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ARTICLE INFO ABSTRACT

Keywords: In this study the boundary zone around polypropylene fibres in hardened cement paste was defined in terms of
phase Contrast imaging porosity and unhydrated cement particles using the phase contrast tomography with a spatial resolution of
szzﬁfap;i’e 0.637 ym within a volume of 1.305 x 1.305 x 1.305 mm?. Pores and unhydrated grains were identified from the
Fibre P cement paste made of blended cement by separating them from computed tomography images using thresholding

method. In the identification of the gray-level ranges of pores and unhydrated particles several approaches, such
as tangent-slope and overflow criterion including the cumulative curve of the gray-level image, were utilised.
The changes in relative amounts of pores and unhydrated particles indicated that the boundary zone extended to
a distance of 70 ym from the fibre surface. Within the boundary zone, the porosity was about twice or even four
times higher than in the bulk cement paste. The volume fraction of pores was observed to vary from 7% to 35%
close to the fibre, where the pores were also typically interconnected with the resolution used. Compared to bulk
cement paste, the amount of pores exceeding a volume of 10° ym? increased in the boundary zone. Close to the
fibre surface, the volume fraction of unhydrated particles was about 2% being 33% of the value outside the

Interfacial transition zone
Image analysis

boundary zone.

1. Introduction

The use of X-ray computed tomography (CT) allows to study non-
transparent materials three-dimensionally without destroying their in-
ternal micro-structure. The artefacts from cutting, grinding, and pol-
ishing of samples, which may occur with scanning electron microscopy,
can be avoided by CT. The accuracy of CT images depends on technical
configurations of a tomograph, the reconstruction algorithm applied on
projection images, and on the size and density of the sample scanned.
For example, with a larger and denser sample the attenuation of X-ray
increases and less photons are reaching the detector, which significantly
reduces image quality [41]. The contrast and spatial resolution of CT
images are improved if an X-ray beam is monochromatic and focused.
The coherent radiation provided by the synchrotron facility makes it
possible to use phase contrast tomography for imaging. The principle
difference of phase contrast tomography from a conventional trans-
mission X-ray imaging is the use of X-ray wave to detect the phase shift,
i.e. change in the propagation direction of a wave-front [23]. The phase
shift is proportional to material density and occurs at the edges of

* Corresponding author.
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particles or pores, where material has different index of refraction. The
magnitude of the X-ray phase shift is sufficiently large even if the ab-
sorption cannot be detected [23]. The sensitivity of phase contrast to-
mography allows to study the materials consisting of various
components with small differences in their densities.

The effect of a fibre on a cementitious matrix depends on the inter-
action between them [3,13]. This interaction affects the formation of the
micro-structure and mineralogical composition of the cement paste
around the fibre surface by creating a boundary zone, called the inter-
facial transition zone (ITZ) [2,43]. The ITZ also surrounds other in-
clusions in cementitious matrix, such as aggregates. X-ray CT has been
used to study the micro-structure of the cement paste in
three-dimensions, as reported by Ref. [5,12,20,32,44]. In Ref. [20] X-ray
synchrotron tomography was used to study the packing of the cement
particles close to the inclusion surface. Cement was cast into the glass
tube with an inner diameter of 0.5 mm and scanned in 5 min by X-ray
synchrotron. The field of scanning was 0.8 x 0.6 mm?, and the resolu-
tion received was 0.33 pym. The authors assumed that the ITZ was lack of
large particles from the very beginning of hydration, as the
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Table 1

Chemical composition of the cement used.
Oxides (OA)) CaO SiOZ A1203 Fe203 MgO 503 Ti02 Nazo Kzo
Clinker" 64 21 5.2 3.3 3.2 3.3 - - -
Slag” 39 38 9 - 11 1 1 0.5 0.5
Limestone” 90 5 1.5 - 2.5 - - 1 -

@ According the information provided by the manufacturer [9,10].
b Determined with the EDX point analysis.
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Fig. 1. Polypropylene fibres used, preparation of the samples for CT scanning.
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Fig. 2. The placement of the sample during the scanning and the reconstruction of the whole volume considering the phase estimation.

