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h i g h l i g h t s

� Hysteresis increased along with the fibre surface roughness.
� The number of large pores was higher near the smooth fibres than near the rough ones.
� Porosity close to the fibre decreased as the fibre roughness increased.
� Width of the boundary zone was affected by the roughness of the fibre surface.

a r t i c l e i n f o

Article history:
Received 23 December 2020
Received in revised form 16 March 2021
Accepted 18 March 2021

Keywords:
Fibre–matrix interface
Steel fibre
Surface treatment
k-means clustering
Roughness
Contact angle
Wetting
ITZ

a b s t r a c t

This study experimentally examines the relationship between fibre surface roughness, its wettability, and
the microstructure of the cement paste close to the fibre. Results indicate that the amount of water that
adheres to or is retained by the fibre surface grows with the increase in roughness. The distributions of
porosity and of unhydrated cement grains, which were produced through analysis of BSE images with a
k-means clustering algorithm up to 100 lm from fibre surface, revealed a decrease in both large pores
and porosity when roughness increased but not a clear effect on the distribution of unhydrated cement
grains.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The load-bearing capacity of fibre reinforced cementitious (FRC)
composites depends upon the microstructure of the fibre–matrix
interface that is created through interaction between the fibre sur-
face and the cement paste that surrounds it. The surface of steel
fibre provides nucleation sites that enable the hydration reactions
and adhesion that bonds the resulting cementitious compounds to
the fibre. Cementitious matrix that is formed near the fibre surface
is called the interfacial transition zone (ITZ). Extending to about
60 lm from the fibre surface [1], it has a complex and porous
microstructure, that differs from that of the bulk cement paste
[2,3,1]. ITZ is a weaker region between the fibre and the bulk

cement paste that determines the strength of the bond between
them. To ensure efficient bonding, it is important to enhance
fibre–matrix interaction.

The surface of fibres can be modified mechanically or chemi-
cally to improve the bond. Several studies have examined chemical
treatment of steel fibre surface, including zinc phosphate (ZnPh)
deposition [4,5], oxygen and argon plasma treatment [6],
tetraethoxysilane (TEOS) [7], calcium carbonate (CaCO3) [8] and
nano-SiO2 coatings [9]. In addition to chemical reactivity, the TEOS
and ZnPh depositions created a rough topography on the fibre sur-
face that could improve adhesion between the steel fibre and the
cementitious matrix. The authors in [8] observed that the changes
in the morphology and size of CaCO3 precipitations affected the
capacity of the bond between the steel fibre and the ultra-high-
performance concrete (UHPC) to the uniaxial loading.

The mechanical modification of steel fibres with sandpaper was
recently adopted in [10,11] to study the effect of fibre roughness on
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the capacity of UHPC. The loading tests conducted by both of the
studies concluded that sanding the fibre increased the bonding
area at the interface and improved both the strength of the
fibre–matrix bond and its resistance to the loading. Chung et al.
[10] reported that the roughening of the fibre led to an increase
of 31–66% in the bond strength. Kim et al. [8] roughened the sur-
face of plain steel fibres with ethylenediaminetetraacetic (EDTA)
solution, which increased the capacity of the fibre–matrix bond
by more than 80%. The EDTA solution was also used in [12] to mod-
ify the surface roughness of steel fibres with circular, triangular
and twisted triangular cross-sections. The authors concluded that
with the UHPC studied roughening the surfaces of circular and tri-
angular fibres increased the energy required for fibre–matrix
debonding by 26 and 39%, respectively, and their tensile strength
by 17–26 and 20–36%, respectively. In terms of the twisted trian-
gular fibres, the surface roughening increased the capacity of the
fibre–matrix bond, but not so much as twisting reduced it. The
microstructure of the fibre–matrix interface was not evaluated in
these studies.

