models [53]. The bilinear softening diagram is defined by the tensile
strength, f;, the slope of the first linear branch, a;, the slope of the second linear branch, a;,
and its intersection with the ordinate axis, b;.

Stress, o

Crack opening displacement, w

Fig. 4: Bilinear tension softening diagram.

The bilinear tension softening diagram is a proper way to analyse the effect of microstructure
in concretes since it provides information about the micro-cracking and frictional dissipation
processes responsible for the post-peak behaviour in concrete [39]. The initial fracture energy,
Gy, corresponding to the area under the first linear branch (grey zone in Fig. 4), is depending on
the microcracking process, while the second linear branch is a result of the frictional
dissipation (e.g. aggregate interlock or fibre adherence) [39,54]. That information can be
correlated with the X-ray CT results and establish a connection between microstructure and
fracture behaviour.

On the other hand, it has been calculated the characteristic length, /., which is a fracture
parameter that provides information about the intrinsic brittleness of the cohesive material
[55]. It is directly related to the fracture process zone (FPZ) due to a greater characteristic
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length, higher FPZ [56]. Since all specimens tested had the same dimensions, there was no size
effect, and an analysis of the ductility of mixes could be carried out. The characteristic length
was calculated as according to Eq. 6:

: (6)

4 Results and discussion

In this section are shown the results obtained by the X-ray computed tomography so that the
effect of PP fibres on the microstructure of mixes can be related with the mechanical and
fracture behaviour.

4.1 Microstructural analysis

The use of X-ray CT scan to analyse the microstructure of concrete allows the determination of
a wide information about the pore properties (e.g., pore size, surface area, sphericity, etc.)
with an accuracy of 40 um in a large volume of material (Fig. 4). This leads to obtain more
reliable results of microstructure in comparison with other techniques in which the volume of
material analysed is remarkably more reduced (e.g., mercury intrusion porosimetry). Four
prismatic samples of 100x25x25 mm?® were analysed by X-ray CT scan for each mix (PC, SFC
and LFC) and an average value of each pore property measured was obtained in order to
reduce the scattering of results due to intrinsic heterogeneity of microstructure [57]. In this
work, pores with less than 0.03 voxels (i.e., below 0.1 mm length approximately) are discarded
because they are too small to be identified with enough definition [25].

From the X-ray CT results, the diagrams of the equivalent diameter of pores (abscissa axis) and
its frequency (ordinate axis) are shown in Fig. 5 and 6 for each mix (PC, SFC and LFC). Pore
equivalent diameter in a range between 0.10 and 0.60 mm is presented in Fig. 5 and a detailed
diagram of the range of smaller pores, between 0.100-0.225 mm, is shown in Fig. 6 to be more
clearly observed. The frequency of pores higher than 0.60 mm is significantly low so that it has
not been shown in Fig. 5 since it does not provide relevant information.
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Fig. 5: Distribution of pore equivalent diameter of mixes.

From the results of Fig. 5, it is observed as the control concrete (i.e., PC) has a microstructure
with a predominant concentration of pores in the smaller equivalent diameter, the 50% of
pores are in the range of 0.10-0.15 mm (see Fig. 5). The presence of polypropylene fibres (SFC
and LFC mixes) reduced the number of smaller pores (i.e., between 0.10 and 0.20 mm). The
equivalent diameter between 0.10-0.15 mm was reduced 10% in comparison with the control
concrete (i.e., PC), due to the air bubbles concentration inferred around fibres according to the
results obtained by other authors [21,32]. This conducts to an increment of the equivalent
diameter, due to pore fusion by concentrated air bubbles, in the range of pore size 0.25-0.60
mm (see Fig. 5). It is not observed significant differences in the microstructure of those mixes
with PP fibres (SFC and LFC), as observed in the overlapping of their curves.
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Fig. 6: Pore equivalent diameter of mixes with diameter below 0.225 mm.

Fig. 6 presents the information about those pores with equivalent diameter below 0.22 mm
since it has been observed that the presence of PP fibres affects significantly to these pores
and it was not able to observe changes, clearly, in the scale of Fig. 5. As observed, the control
concrete (PC) has pores with smaller equivalent diameter than those reinforced with PP fibres
(SFC and LFC) in the range between 0.100-0.175 mm. That difference is more remarkable for
diameter size below 0.140 mm (see Fig. 6). This confirms that the addition of PP fibres
increases the pore size by air bubbles concentration around fibres [21,32], as was seen in Fig.
5. The variation on the amount of pores with equivalent diameter between 0.175-0.225 mm is
almost non-existent.

Table 3 : Pore density of mixes.