hydrodynamic forces repelled the particles from the inclusion surface. In
the study, large cement particles were not observed closer than 20 ym
from the glass wall. In Ref. [15,16], plain and fibre reinforced samples of
cement mortar were examined by synchrotron tomography to study the
progress and effect of alkali-silica reaction during the period of 2-136
days after cast. In the study, polypropylene fibres represented hydro-
phobic fibres whereas hydrophilic fibres were polypropylene fibres
coated by ethylene acrylic acid. The pixel size 3.32 ym was received on
the 8.3 mm field of view. The tomographic slices and 3D reconstructed

and segmented images demonstrated the distribution of air voids, the
formation and propagation of cracks, the progress of aggregate disso-
lution and silica gel formation. The study found that the content of air
bubbles in fibre reinforced mortars was higher than that in the plain
mortar, which reduced expansion due to the voids into which the
alkali-silica gel could migrate. The hybrid fibres had a bundled distri-
bution whereas the distribution of polypropylene fibres was more uni-
form. The agglomerated behaviour of hybrid fibres was assumed to be
related to their aspect ratio and the hydrophilic properties.
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Fig. 3. The slices with the orthogonal sections of the samples with polypropylene fibres.

As the ITZ around the different fibre types or aggregates was not been polypropylene fibres in the hardened cement paste by applying the

emphasised in CT applications to cementitious composites, the previous phase contrast synchrotron tomography. Even if this type of imaging
studies have reported the findings obtained from pure cement paste or technique has been seldom used for the cement paste, it is a robust and
mortar considering neither the interface nor the boundary effect. The suitable method for studying the micro-structure of cementitious com-
motivation for this work was to define the boundary zone created by posites. In this study, the boundary zone around the fibre was recognised
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Fig. 6. The cumulative curves to separate the pores and the gray-level histograms to separate the HP and UH particles.

by defining the gradients of porosity and unhydrated (UH) cement
particles from the three-dimensional data measured close to the fibre
surface. The slag cement used with limestone is a typical mixture for
concretes of higher strength and for massive structural members, since it
can reduce the size of largest pores and affect the porosity, as well as
decrease the hydration temperature [2]. The relative distributions of
pores and UH particles describe the influence of the fibre surface both on
the packing of the cement grains and hydration close to the fibre, and
can be utilised for developing the cement blends for fibre reinforced
cementitious composites. The information of the relative distribution of
pores within the transition zone is also relevant for evaluating the
durability, shrinkage and strength of the final composite. Polypropylene
fibres used in the samples are often utilised in structural applications,
where the visible fibre corrosion should be avoided, such as elements of
building facades. They have also been used for limiting the spalling of
high strength concrete at elevated temperatures and for reinforcing the
thin-walled structures, and the structures with complex geometrical
shapes [8,14,18,24].

Essentially, it is difficult to obtain tomography images with a reso-
lution smaller than 1 gm from the cementitious composite samples with
reasonable dimensions, especially utilising CT devices typically avail-
able in research laboratories [19]. For example, in Ref. [40,45] the
resolutions of CT images obtained by scanning of the cement paste
samples with a thicknesses of 0.25 mm and 10 mm were 0.485 ym and
15.2 um, respectively. In the studies documented in Ref. [12,20,28] the
resolutions of the scans obtained by synchrotron radiation facility from
the cement paste samples with a thickness of 0.5 and 0.6 mm were
0.33 pum and 0.6835 um, respectively, and in case of crashed samples it
was 0.5 ym. In this study we utilised high resolution three-dimensional
images of the cement paste volumes equal to 1.305 x 1.305 x
1.305 mm? from the samples with a diameter of 3 mm and a height of
7 mm. The resolution of CT images obtained was 0.637 ym, which
allowed to analyse large capillaries and interfacial pores around the
polypropylene fibres. The cement blend with slag and limestone was
expected to affect the transition zone through the formation of calcium
carbo-aluminate hydrates, which could reduce the porosity [2]. It was
found that in cements blended with slag or fly ash, the locally increased
water to cement (w/c) ratio close to the inclusion surface supported the