The wetting properties of a steel fibre surface can be important
to the mixing and setting of fresh concrete mass. The effect of sur-
face roughness on wetting properties was first highlighted by
Wenzel [13] and Cassie and Baxter [14]. The recent research
reported in [15] demonstrated the influence of surface roughness
on the wettability of steel and copper. In [16], the authors
explained that the pinning of the water droplet, which is caused
by topographical irregularities of the surface, leads to the elonga-
tion of the droplet and changes its sliding behaviour. The study
introduced in [17], examined the effects of fibre material, rough-
ness, and wettability on the properties of the interface between
the geopolymer binder based on fly-ash and the steel and
polypropylene fibres. Based on their results, the authors concluded
that rough fibre surface exhibited a more hydrophilic behaviour,
which resulted in a growth of the bond strength between the fibres
and the binder.

Fibre roughness may also affect the spreading and sticking of
water along the fibre surface. Xu et al. [18] noted that the forma-
tion of water film on the fibre surface during the mixing of con-
crete is critical to the development of a cementitious matrix
close to the fibre surface. Eik et al. [19] and Qudoos et al. [20] dis-
cussed the influence of the surface roughness of inclusions, such as
fibres and aggregates, on the wettability and on the microstructure
of the cement paste near the inclusions. However, studies of the
roughness of steel fibre and its effect on fibre–matrix microstruc-
ture and bond are quite limited.

The interaction between fibres and cementitious matrix on a
micro-scale is the basis for their behaviour in structural members.
The present study focused on the influence of the fibre roughness
on its surface wetting and the formation of the ITZ around the steel
fibre. The results are expected to enhance the understanding of the
micro-scale properties of the fibre surface for the development of
bonding and debonding between fibres and cement paste. One tar-
get of this study was to investigate the connection between the
roughness characteristics of fibre surface and its wetting beha-
viour, which was achieved through contact angle goniometry using
the meniscus and sessile droplet methods. The atomic force micro-
scope (AFM) and stylus profilometer, both of which are direct mea-
suring techniques, were used for quantitative evaluation of
roughness profiles. The other goal of this study was to investigate
if the roughness of fibre surface affects the cement paste within the
ITZ. Therefore, the distributions of pores and unhydrated (UH)
cement grains were evaluated using a scanning electron micro-
scope (SEM) and image analysis.

2. Materials and methods

2.1. Materials

Steel fibres (Arcelor Mittal HE 1/50) with a diameter of 1 mm
and a length of 40 mm, after cutting the hooks, were examined
(Fig. 2) and denoted according to the methods used to process their
surfaces. The dash between the name of the treatment process and
its notation as follows: electrolytically polished - R1; non-
processed - R2; and sanded - R3 (Fig. 1).

Cement paste samples were prepared with ordinary Portland
cement (CEM I 52,5N), a water-to-cement ratio of 0.5, and one steel
fibre in the middle of each sample. The chemical composition of
cement is represented in Table 1. The cement paste prisms were
cast in rectangular metal moulds where the steel fibres were fixed
vertically in the plywood on the bottom of the mould, Fig. 2. After
24 h, the cement paste prisms were demoulded and cured in the
water for the next 27 days. Then the cement paste cylinders with
a diameter of 15 mm and a fibre in the middle were drilled out
from these prisms and cut with a low-speed diamond saw into 2
parts as demonstrated in Fig. 2. One of the parts received was
impregnated in the epoxy resin following the recommendations
reported in [22]. The grinding and polishing were performed as
proposed in [19]. An example of a sample used in SEM analysis is
illustrated in Fig. 2. Cement paste samples were denoted according
to the labels of the embedded fibres: R1, R2, and R3.

2.2. Modification of the steel fibre surface

Electrolytic polishing smooths the fibre surface through oxida-
tion, which enables the removal of iron ions. These ions dissolve
more quickly from the peaks than they do from the valleys of the
surface profile, and their dissolution flattens the surface in the pro-
cess. Each steel fibre was fixed in the tweezers and immersed 30
times for 8 s into a 1:3 solution of nitric acid and ethanol at
�30 �C under 20 V of electric current (Fig. 3(a), (b)). The fibre
was cleaned with ethanol between immersions to remove any iron
oxides residue (Fig. 3(a)).

