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The aim of the research presented in the paper was to evaluate the feasibility of using hydrophobic preparations based on
organosilicon compounds for the protection treatment of hybrid-fiber-reinforced high-performance concrete (FRHPC) surfaces.
The wettability of concrete has a direct effect on the durability and corrosion resistance. The wetting properties of FRHPC were
evaluated through the measurement of the contact angle between the surfaces of these materials with either water or glycerine
used as probe liquids. On this basis, the surface free energy (SFE) was determined. The polar and disperse components of SFE
were obtained by means of the Owens-Wendt method. Three different siloxane preparations were deposited onto seven types of
concrete with the fiber content ranging from 0 % to 1 %. In order to investigate the effect on the strength, the granodiorite
aggregate in concrete mixes 5, 6, 7 was replaced with granite. The basic characteristics of the concrete strength were examined:
the tensile splitting strength, the compressive strength, the modulus of elasticity. A SEM examination of the coated concrete
surfaces confirmed that preparations A–C can effectively cover the voids and pores present in the concrete surfaces. The
presented results indicate that the surfaces of the concrete with a silane film had a wide range of SFE, depending on the kind of
agent. SFE depended on the chemical reactivity of the silanes used, the type of solvent, the viscosity and surface tension of the
solution. The evaluation of the contact angle and SFE helped to efficiently select the most appropriate preparation.

Keywords: surface free energy (SFE), contact angle, hydrophobization, high-performance concrete, hybrid fiber, Owens-Wendt
method

Namen raziskave, predstavljene v ~lanku, je bil oceniti izvedljivost uporabe hidrofobne obdelave na osnovi organosilikonskih
spojin za za{~ito povr{ine zmogljivega betona (FRHPC), oja~anega s hibridnimi vlakni. Omo~ljivost betona ima neposreden
vpliv na zdr`ljivost in odpornost proti koroziji. Omo~ljivost FRHPC je bila ocenjena z merjenjem sti~nega kota med povr{ino
teh materialov pri uporabi vode in glicerina kot preizkusne teko~ine. Na tej osnovi je bila dolo~ena prosta energija povr{ine
(SFE). Polarne in razpr{ilne komponente SFE so bile dolo~ene z Owen-Wendtovo metodo. Trije razli~ni pripravki siloksana so
bili naneseni na sedem vrst betona z vsebnostjo vlaken od 0 % do 1 %. Za preiskavo vpliva na trdnost je bil zrnati granodiorit
nadome{~en v betonskih me{anicah 5, 6 in 7 z granitom. Preiskovane so bile osnovne zna~ilnosti trdnosti betona: natezna
cepilna trdnost, tla~na trdnost in modul elasti~nosti. SEM-preiskave pokrite povr{ine betona so potrdile, da priprave A–C lahko
u~inkovito prekrijejo praznine in pore, ki so na povr{ini betona. Prikazani rezultati ka`ejo, da ima povr{ina betona s plastjo
silanov velik razpon SFE, odvisno od vrste predstavnika. SFE je odvisna od kemijske reaktivnosti uporabljenega silana, vrste
topila, viskoznosti in povr{inske napetosti raztopine. Ocena kota stika in SFE je pomagala pri izbiri najbolj primernega
preparata.

Klju~ne besede: prosta energija povr{ine (SFE), kot stika, hidrofobizacija, visokozmogljiv beton, hibridna vlakna, Owens-
Wendt-ova metoda

1 INTRODUCTION

High-performance fiber-reinforced concrete is a ce-
mentitious material with a low water/cement ratio and a
high cement content.1,2 Short, straight steel fibers are
usually used to enhance the tensile strength and increase
the ductility. As a result, the mechanical properties of
hybrid-fiber-reinforced high-performance concrete are
considerably enhanced compared to the normal con-
crete.2,3 High-performance concretes are often exposed to
aggressive impacts of the environment and, therefore,
they must have a high resistance to chemical corrosion,
frost corrosion, weathering, impact of aggressive water
and many other corrosive agents.

Moisture damage is a major factor in the deteriora-
tion of building materials. One of the methods used to
protect the concrete surface is hydrophobization.4,5 It
causes a decrease in the capillary water absorption, thus
allowing free vapor permeability. Organosilicon com-
pounds – siloxanes or methyl silicone resins6–8 – are
mostly used as concrete hydrophobing agents. Research9

confirmed that a polyethylhydrosiloxane admixture has a
beneficial effect on the durability of the concrete with
large volumes of supplementary cementitious materials.
Concrete is normally a hydrophilic material, which sig-
nificantly reduces the durability of concrete structures. In
the research to synthesize water-repellent concrete, the
emulsion was enriched with the polymethyl-hydrogen
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siloxane-oil hydrophobic agent.10 There are also tests
aimed at increasing the strength and toughness using
special techniques like polymer impregnation of the
matrices of fibre-reinforced concretes.11