Pore density (pores/cm?3) Total
Mix >1mm? 1-0.5 0.5-0.1 <0.1 mm3 porosity (%)
mm3 mm3
PC 2005 23106 278 4423 £ 1309 2.6+0.7
SFC 25105 42+0.8 57+5 6923 £ 608 54+0.3
LFC 2.2+0.6 3.1+13 55+24 10555 + 444 7.0+04

Table 3 presents pore density (in pores/cm?) for pore volumes higher than 0.1 mm?3, in which
the number of pores is low and, as a consequence, those pores could not be shown in Fig. 5
and 6. With regards to the control concrete (PC), it is the mix with a lower number of pores for
any volume higher than 0.1 mm3. This confirms that the plain concrete has a microstructure
with pores of a smaller size than those with fibres [32]. In the PP fibre reinforced concretes
(SFC and LFC), the mix with shorter PP fibres (SFC) presented significantly less amount of pores
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below 0.1 mm? in comparison with that with longer PP fibres (LFC). The higher fibre-matrix
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Fig. 7 : Sphericity (a) and shape coefficient (b) of pores for each mix.

Fig. 7 shows the values of the sphericity and shape coefficient of pores for each mix (PC, SFC
and LFC). Both properties, the sphericity and shape coefficient, are an indication of the pore

1
shape, which is related to each other as follows: @ = —5 - For this reason, the discussion of
o

the results is made jointly. The range of sphericity values (Fig. 7.a) varies between 0.000-0.160,
which shows that the shape of pores is not very spherical for any mix, control (PC) or PP fibre-
reinforced concrete (SFC and LFC). With regards to PP fibre reinforced mixes, the join of air
bubbles generated beneath fibres leads to a higher sphericity (Fig. 7.a) and shape coefficient
(Fig. 7.b). This was observed in the horizontal displacement (i.e., into higher spherical pore) of
the peak points of Fig. 7.a and b for SFC and LFC mixes in comparison with PC mix. Additionally,
there is a decrease of the shape coefficient in the range 0.150-0.175 and a complementary
increase in the range 0.475-0.500 that confirms as pores are more spherical. This fact is more
remarkable if the PP fibres are shorter (i.e., SFC) than longer (i.e. LFC) due to the decrease in
the range of 0.150-0.175 of shape coefficient is significantly higher than LFC. By contrast, the
increase in the range 0.475-0.500 of shape coefficient is higher than LFC mix.
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Fig. 8 : Pore surface of each mix

The pore surface results for each mix (PC, SFC and LFC) are shown in Fig. 8. From the control
concrete (i.e., PC), there is a higher number of pores with surface area lower than those in PP
fibre reinforced mixes (SFC and LFC). As shown, the 20% of pores are in the range of pore
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surface between 0.01-0.04 whereas the PP fibre reinforced mixes (SFC and LFC) have a 16% in
the same interval (see Error! Reference source not found.). The mesh of air bubbles generated
around PP fibres leads to pores with higher volumes (as shown Table 3) and more spherical
(Fig. 7Error! Reference source not found..a and b) so that the surface area of pores must be
higher, as shown in Fig. 8.

4.2 Mechanical properties
The average value of the compressive strength and Young’s modulus, corresponding to the
tests described in the previous section, and their standard deviation are shown in Table 4 for

each SCC mix.

Table 4 : Average mechanical properties and standard deviation.

Mix . (MPa) E. (GPa)
PC 80.0 (7.4) 38.9 (3.4)
SFC 77.2(3.9)  40.9(1.1)
LFC 75.2(4.8)  43.2(1.7)

From the results of compressive strength, it is observed as the addition of PP fibres conducted
to a slight decrease of 3.5% for SFC and 6% for LFC. Other authors observed this fact in similar
conditions [20,58]. This decrease was due to the inclusion of a material less resistant (i.e.,
polypropylene fibres) to the compressive stresses during the test and the alteration of
microstructure by the presence of PP fibres, as presented in total porosity results (Table 3).
The incidence of microstructure on the compressive strength of cement-based materials has
been significantly studied by several researchers [22,23,25,59]. Many relationships that are
establishing a connection between the compressive strength and pore structure of material
have been obtained [22,59]. Thus, the decrease of compressive strength by the addition of PP
fibres is due to the inclusion of a material less resistance (i.e., polypropylene fibres) and,
additionally, to the increase of the total porosity, the pore size and amount of pores lower
than 0.1 mm?3, due to the concentration of air bubbles around fibres reflected by the higher
values of equivalent diameter (Fig. 5 and 6) and density (Table 3) respectively.