Sandpaper with a grid size of 60 lmwas fixed to the flat vertical
surface and used to increase fibre roughness (Fig. 3(c)). The fibre
was pressed manually against the sandpaper and dragged back
and forth along it (Fig. 3(c)). After six repetitions, the fibre was
turned 90� and the dragging procedure was repeated. These two
sanding steps were done at least 4 times, and an optical micro-
scope was used to check the increase of roughness.

2.3. Quantification of fibre surface roughness

An AFM (Brucker Dimention Icon) with a silicon tip on the can-
tilever (ScanAsyst-Air) and a stylus profilometer (Veeco Dektak
6M) were used to measure the roughness of fibres with different
processing of the surface because both provide direct information
about the roughness without any need for additional data process-
ing operations. The AFM was used to quantify the roughness of the
R1 and R2 fibres. Two areas of 80 � 80 lm2 were measured from
two locations on three R1 and R2 fibres (Fig. 4). Within each of
these areas, 256 lines were scanned in the longitudinal direction
of the fibre at a rate of 0.3 Hz. The curvature of fibre in the direction
of angular coordinate was considered by mapping the lines mea-
sured onto the tangent plane. The mapping was carried out by
Nanoscope analysis software.
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Fig. 1. Secondary electron images of the steel fibres with different degrees of surface roughness.

Fig. 2. Preparation of samples for SEM investigation.

Table 1
Chemical composition of cement.

Oxides (%) CaO SiO2 Al2O3 Fe2O3 MgO SO3 Other

Clinker1 61.5 18.5 5.1 3.2 4.4 2.8 < 5

[1] According to the information provided by the manufacturer [21].

Fig. 3. (a) Setup for electrolytic polishing. (b) Immersion of fibre into the solution under electric current. (c) Sanding of fibre surface. Green arrows show the directions of fibre
movements along the sandpaper. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The stylus profilometer was used to quantify the roughness of
R3 fibres that exceeded the measuring limits of AFM. The stylus
profilometer enabled measurement of the surface profile of the
steel fibre as a line along its length (X-axis in Fig. 1(c)). To estimate
the roughness of the R3 fibres, two lines of 200 lm were measured
from two locations on three R3 fibres (Fig. 4).

2.4. Measuring water contact angles on the fibre surface

The wetting properties of steel fibres with different degrees of
surface roughness were estimated through contact angle goniom-
etry (Theta, Biolin Scientific). The value of the contact angle of a
water droplet on the surface may vary between advancing and
receding contact angles, as was explained in [23,24]. An advancing
contact angle (ha) indicates the water spreading along a dry surface
and represents the maximum possible contact angle. A receding
contact angle (hr) indicates the ability of water to stick to a wet sur-
face and represents the smallest possible contact angle. The lower
the receding angle, the better the adhesion of water to the surface.

The advancing angles were measured with a sessile droplet
method, starting with a droplet volume of 1 ll and increasing
the volume up to 2:5 ll at a rate of 0:1 ll=s (Fig. 5(a)). The size
of the water droplets used in this test should be orders of magni-
tude larger than the size of the surface roughness, ideally by three
orders of magnitude [25].

For the measurement of receding angles, twomethods were uti-
lized, sessile droplet (Fig. 5(a)) and meniscus (Fig. 5(c)). The
method was selected based on the roughness of the fibres and on
the range of angles that could accurately be measured. The sessile
droplet method only works for reasonably large receding angles,
such as those observed on the R1 fibres. The droplet volume was
reduced from 2:5 ll down to 0 ll at a rate of 0:1 ll=s (Fig. 5(b)).
In the case of the R2 and R3 fibres, the sessile droplet test was
not reliable, as the droplet started to recede only at a very low

volume when its adhesion to the needle was heavily distorted
and the receding angles were too small to be measured correctly
(Fig. 6(a)). The meniscus method, which best captures reasonably
small receding angles, was used for the R2 and R3 fibres (Fig. 5
(c)). These fibres were lowered into a cuvette containing water
and lifted at a rate of 10 mm=min in order to achieve a steady
receding angle. Due to line-of-sight interference by the water sur-
face, the meniscus method could not capture the large receding
angle of the R1 fibres (Fig. 6(b)).