formation of calcium aluminate hydrate (CAH) rather than the ettrin-
gite. This is a positive feature when the calcareous admixtures, for
example, limestone powder (calcium carbonate), are added [2], as they
need CAH to start to react. The results of their reaction are calcium
carboaluminate hydrates. These can reduce porous spaces in the tran-
sition zone, as the reactions of calcium carbonate bind water increasing
the total volume of solid phase [2,17]. Based on the X-ray diffraction and
SEM, authors in Ref. [22] concluded that with the ordinary Portland
(OP) cement, a high porosity within the ITZ resulted from the localised
bleeding. The effect of mineral admixtures, such as granulated blast
furnace slag, fly ash and condensed silica fume (SF), on the ITZ around
the aggregate was also examined. The use of blended cements was found
to reduce a relative thickness of the ITZ, but the reduction depended on
the type and dosage of mineral admixture, and the age of curing.

2. Materials and methods
2.1. Cement-paste samples with polypropylene fibres

Cement, water and polypropylene fibres were used to prepare the
samples. Plus-sementti [10] or CEM II/B-M (S-LL) 42,5 N (according to
standard SFS-EN 197-1: 2011) was used in mixes. The chemical
composition of the cement clinker and the content of other main con-
stituents are represented in Table 1. The cement paste had a w/c ratio of
0.50. The polypropylene fibres used had an elliptical section with a
width of 0.8 mm, height of 0.4 mm and the area of 0.251 mm? (Fig. 1).

The samples were moulded into cylindrical plastic forms with a
diameter of 16 mm and a height of 15 mm. The forms and the fibres
were fixed to polystyrene plate (Fig. 1). Each fibre was placed at the
centre of the form. After casting, the samples were vibrated on the vi-
bration table and covered with a plastic film. At the age of 24 h, the
samples were placed into the environmental room with relative hu-
midity of 95% and temperature + 20°C, and after 28 days of curing they
were de-moulded.

To achieve the desired resolution of CT images, the diameter of the
sample could be up to 3 mm, which was the reason for using the cement
paste as a sample material instead of concrete. The bottom and the edges
of the samples were cut by a low-speed diamond saw to decrease their
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(c) Sample S3. Measured thresholds: pores 0-55, UH particles 163-179.

Fig. 7. Measuring the gray-level thresholds of pores and UH particles along the lines crossing the individual particles.

diameter and length. Sand-papers with grit sizes of P80 (201 ym), P240
(58.5+2 ym) and P400 (35.0+1.5 um) were used to reduce the
diameter of each sample up to about 3 mm in diameter (Fig. 1). Alto-
gether, three samples with polypropylene fibres named as S1, S2, S3
were prepared.

2.2. Computed tomography to study the micro-structure of the cement
paste

The synchrotron radiation facility emits highly coherent, mono-
chromatic and parallel radiation [12,19]. A high degree of coherence,
which provides a very small source size, allows to combine absorption
tomography with phase contrast imaging. The use of synchrotron light
enables to reduce the acquisition time and obtain the absorption images
with improved spatial resolution resulting from the effective pixel size of
detector.

To enhance the contrast between various material components along
their boundaries in the absorption image, the phase images can be
recorded in edge detection regime. A more sophisticated way to