Regarding Young’s modulus, the PP fibre reinforced mixes (SFC and LFC) slightly increased,
5.1% on SFC and 11% on LFC, following the results obtained by other authors [20,60,61]. As
known, this property is primarily influenced by a higher number of pores with a size of
nanometres, rather than a lower amount of pores with larger sizes [62]. From the results
shown in Fig. 6, it is observed that the addition of PP fibres decreased the number of pores
with smaller size (0.105-0.160 mm) and so that Young’s modulus has increased. Nevertheless,
this is supposing that the pores with nanometric size follow the same trend that those
analysed by X-ray CT scan (i.e., pores above 40 um).

4.3 Fracture behaviour
The fracture properties of each mix are presented in Table 5. The tensile strength, f;, has been

determined as one parameter of the bilinear tension softening diagrams (Fig. 9) by the
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application of an inverse method based on the non-linear hinge model [63,53], as was
described in the previous section. The rest of the parameters of the bilinear softening
diagrams are shown in Table 6 for each mix (PC, SFC and LFC). The initial fracture energy, G,
was determined as the area below the first linear branch of the bilinear softening diagrams
(grey zone in Fig. 4) and the total area under the bilinear diagram corresponds with the
fracture energy, Gr.

With regards to the tensile strength (Table 4), f; slightly decreased with the addition of PP
fibres following the trend of the compressive strength results qualitatively. The tensile
strength in the concrete reinforced with short PP fibres (SFC) dropped 1.5%, whereas the
concrete reinforced with long fibres (LFC) 4.6% compared with the control concrete (i.e., PC).
As mentioned, the addition of PP fibres conducted to a concentration of air bubbles around
fibres which induced to a large number of pores with higher diameter and volume (Fig. 5 and
Table 3) by the pore merging. That increase of pore sizes derives into a reduction of the tensile
strength [59].

Table 5 : Average fracture properties and standard deviation.

Mix ft (MPa) Gr (N/m) Gy (N/m) len (mm)

PC 6.5(0.2) 83.7 (7.5) 81.2(7.1) 77.1(4.5)
SFC 6.4 (0.4) 100.4 (2.0) 96.0 (2.3) 100.3 (3.6)
LFC 6.2(0.2) 120.9 (9.8) 117.4 (9.4) 135.9 (9.2)

The fracture of concrete is a consequence of the development of the fracture process zone
(FPZ) in the material. This process involves a micro-cracking, coalescence, crack branching and
frictional interlocking in the weak interfacial transition zone (ITZ) [64]. In this case, the
interfacial transition zone would be referred to aggregates and cement paste in the plain
concrete (PC) and, additionally, between the fibre and cement paste in the PP fibre reinforced
mixes (SFC and LFC). In the FPZ are developed the cohesive normal stresses from a value equal
to the tensile strength, at the tip of the crack, until zero at the end of FPZ, in accordance with
the widely adopted fictious crack model of Hillerborg [55]. Those cohesive stresses are
commonly represented by bilinear softening diagrams, stress-crack opening displacement (Fig.
9).
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Fig. 9 : Bilinear tension softening diagrams of each mix.

The first linear branch of the bilinear softening diagram is primarily related to the micro-
cracking, whereas the second linear branch with the frictional aggregate interlock [39].

The fracture energy results strongly depend on the dosage of the concrete, as postulated by
numerous studies [43,44,54,65]. It is worth mentioning that the high content of cement of
mixes generates greater shrinkage and provides low fracture energy values in the reference
mix (PC). As observed in Table 5, the total fracture energy (Gy) increased with the addition of
PP fibres, 17% for SFC and 31% for LFC. It is worth noting as the value of fracture energy
corresponded mainly to the initial fracture energy (Gy), with an average percentage of 96.5%
Gr. This data together with the values of the slope of the first linear branch, a;, in Table 6,
demonstrate as the microcracking and coalescence are the main processes involve in the
fracture mechanisms of these concretes (PC, SFC and LFC).

Table 6 : Parameters of the bilinear tension softening diagrams of each mix.