The difference between ha and hr is denoted as contact angle
hysteresis, which is an important parameter for the evaluation of
water droplet mobility on the steel fibre surface. The smaller the
hysteresis, the more mobile the droplet [26]. In addition, Marmur
et al. in [23] noted that an increase in hysteresis also increases
the strength of water attachment to the surface.

2.5. Characterisation of porosity and UH cement grains near the fibre

2.5.1. SEM analysis
SEM Quanta 450 FEG and a backscattered electron (BSE) detec-

tor were used to analyse the microstructure of the cement paste
close to steel fibres with different degree of surface roughness.
BSE images with a magnification of 2300 and resolution of 1px
equals 0:117 lm were obtained by operating at 15 kV and at a
working distance of 10 mm. The interface between steel fibre
and cement paste was captured with 16 BSE images per sample,
as demonstrated in Fig. 7. A 100 lm band of hardened cement
paste was captured with each BSE image, that assured the coverage
of the ITZ with the thickness of around 70 lm reported in the pre-
vious studies, as for example in [27,28,1].

The pores and UH cement grains were identified in the BSE
images based on their gray-level intensities. The UH cement grains
appear brighter than other cementitious phases because of higher
atomic numbers of their chemical components [29,30]. On the
other hand, pores are empty spaces filled with epoxy resin, which
consists mainly of carbon and hydrogen with low atomic numbers.

Fig. 4. Locations of the areas scanned with AFM and the lines scanned with stylus
profilometer.

Fig. 5. Scheme of the sessile droplet method: (a) Advancing angle measurement. (b) Receding angle measurement on R1 fibre. (c) Scheme of the meniscus method: Receding
angle measurement on R2 and R3 fibres.

Fig. 6. Limitations of measuring the receding angle (a) with the sessile droplet test
on R3 fibre and (b) with the meniscus method on R1 fibre.
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Therefore, pores appear as the darkest regions on the BSE images
(Fig. 7).

The bulk cement paste was also analysed through 50 images at
the same resolution and magnification in order to identify the area
fractions of pores and the UH cement grains that indicate the sta-
bilisation of the cement paste. This analysis also enabled estima-
tion of the boundary effect that was created by fibres with
different degrees of surface roughness.

2.5.2. Image segmentation
The global thresholding method is widely used for the segmen-

tation of gray-level BSE images of cementitious materials, as in
[31–34,1]. The shortcoming of this method is the complexity
involved in defining the threshold boundaries unambiguously
when the gray-level histogram has no distinct peaks. The authors
in [35] introduced the image segmentation of concrete with a
mean-shifts (MS) clustering algorithm to study the porosity of
the ITZ near a steel bar. The k-means clustering algorithm, which
is used for image segmentation in medical [36], biological [37],
and other fields [38] can also be used for segmentation of BSE
images of cement paste.