determine unambiguously the local phase shift of the wave-front is the
phase retrieval approach, which separates the phase and the attenuation
contrast of a material component. To obtain a phase retrieval image it is
necessary to adapt the distance between the sample and the detector,
and also to use a specific algorithm to reconstruct the volumes [27].
In the present study, the scanning of the samples was made at the
European Synchrotron Radiation Facility (ESRF) using the beam line
ID19. The scans were performed with the energy of 35 keV. The scin-
tillator used was a Gadolinium Gallium Garnet Eu-doped (Gd3Ga5012:
Eu) with a thickness of 10 ym, which converted the X-rays to visible
light. The camera was sCMOS (PCO.edge) with a physical pixel size of
6.5 um and a detector size of 2560 x 2160 px?. The images were
recorded using the phase retrieval regime with the sample-to-detector
distance equal to 50 mm. Standard optics of the microscopy were used
with a total magnification of 10. 2499 projection images were obtained
within the imaged zone of 1.305 x 1.305 x 1.305 mm?® with the angle-
step of 0.144° (Fig. 2). The exposure time was 0.03 s. The reconstruc-
tion of the whole volume considering the phase estimation technique
was made by the algorithm developed at the ESRF [27]. To correct
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(a) Sample S1.

(b) Sample S2.

(c) Sample S3.

Fig. 8. The slices with thresholded pores (blue) and UH particles (red) based on the final gray-levels. Pores: 62, 63, 64, UH particles: 161, 147, 163 in the samples S1,
S2 and S3, respectively. HP are marked by green colour. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

images and remove the artefacts appearing during the reconstruction of
a volume, a specific software applying the algorithms based on the
classical methods was used [25]. The slices with the orthogonal sections
of the scanned samples are represented in Fig. 3.

2.3. Processing and analysis of CT images

In CT images, the separation to different material components can be

done based on the intensity of brightness or darkness of each pixel,
which depends on a mass density of the component. The denser is a
material component, the brighter is the pixel representing it and vice
versa. The intensity of brightness or darkness of each pixel can be
defined by the gray-level value ranging from 0 to 255. In 8-bit grayscale
system O corresponds to black colour and 255 corresponds to white, and
for all the other gradations of intensities numeric values lie between
these numbers.
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Fig. 9. Sample S3. The segmented pores and UH particles.
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Fig. 10. The location of the fibre in the sample. Blue dashed lines indicate the volume of the cement-paste that was analysed to define the distributions of pores and
UH particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2 Table 3
The volume fractions of pores measured in the whole sample volumes. The volume fractions of pores measured within the distance from 0 to 140 ym
Sample Vol. of Vol. of cement- Vol. frac. from the fibre surface.
3 3 o Sample  Vol. of Vol. frac. Vol. of Vol. frac Vol. frac.
pores, mm paste, mm of pores, %
pores, of pores, pores, mm? of pores, % of pores, %
S1 0.08 1.35 5.93 mm3 %
S2 0.04 1.35 2.96
S3 0.10 1.35 7.41 0-70um 0-70um 70— 70— 0-—
140 ym 140 ym 140 ym
. . X X S1 0.018 8.3 0.015 5.45 6.8
In the thresholding method for image segmentation, the particles s2 0.010 46 0.006 2.34 3.4
between the minimum and maximum values of the gray-level thresholds S3 0.041 20.1 0.014 4.76 11.8

are selected and all the other gray-level values are disregarded. In
Ref. [28,44,45], this method was used to identify hydrated and UH
particles and pores from the cement paste. Possible approaches for
selecting the gray-level thresholds to separate material components are:
manual thresholding, tangent-slope and overflow criterion including the
cumulative curve of the gray-level image. Manual thresholding is based
on subjective visual perception of threshold boundaries and depends on
the operator [33]. The tangent-slope approach can be utilised, when the
local minima in the gray-level histogram are implicit. In the study

reported in Ref. [36], the tangent-slope approach was used to separate
the pores and the hydration products (HP) of the OP cement paste based
on the gray-level histogram, where the distribution of pixels represent-
ing the pores had no distinct peak. In the researches [44,45], the
gray-level threshold separating the HP from UH particles was defined as
a point, where a change of tangent-slope to a decreasing side of the
gray-level histogram occurred. The global peak of the histogram
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Fig. 11. The distributions of the volume fractions of pores within the distance from 0 to 140 ym from the fibre surface.

corresponded to HP and was followed by a sudden decrease in the dis-
tribution. A slight increase of the distribution function after the global
peak was due to the increased number of pixels representing the UH
particles, and was indicating the change of tangent. The similar
behaviour of the gray-level histogram can be observed in Fig. 6. The
study referred in Ref. [42] introduced an overflow criterion approach to
separate the pores and HP, and also used the cumulative curve of the
gray-level image. The value of the gray-level threshold at which the area
of pixels representing the pores started to overflow to the surrounding
areas was defined as a critical value providing a good estimate for the
pore threshold level. This boundary also coincided with the intersection
point of tangents to the first inflection point of cumulative curve.
However, the overflow criterion may slightly overestimate the true
overflow point.