Mix a; (mm?)  a;(mm?)  b;(MPa)  w;(mm) w;(mm)
PC 40.0 22.4 1.1 0.025 0.028
SFC 37.3 21.0 1.2 0.030 0.034
LFC 29.3 16.8 13 0.038 0.043

The slope of the first linear branch risen in those cases of PP fibre reinforced mixes (SFC and
LFC) and consequently, the initial fracture energy increased because the presence of PP fibres
reduced the number of pores with lower diameter (Fig. 6) and additionally, changed the shape
of pores to more spherical. The compression of a porous material mainly leads to compression
stresses at the edge of pore and tensile stresses at the pole [66] which derived in the cracking
of material when the compressive or tensile maximum stress is achieved. When pores are
closer to spherical shapes, the stress concentration (in compression or tension) are lower, as
stated by David et al. [66]. With the addition of PP fibres, the pore shape is more spherical (Fig.
7), especially in the longer PP fibres (LFC), and as a consequence the fracture energy in the
cracking process is higher according to the results of Table 5. On the other hand, the

16



©CO~NOOOTA~AWNPE

concentration of pores around PP fibres, induced by the presence of them, weakened the
adherence between the fibre and cement paste and the frictional interlocking was reduced, as
observed from the values of the slope of the second linear branch, a; in Table 6. The
characteristic length provides information about the ductility of concrete when the specimen
size is the same for all tests performed. From the results of Table 5, the ductility (analysed
through the characteristic length) of the concretes reinforced with PP fibres significantly risen
a 29% for short fibres (i.e., SFC) and a 75% for long fibres (i.e., LFC). This was due to the high
number of pores in the matrix (Table 3) which leads to a more ductile material [67]. The
increase was significantly higher for long fibre reinforced mix (LFC) because the density of
smaller pores is significantly higher, as observed in Table 3. Additionally, the fibres have a
bridge effect on the crack front that reduce any microcracking and enhance the ductile
behaviour. The bridge effect is more remarkable for longer fibres.

5. Conclusions

The influence of the presence of PP fibres in the microstructure of self-compacting concretes
and its consequences in their mechanical and fracture behaviour is a complex analysis that has
been thoroughly studied in this work. Three PP fibre-reinforced self-compacting concretes
were manufactured. The following conclusions can be drawn from the experimental results:

e The presence of polypropylene fibres in the matrix of concrete reduced the number of
smaller pores (i.e., those between 0.10 and 0.20 mm) due to the air bubbles
concentration inferred around fibres.

e The concentration of air bubbles around fibres conducted to an increment of the
number of pores in the range of pore size 0.25-0.60 mm deriving into a higher amount
of larger pores in PP fibre-reinforced mixes (SFC and LFC).

e The mix reinforced with short PP fibres (SFC) presented significantly less amount of
pores below 0.1 mm?3 in comparison with that with longer PP fibres (LFC). The higher
fibre-matrix interface led to a more significant pore concentration around fibres than
in that case of short fibre concrete (SFC). Nevertheless, it was not observed a
significant alteration of the microstructure relative to those pore volumes higher than
0.1 mm? between SFC and LFC mixes.

e The joining of air bubbles generated beneath fibres leads to a higher sphericity and
shape coefficient in PP fibre-reinforced mixes (SFC and LFC). This fact was more
remarkable if the PP fibres were shorter (SFC) since the matrix-fibre interface is
smaller.

e In the compressive strength, it was observed as the addition of PP fibres conducted to
a slight decrease of 3.5% for SFC and 6% for LFC. This decrease was due to the
inclusion of a material less resistant (polypropylene fibres) and, additionally, to the
increase of the pore size due to the concentration of air bubbles around fibres.
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With regards to the tensile strength, the tensile strength in the concrete reinforced
with short PP fibres (SFC) dropped 1.5%, whereas the concrete reinforced with long
fibres (LFC) 4.6% compared with respect to the control concrete (PC) due to the
increase of pore sizes derives into a reduction of the tensile strength.

The total fracture energy (G) increased with the addition of PP fibres, 17% for SFC and
31% for LFC. It is worth noting as the value of fracture energy corresponded mainly to
the initial fracture energy (G¢), with an average percentage of 96.5% G. This data
together demonstrates as the microcracking and coalescence are the main processes
involve in the fracture mechanisms of these concretes (PC, SFC and LFC).

The initial fracture energy increased on PP fibre-reinforced mixes due to the bridge
effect of PP fibres and because the presence of fibres reduced the number of pores
with lower diameter. Additionally, changed the shape of pores to more spherical in
which the stress concentration is lesser.

The concentration of pores around PP fibres conducted to the adherence between the
fibre and cement paste was additionally weakened and the frictional interlocking was
reduced.

The ductility (determined indirectly by the characteristic length) of the concretes
reinforced with PP fibres significantly risen a 29% for short fibres (SFC) and a 75% for
long fibres (LFC). This was due to the high number of pores in the matrix, which leads
to a more ductile material and the crack bridging of fibres. The increase was
significantly higher for long fibre reinforced mix (LFC) because the density of smaller
pores is significantly higher and the more efficient adherence of longer fibres.
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