In the present study, both the k-means and the MS clustering
algorithms were applied on the BSE images of cement paste close
to the steel fibre to examine the segmentation efficiency of each
method. The library reported in [39] was used for image segmen-
tation. Fig. 8 illustrates the outcomes of the segmentation of BSE
image employing both clustering methods. The MS clustering algo-
rithm segmented UH cement grains as heterogeneous phases and
over-estimated their number by segmenting some of the hydration
products as UH cement grains (Fig. 8(c)). From the material point
of view, this uncertainty can be explained by the variation of the
gray-level intensities within the cement grains that can be com-
posed of several clinker phases that have different chemical com-
positions [35,29]. The MS clustering assumes the number of
clusters based on the density distribution of the gray-level intensi-
ties, meaning that the identification of peaks and valleys of a
smooth distribution function is more difficult for the algorithm.
Depending on the BSE image segmented, the number of clusters
defined by MS clustering varied between 3 and 6. In the case of
the k-means clustering, the number of clusters was estimated
based on the clustering error, which is the sum of squared Eucli-
dean distances of each data point to its closest clustering centre.
According to Fig. 8, a reasonable accuracy of the image segmenta-
tion can be achieved with 5 clusters, that corresponds to the value
of the clustering error which is not changing any more with the
further increase in the number of clusters. As a result, the k-
means clustering algorithm recognized UH cement grains as
homogeneous phases without over-estimation of their amount
(Fig. 8(d)).

The segmented images of pores and UH cement grains were
divided into 20 stripes with a width of 5 lm, as demonstrated in

Fig. 9. The ratio of the area of segmented phases in each stripe to
the total area of the stripe was calculated in order to define the
fraction of segmented phases from the fibre surface. This method,
also called the strip delineation method, was used previously in
[40,41].

3. Results

3.1. Roughness of the fibre surface

The roughness profile of the fibre surface was quantified using
the X and Z coordinates. Examples of the measured R1, R2, and
R3 surface profiles are illustrated in Fig. 10(a)–(c). The roughness
of each fibre surface was determined by calculating the average
height (hav) and the wavelength (lav) of the surface profile with
the algorithm reported in [19] (Fig. 10(d)) and the root mean
square roughness (Rq) that corresponds to the standard deviation
of the height distribution. The Rq values of R1 and R2 fibres were
calculated with the Nanoscope analysis software. In the case of
R3 fibres, Rq value was calculated with the Eq. (1), as defined in
[42].

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

Z2
i

vuut ð1Þ

where n is the number of the measured points on the surface, and Zi

is the surface height at the measured point i (Fig. 10(d)). The param-
eters of fibre roughness are demonstrated in Table 2.

The R1 fibre had the smallest and the R3 fibre had the largest
average wavelength. The lav of R1 fibre was 62% shorter than that
of R2, and lav of R2 fibre was 61% shorter than that of R3. The mea-
sured lav of the R3 fibre and the size of the sandpaper grains used to
modify the surface matched, which explains the values observed.
The average height of different fibre surfaces also increased in a
pattern similar to that of lav. The R1 fibre had an hav that was
91% smaller than that of the R2 fibre, which had an hav that was
96% smaller than that of the R3 fibre. The Rq of R1 fibres was
84% smaller than that of R2 fibres, which was 93% smaller than that
of the R3 fibres.

3.2. Water contact angle measurements on fibre surface

The results of the contact angle measurements and calculation
of hysteresis are summarized in Table 3 and illustrated in Fig. 11.
The water droplet used for measurement of contact angles had a
baseline width (BLd) of more than 1 mm whereas the measured
surface roughness of R3 fibres was in 10 lm length scale (Fig. 11
(c)), which is in accordance with a requirement for the sessile dro-
plet test [25].

Fig. 7. Locations of the BSE images used to study the fibre–matrix interface per each sample (left). Example of the BSE image (right).
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In the advancing contact angle measurement, the edge of the
droplet that represents a three-phase (air–liquid–solid) boundary
ideally advances equally in all directions, which may not be the
case with rough surfaces. The steel fibres studied, have a non-
periodic surface roughness. Therefore, the energy needed by the
droplet to overcome surface peaks with random heights varies
depending on the wetting direction. As the result, the three-
phase boundary may encounter a surface peak in one direction,
that requires high energy to move forward. Thus, as the volume
of the droplet increases, it advances in the direction where the
need of energy is the smallest. At the beginning of the advancing
process the needle remains in the center of the droplet. However,
the position of the needle may shift at a further time-point during
the advancing process due to this abrupt movement of the droplet,
as demonstrated in Fig. 12b, c. The advancing contact angle in
these cases was measured from the advancing side of the droplet.
This phenomena appeared on R2 and more strongly on R3 fibres.
The advancing angles measured on R2 and R3 fibres represented
the averages of the values received with a measuring accuracy of