In present study, the overflow criterion with the combination of
tangent-slope approach were used to determine the gray-level thresh-
olds of pores and UH particles. CT images were processed by ImageJ,
which is an image processing program designed for scientific multidi-
mensional images [1], and the image processing package Fiji based on
ImageJ [34,35].

The pores were the darkest regions in CT images. The lower
threshold of pores was defined as equal to 0, since pores can be totally
empty of any material. Fig. 4 represents the thresholds of pores
considering the overflow criterion according to which the upper
threshold in all the samples was varying between the gray-level values of
60 and 70, which indicated that the pores could contain some water. The
brightest particles in CT images of the cement paste should be the UH
clinker, slag and limestone powder grains due to their higher densities
compared to HP. The clinker grains, such as alite, belite, alumoferrit
have mass densities over 3100 kg/m?®, while the mass densities of slag
and limestone powder are 2900 kg/m® and 2700 kg/m?, respectively
[4,11,38]. The mass density of typical hydration products, such as CSH
gel, CAH, ettringite, monosulphate-type phases, calcium
carbo-aluminate hydrates, calcium hydroxide, etc. are ranging between
1440 and 2240 kg/m® [38,39], which is distinctly less than the mass
densities of the unhydrated cement grains. The upper threshold of UH
particles was defined as a maximum value of the gray-level and was
equal to 255. The lower thresholds of UH particles were adjusted with
the overflow criterion, which gave the gray-level ranges of 160-170,
140-150 and 160-170 for the samples S1, S2 and S3, respectively, as
illustrated in Fig. 5.

10

The cumulative curves of the gray-level images represented in Fig. 6
(a), (b), (c), Fig. 6, demonstrate the intersection points of the tangents to
the first inflection points of the cumulative curves, which correspond to
the thresholds separating the pores and HP. The intersection points gave
for the upper thresholds of pores the values of 69, 70 and 71 in the
samples S1, S2 and S3, respectively. Using the tangent-slope approach,
the lower threshold of UH particles was defined as the intersection point
of tangents between the decreasing curve of the gray-level histogram
and the slight increment of the distribution. In Fig. 6(a), (b), (c) these
intersection points were at 153, 142, 158 in the samples S1, S2 and S3,
respectively, and they presented the lower thresholds of UH particles.

To support the initial thresholds selected using the overflow crite-
rion, cumulative curve, and tangent-slope approach, the threshold levels
of pores and UH particles were also measured based on the gray-level
histograms along the lines crossing the individual particles (Fig. 7).
Measuring the thresholds along the lines gave the upper values of 49, 53
and 55 for pores and the lower values of 161, 154 and 163 for UH
particles in the samples S1, S2 and S3, respectively.

The final selection of the thresholds for pores and UH particles to
segment the volume images was calculated as averages of all the
threshold values defined by different approaches. For example, the
threshold for pores in the sample S1 was 60 or 70 based on Fig. 4 and 69
based on Fig. 6 and 49 based on Fig. 7, and the average of these four
numbers gave 62 for the final threshold for pores in the sample S1. The
final upper thresholds of pores in the samples S2 and S3 were 63, 64,
respectively. The final lower thresholds of UH particles were 161, 147,
163 in the samples S1, S2 and S3, respectively. Examples of slices with
pores and UH particles identified based on these gray-levels are repre-
sented in Fig. 8.