Sustainability is the necessity for concrete and nano-
technology is the chance for the future of concrete-poly-
mer composites.12 In the case of impregnation, polymer-
cement concrete (PCC) gained popularity. The most
often used polymer-cement concretes are modified using
styrene-butadiene co-polymer, acrylic polymers and
epoxy resin.13

These coatings make the concrete surface non-wett-
able by water and corrosive compounds such as water-
soluble salts. The fact that building materials can be
wetted by liquids is of special importance, for example,
during their hydrophobization, impregnation and in the
production of anti-graffiti agents. The wettability of
concrete by means of liquids which contain corrosive
components is of great importance in practice; it may
indicate adhesive properties of concrete as well as pro-
tective coatings applied to its surface. The wettability of
concretes has a direct effect on the durability and
corrosion resistance. In the research of concretes, their
wettability and surface free energy (SFE) are considered
to be important elements in assessing the adhesion pro-
perties. They are particularly useful in the analysis of the
effects of modifying the surfaces of high-strength
concretes by means of various protective coatings.

According to the literature data,14–16 the contact angle
of the materials is an indicator of their wettability
properties. High wettability – hydrophilicity – occurs at
a low contact angle < 90 °, and insufficient wettability –
hydrophobicity – occurs at a high contact angle > 90 °.
The contact angle can be used to determine the surface
tension12 and define the surface free energy17–19 and
adhesion operation.14,20,21

The contact angle is influenced by many factors
which include, but are not limited to, the following:
surface physical and chemical homogeneity, surface
roughness and impurities, type of the measured liquid,
drop size of the measured liquid, humidity or ambient
temperature.18–21 Among the most commonly used me-
thods for determining the contact angle, one can mention
the following: the air-bubble method, the geometric me-
thod, the liquid-capillary-rise methods tested on sample
materials (among others, the Wilhelmy method) and the
direct-measurement method.22–25 A very popular method
to measure the contact angle is direct measurement using
a contact-angle analyzer or a goniometer.26,27

The surface free energy (the surface tension) is the
key parameter while evaluating the physicochemical cha-
racteristics of solid surfaces. The surface may be of a
dispersive nature (a dispersion component) or polar (a
polar component). Knowing the properties of impregna-
ting agents one can decrease or increase the SFE and,
therefore, the surface tension of materials, causing their
non-wettability, which is related, among others, to the

chemical corrosion and frost resistance. The highest
decrease in SFE can be due to the coatings that hydro-
phobize a surface to the largest extent.28

The surface free energy (SFE) is one of the thermo-
dynamic quantities describing the state of equilibrium of
the atoms in the surface layers of materials.14,29 SFE
represents the state of imbalance of the intermolecular
interactions present at the phase boundary of two diffe-
rent mediums. There are numerous methods for direct
determination of the surface free energy of liquids.
Owing to the fact that there are no direct methods for
determining the SFE of solids, some indirect methods
are used, which include, among others, the contact-angle
measurement method, calculating the surface free energy
on the basis thereon.21,22,30

The main methods for determining SFE were for-
mulated by Neumann, Wu, Owens and Wendt, Zisman
and Fox, Fowkes, Van-Oss-Chaudhury-Good.21

The Owens-Wendt method is commonly used for
determining the surface free energy of materials.19 This
method consists of determining the dispersion and polar
components of SFE. The polar component (�s

p), which is
the measure of the surface polarity, is associated with,
among others, the bond strength between the materials.

The analysis of the nature of a hydrophobized-
concrete surface layer in terms of wettability presented
in the article allowed us to assess, inter alia, the material
behavior in the presence of water and corrosive com-
pounds. In the cases where a significant resistance of a
concrete surface layer to the impact of a corrosive envi-
ronment is required, it is desirable to use preparations of
the lowest SFE value.

2 MATERIALS AND METHODS

2.1 Concrete mixtures

In the laboratory, seven concrete mixtures were pre-
pared using Portland cement 670.5 kg/m3 (CEM I 52.5
N-HSR/NA), aggregate 990 kg/m3, sand 500 kg/m3,
water 178 L/m3, microsilica 74.5 kg/m3, superplasticizer
20 L/m3 and steel and polypropylene fibers in varied
amounts.

Table 1: Fractions of fibers in various concretes
Tabela 1: Dele` vlaken v razli~nih betonih

Concrete type
Fraction, %

Steel fibers Polypropylene
fibers

granodiorite aggregate
HPC1 – –

SFHPC 1 % –
HFHPC1 0.75 % 0.25 %

granite aggregate
HFHPC2 0.5 % 0.5 %
HFHPC3 0.25 % 0.75 %
PFHPC – 1 %
HPC2 – –
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Table 1 lists abbreviated names of the concretes and
amounts of steel and polypropylene fibers for various
batches. Granodiorite aggregate was used for the first
three concretes and granite aggregate was used for the
remaining four concretes.