�1� and �3�, respectively. The asymmetry observed in terms of
water spreading was increasing with the growth of surface rough-
ness. In addition, this asymmetry led also to the slip-stick beha-
viour of the advancing droplets that was observed on the R3 fibres.

The results demonstrate that the roughness of the fibre surface
had a minor effect on the advancing angle and significantly
affected the receding angle and hysteresis. The rougher the surface
of the fibre, the smaller the receding angle and, thus, the larger the
hysteresis. The average receding angle of the R1 fibre was 33% lar-
ger than that of the R2. The receding angle of the R2 fibre was 57%
larger than the receding angle of the R3 fibre. As a result, the hys-
teresis of the R3 fibre was 34% larger than the hysteresis of the R2
fibre, which was 26% larger than the hysteresis calculated for the
R1 fibre.

3.3. Distribution of pores and unhydrated cement grains

The mean distributions of pores and UH cement grains are
demonstrated in Fig. 12. In all sample sets, the mean area fraction

Fig. 8. (a) Clustering error as a function of k. The dashed line marks the reasonable number of clusters. (b–d) Examples of MS and k-means clustering. Pores are marked with
blue. UH cement grains are marked with red and magenta. Other hydration products are marked with green, yellow and dark yellow. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Example of pores and UH cement grains (black regions) segmented from Fig. 8(a). Boarders of stripes are marked with yellow lines. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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of pores decreased gradually as the distance from the fibre surface
increased. Porosity was lowest close to the R3 fibres, reducing from
27.6 to 8.4%. In the R2 samples, the porosity decreased from 34.1 to
12.6%. The highest porosity was observed close to the R1 fibres,
which decreased from 38.2 to 17.8%. On average, the porosity near
the R1 fibres was 30% larger than the porosity close to the R2 fibres,
which was 33% larger than the porosity near the R3 fibres. Accord-
ing to Fig. 13, the individual distributions of porosities followed the
same patterns as the mean lines with only minor fluctuations. The
standard deviation of porosity was the largest in the vicinity of the
R1 fibres and the lowest near the R3 fibres (Fig. 13). The most evi-
dent stabilisation of porosity distribution was noticed at around
45 lm from the R3 fibres in all measured cases and was also close
to the mean value of the porosity in the bulk cement paste (equal
to 11:0� 2:0%; see Figs. 12(a), 13(e)). The linear interpolation of
the porosity distributions near the R1 and R2 fibres (dot-dashed
lines) showed that a porosity value of around 11.0% could be

Fig. 10. (a–c) Examples of the surface profiles of steel fibres with different degrees of surface roughness. (d) Schematic definition of lav, hav and Zi. Each Z value was measured
with the 0:03 lm step.

Table 2
Roughness parameters of different fibre surfaces.

Fibre surface hav, lav, Rq,
[lm] [lm] [lm]

R1 0.02 8.14 0.031
R2 0.23 21.50 0.191
R3 5.58 55.42 2.667

Table 3
Mean values of ha, hr and hysteresis of fibres with different degrees of surface
roughness.

Fibre surface ha hr Hysteresis

R1 98:7� � 2� 52� � 4� 46:7� � 6�

R2 97:7� � 1� 35� � 4� 62:7� � 5�

R3 99:2� � 3� 15� � 2� 84:2� � 5�

Fig. 11. (a–c) Examples of advancing angles measured with the sessile droplet test. (d–f) Examples of receding angle measured on (d) R1 fibre with the sessile droplet test and
(e–f) R2 and R3 fibres with the meniscus test.
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Fig. 12. Mean distributions of pores and UH cement grains with the step of 5 lm. Mean area fraction and standard deviation of the corresponding phase in bulk material are
marked with gray solid line and gray band, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 13. Individual (dot-dashed lines) and mean (solid lines) distributions of pores and UH cement grains from the fibre with the standard deviation (gray range). Standard
deviation of corresponding phases in bulk material is also marked with gray range. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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reached in these samples at the distances of 111 lm and 138 lm,
respectively (Fig. 12(a)).