The pores and UH particles were segmented and binarised with the
“Threshold” tool using the final gray-levels represented in Fig. 8. The
fibre was isolated from the two-dimensional slices, so that only the
cement paste remained in the image. A three-dimensional visualisation
of the segmented pores and UH particles in the sample S3 is represented
in Fig. 9.

3. Results and discussion
3.1. Results

The quantification of segmented particles for statistical analysis was
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Fig. 12. The distributions of pore volumes from the fibre surface.
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(e) Sample S3: 0-70 um from the fibre surface.
Table 4
The volume fractions of UH particles identified in the whole sample volumes.
Sample Vol. of Vol. of cement- Vol. frac.
UH, mm? paste, mm? of UH, %
s1 0.069 1.35 5.13
S2 0.065 1.35 4.77
S3 0.063 1.35 4.64
Table 5

The volume fractions of UH particles identified within the range up to 140 ym
from the fibre surface.

Sample Vol. frac. Vol. frac Vol. frac.
of UH, % of UH, % of UH, %
0— 70 ym 70 — 140 ym 0— 140 ym

S1 4.8 6.0 5.5

S2 4.8 5.6 5.3

S3 4.0 5.6 4.9
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made by “3D Roi Manager” plugin [26] in the 3D ImageJ Suite devel-
oped for ImageJ/Fiji. The plugin was applied on the three-dimensional
stacks, which were made of two-dimensional slices (Fig. 9). “3D Roi
Manager” plugin can calculate the geometrical characteristics, such as
the volume and surface area of the segmented three-dimensional objects
with arbitrary shape, which is important feature, since pores and UH
particles generally have irregular forms. The percentages of the volume
fractions of pores and UH particles were calculated by “Voxel counter”
plugin [31]. The analysis of quantitative data was made by R-pro-
gramming language [29]. The location of the fibre in the sample and the
outer boundary of the area around the fibre used to compile distribu-
tions for pores and UH particles are given in Fig. 10.

The average volume fractions of pores calculated from the whole
samples are given in Table 2. The volume fractions of pores and their
distributions from 0 to 140 ym from the fibre surface are represented in
Table 3 and Fig. 11. In all the three samples, a considerable change in the
distributions appeared approximately at a distance of 70 ym from the
fibre surface, which indicated the range of the boundary zone created by
the fibre. The main feature was that the pore content increased towards
the fibre surface. The porosity of the whole sample and the porosity of
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Fig. 13. Distribution of the volume fraction of UH particles within the range up to 140 ym from the fibre surface.

the bulk cement paste, i.e. from 70 — 140 ym from the fibre surface,
matched well with the samples S1 and S2, as observed in Tables 2 and 3.
In the sample S3 within the boundary zone, i.e. from 0— 70 ym from the
fibre surface, the porosity was considerably increased, which explains
the difference of porosity of the bulk cement paste in Table 2 from the
porosity in Table 3. The distributions of pore volumes within the dis-
tances from 0 to 70 ym and from 70 to 140 ym from the fibre surface are
represented in Fig. 12 and can be assessed together with Fig. 8. Based on
Fig. 12 (a), (c), (e), the fraction of pores with the volume of more than
10° ym® was greater in the boundary zone than in the bulk cement
paste. The mean values of the pore volumes within the interval from 0 to
70 um from the fibre surface were 308 ym?, 138 ym® and 1043 ym?® in
the samples S1, S2 and S3, respectively. In the bulk cement paste, i.e.
within the interval from 70 to 140 ym from the fibre surface, the mean
values of the pore volumes were 241 ym3, 107 ym® and 210 ym? in the
samples S1, S2 and S3, respectively.

The average volume fractions of UH particles identified in the whole
samples are given in Table 4. The volume fractions of UH particles and
their distributions with a range from 0 to 140 ym from the fibre surface
are represented in Table 5 and Fig. 13, respectively. These results also
confirmed that the width of boundary zone was about 60— 70 ym from
the fibre surface. In all the samples, the fractions of UH practices were
quite similar with a decreasing tendency towards the fibre surface. In the
whole sample the fraction of UH particles (Table 4) was slightly lower
compared to the bulk cement paste, i.e. the range between 70 and
140 ym in Table 5.