Large pores in the vicinity of the R1 fibres were noticed in 5 out
of 6 samples (Fig. 14(a)). Large pores were observed in 4 out of 6
samples with R2 fibres, though some were loosely occupied with
the hydration products (Fig. 14(b)). Cement paste was densely
packed close to R3 fibres, as represented in Fig. 14(c), and the large
pores were present only in 1 sample.

The mean and individual distributions of UH cement grains as a
function of the distance from the fibre surface fluctuated in all of
the sample sets (Figs. 12(b), 13). However, the mean area fractions
of UH cement grains increased near the R1, R2, and R3 fibres and
reached the values of 4.0, 4.4, and 5.9% at distances of 20, 50,
and 40 lm, respectively (Fig. 12b). In the R3 samples, the area frac-
tion of UH cement grains at a distance of 40 lm equalled the mean
value of the UH cement grains in the bulk material (5:9� 2:3%).
Then the mean area fraction of UH cement grains increased up to
6.3% at a distance of 50 lm from the R3 fibres, after which it
decreased slightly until reaching the value of 4.6%. After 20 lm
from the R1 and 50 lm from the R2 fibres, the mean area fractions
of UH cement grains fluctuated between 3.2 and 4.8% and between
4.3 and 4.7%, respectively, without reaching the mean value of UH
in the bulk material within 100 lm from the fibre surface.

4. Discussions

The outcomes illustrate the relationship between the roughness
and the wettability of the fibre surface and their connection to the
formation of the microstructure of the cement paste close to the
fibre. The results indicate that the receding angle decreases with
the increase of fibre roughness, while the advancing angle is
almost independent of the surface roughness (Table 3). Similar
behaviour by water droplets was also observed with the other
materials, such as glass in [43]. Therefore, the correlation between
the roughness of the fibre surface and its wetting properties can be
explained by the values of the receding angle. The receding angle
decreases on the rough surface due to the clinging of water to
the surface irregularities as was explained in [16]. As the hysteresis
is the difference between the advancing and receding angles,
increased fibre roughness leads to a growth of hysteresis (Table 3),
which also indicates the ability of water to retain on the fibre sur-
face [44]. Therefore, it can be assumed that a rough steel fibre sur-
face will extend the surface area covered by water. This change in
wetting properties may affect the setting and the hardening of
fresh cementitious mass in the vicinity of the fibre. The uniform
distribution of water along the fibre surface promotes the hydra-
tion of cement grains and results in a more homogeneous
microstructure of the cement paste and improved contact with
the fibre surface.

Figs. 12(a) and 13 clearly illustrate that the increase in surface
roughness decreases porosity near the fibres and their distributions

are distinctly separated. The water close to a smooth fibre surface
can gather into large droplets that are localised and unevenly dis-
tributed, leading to the formation of large pores as noted in [45].
The SEM analyses show that the number of large pores close to
the fibre decreases as the surface roughness increases (Fig. 14).
The formation of large pores close to the R1 and R2 fibres demon-
strates that the hydration process does not effectively utilise the
concentrations of water close to the fibre surface, which was also
the outcome in [40], where no hydrates were observed in the loca-
tions with increased amounts of water. The number of large pores
was also observed to be larger near the hydrophobic polypropylene
fibres than in the bulk cement paste in [1].

The decrease of porosity and increase in the number of UH
cement grains amongst all fibres regardless of surface roughness
indicates the existence of a boundary zone that is similar to that
reported in [1,40,46,47] (Fig. 12(a), (b)). In the case of the R3 sam-
ples, the mean distributions of pores and UH cement grains
approach the mean values of the corresponding phases in the bulk
cement paste at a distance of around 40 lm, which indicates the
existence of a denser cement paste microstructure and a narrower
boundary zone than near the R1 and R2 fibres. The area fraction of
UH cement grains in Fig. 12(b) is the highest up to a distance of
30 lm from the R1 fibres, which have the lowest surface rough-
ness. The authors in [19] found that the roughness of the fibre sur-
face can indicate the size of the empty spaces available for cement
grains, which improves their packaging around the fibres. Simi-
larly, the rough aggregate surfaces examined in [20] were found
to result in a better packing of cement grains close to the aggre-
gates. The lower surface roughness of the R1 fibres may have
resulted in poor packing of the cement grains and the creation of
empty spaces that could not be entirely filled with the hydrates
due to the inability of the cement grains to utilise the agglomer-
ated water completely during the hydration. The R3 fibres, on
the other hand, have the largest degree of surface roughness, which
provides a greater contact area with the cement paste. As a result,
the distribution of water along the surface is more uniform. The
surface irregularities create empty spaces that enable a better
packing of the small cement grains, that can hydrate completely
up to the size of 5� 7 lm [48,49]. Thereby a dense layer of
hydrates can develop around the rough fibres, improving the bond
between the fibre and the cement matrix and the efficiency of the
final composite. The area fraction of UH cement grains further than
30 lm from the R3 fibre is larger than the area fraction from the R1
and R2 fibres. This is due to the absence of large pores and to the
efficient packing of the cement grains, the size of which can be
observed to increase with the distance from the fibre in BSE images
by a detectable unhydrated core. In the case of the R1 and R2 fibres,
the area fraction of UH cement grains increases up to 100 lm from
the fibres, which means that the packing of the cement grains also
improves over a greater distance around these fibres than around
the R3 fibre.

Fig. 14. BSE images of steel fibres with different degrees of surface roughness surrounded by the cement paste. Large pores are observed close to the R1 and R2 fibres.
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5. Conclusion

In the present study, the fibre surface roughness was investi-
gated in terms of the wettability of fibre surface and the
microstructure of the cement paste close to the fibre surface. The
roughness was quantified with AFM and stylus profilometer. The
roughness was compared with the fibre wettability measured with
contact angle goniometry. The relative amount of pores and UH
cement grains around the fibre surfaces with three different rough-
ness profiles were obtained by analysing the SEM images of the ITZ
with the k-means clustering algorithm. Based on the results of this
study, the following conclusions can be drawn.

� The root mean square roughness (Rq) of steel fibres decreased
by 84% with the immersion of fibres in nitric acid and ethanol
solution under electric current. The initial Rq of the fibres was
93% smaller than that of the fibres sanded in the perpendicular
direction to its axis with the 60 lm-grid sandpaper.

� The contact angle hysteresis decreased 26% by smoothing the
fibre and increased 34% by roughening, which also indicated
the change in the fibre wetting properties. The increase of fibre
roughness added a step-wise nature to the spreading of a water
droplet on the fibre surface.

� The fibre surface roughness had a clear effect on the porosity of
the cement paste close to the fibre surface. The porosity close to
the R1 fibres was the highest being 30% greater than the poros-
ity close to the R2 fibres, where it was 33% more than near the
R3 fibres. The SEM analyses indicated that the number of large
pores decreased as fibre roughness increased.

� The boundary zone was clearly detected close to R3 fibres,
where the distributions of porosity and UH cement grains sta-
bilised at the distance of around 40 lm from the fibre surface.
The boundary zone extended more than 100 lm from the sur-
face of the fibres R1 and R2.

This study has demonstrated that the surface topography of a
steel fibre can influence the formation of the fibre–matrix interface
and should not be neglected in the development of FRC
composites.
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