3.2. Discussion

In the hardened cement paste, the fibre-created boundary zone was
recognised from the distributions of the volume fractions of pores and
UH particles. The volume fractions of pores were defined based on the
occurrence of volumes without any or with low mass density, while the
UH particles represented the volumes of high mass density. At a distance
of about 60 — 70 ym from the fibre surface, a clear decrease in the
gradients of the distributions compiled for the volumes of both, the
pores and UH particles, were observed. This change was a marker of the
boundary between the ITZ and the bulk cement paste.

The geometry of pores appeared to be complicated and inter-
connected. The definition of an isolated pore is subjected to the spatial
resolution achieved by CT equipment. An interconnected structure of
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capillary pores was also mentioned in Ref. [6], where the authors noted
that an increased content of capillary pores and their interconnection
lead to increased permeability in the boundary zone. The higher
porosity close to the fibre surface, especially in sample S3, can be a
consequence of hydrophobic properties of polypropylene fibre. In
cementitious mixtures with polypropylene fibres the tendency of for-
mation of large air voids with uneven distribution was reported in
Ref. [16]. In the present work in the range up to 70 ym from the fibre
surface, the relative amount of pores of larger volumes was greater than
in the bulk cement paste.

The results obtained by SEM method in Ref. [21] indicated that the
width of the ITZ around the aggregate in concrete is about 60 — 70 um.
In the cement paste around the steel fibres with diameters of 0.2 and
0.4 mm, the width of the transition zone varied between 40 and 70 ym
in the study reported in Ref. [37]. In Ref. [43] the width received for the
transition zone varied between 25 and 30 ym around the steel fibres and
was 15 ym around the polypropylene fibres, when the diameters of the
steel and polypropylene fibres were 0.5 mm and 30 um, respectively.
The width of the boundary zone defined in this study lies close to the
upper limit of the range observed in earlier studies, which may partly be
explained by the accuracy of the phase contrast tomography. However,
it is also obvious that this particular mixture of cement, slag, and
limestone does not reduce the width of the boundary zone.

The surface characteristics of fibre can affect the formation of the
boundary zone. For example, the roughness profile along the perimeter
of steel fibres measured in Ref. [7] revealed that the particles touching
the fibre can create empty spaces, which may be filled with particles of
fine or ultra fine cementitious materials. This can lead to a decreased
width of the ITZ, which was reported in Refs. [22]. If empty spaces are
filled with particles, a smaller amount of water accumulates close to the
inclusion surface, which may lead to reduced porosity and denser
micro-structure. The type of fibre material can also influence the ITZ. In
Ref. [43] the authors confirmed that due to the hydrophobicity of
polypropylene fibres the concentration of pores close to the fibre surface
was increased. The results presented in Ref. [30] also highlighted the
hydrophobic properties of polypropylene fibres, which promoted the
repelling of water and resulted in weak contact between the fibres and
geopolymer matrix. In Ref. [20] it was concluded that the electric
properties of the inclusion can affect the interaction with fresh cement
paste, which usually contains charged particles.
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4. Conclusions

This study confirmed that the phase contrast tomography is a suit-
able method to study the boundary zone around the fibre in the hard-
ened cement paste. The main findings of the study are:

in the hardened cement paste the boundary zone around the poly-
propylene fibre extended to a distance of 70 ym from the fibre
surface;

the mixture of cement, slag, and limestone has not observed to
decrease the width of the boundary zone around the polypropylene
fibre;

the volume fraction of pores was increasing towards the poly-
propylene fibre surface. In two samples the relative amount of pores
close to the fibre was almost doubled and in one sample it was four
times more compared to the bulk cement paste;

the amount of pores with the volume exceeding 10° ym® increased
within the ITZ compared to bulk cement paste;

the volume of UH particles decreased about 67% towards the poly-
propylene fibre surface in all the samples.
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