The concrete samples were made on the basis of a
recipe determined experimentally using the known mor-
tar according to EN 206:2014-04. The mixing procedure
was as follows: quartz sand and coarse aggregate were
homogenized together and mixed with half quantity of
water. Then, cement, silica fume and the remaining water
were added and, finally, superplasticizer was added.
After the components were thoroughly mixed, fibers
were gradually added by hand to obtain homogeneous
and workable mixtures. The fibers were dosed gradually
so as not to be tried and not to sink to the bottom of the
mixture. The samples were formed directly after the
concrete compounds were mixed according to EN
12390-2:2011.

Molds coated with an anti-adhesive substance were
filled with concrete batches and compacted on a vibra-
ting table. All the samples were stored at a temperature
of about 23 °C until removing them from the moulds
after 24 h and they were then placed in a water tank for 7
d to cure. After 7 d the samples were removed from the
tank to cure in laboratory conditions for up to 28 d.

2.2 Properties of the concrete

2.2.1 Compressive strength and splitting tensile strength

Cubic concrete samples with dimensions of 100 mm
× 100 mm × 100 mm were applied. Research was con-
ducted according to EN 12390-3:2002 regarding the
compressive strength and EN 12390-6:2001 regarding
the splitting tensile strength. The evaluation of the grades
of the concretes was carried out using a Walter-Baj AG
compression tester within 3 MN after 28 d of maturation,
when the average compressive strength of the samples
was obtained.

2.2.2 Modulus of elasticity

The determination of the modulus of elasticity was
carried out on cylinders with a diameter of 150 mm and a
height of 300 mm by measuring the deformation of the
samples in a stress range from 0.5 MPa to 30 % of the
concrete compressive strength. The examination was
conducted by means of a Walter-Baj AG press and a mo-
dulus-measuring device with an extensometer.

The strength properties of the concretes adopted for
the examination are shown in Table 2.

2.3 Hydrophobic materials used

Three hydrophobic preparations commonly used as
construction chemicals were selected for the laboratory
tests; they differed in the type of solvent, viscosity and
concentration:
A – the water-based solution of methylosilicone resin in

the potassium hydroxide (1 : 6),
B – the organic-solvent-based alkyl alkoxysilane oligo-

mer,
C – the organic-solvent-based methylosilicone resin.

Each preparation was applied with a brush in two
layers. The first preparation was diluted in the proportion
of 1 : 6 according to the manufacturer’s requirements.
The other hydrophobic preparations with organic sol-
vents were not diluted. Thereafter, all the hydrophobized
bricks were seasoned for a period of 7 d in the laboratory
conditions to control the process of hydrolytic polycon-
densation of the hydrophobic coatings.

Producers do not provide full product characteristics
of the examined hydrophobic preparations or how their
solutions are applied in practice. For that purpose the
following parameters were determined experimentally:
the viscosity factor and the surface tension for all the
examined preparations. The major characteristics of the
applied preparations used in the research are listed in the
Table 3. Viscosity factor � was determined by measuring
the time of the solution flow in the Ostwald viscosimeter.
The surface tension was measured by raising the fluid in
the capillary. The research was executed at a room tem-
perature of 22.5 °C.

Table 3: Basic characteristics of hydrophobic preparations
Tabela 3: Osnovne zna~ilnosti hidrofobnih preparatov

Type of
formu-
lation

Viscosity
�/

(Pa s × 10–3)

Density at
20 °C

(g/cm3)

Surface
tension
� (N/

(m × 10–3)

Quotient of
surface

tension and
viscosity �/�

A 1.099 1.26 67.92 61.73
B 1.479 0.80 23.11 15.65
C 2.846 0.82 24.30 8.54

2.4 Determination of the contact angle and surface
free energy

In order to calculate the surface free energy, the
contact-angle measurements of the analyzed concretes
were conducted. The method of directly measuring the
angle formed by a drop of the measuring liquid with the
surface measured was used, using a computer program
for the image analysis. The measurement of the contact
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Table 2: Mechanical properties of concretes
Tabela 2: Mehanske lastnosti betonov

HPC1 SFHPC HFHPC1 HFHPC2 HFHPC3 PFHPC HPC2
Compressive strength (MPa) 151.0 154.9 144.7 133.9 122.3 94.6 129.5
Splitting tensile strength (MPa) 8.9 13.8 13.5 10.0 9.3 7.6 6.8
Modulus of elasticity (GPa) 38.37 39.74 34.27 32.45 29.60 29.42 32.55



angles of the measuring-liquid drops was carried out on a
research stand consisting of a goniometer integrated with
a camera for taking photos of the drops put onto the sur-
faces of the samples. The stand was described in31.

In order to examine the contact angle two measuring
liquids were used – distilled water and glycerine required
by the Owens-Wendt model used in the analyses.
Measuring-liquid drops of 2 mm3 were deposited by
means of a micropipette.14,32 Due to the heterogeneity of
the material, six drops were put on each sample. The
measurements were carried out twice: at the time of the
application of the drops, i.e., at 0 min and at 40 min.
Standard and hydrophobized surfaces HFHPC1 during
the examination of the contact angle of a glycerine drop
are shown in Figure 1.

For the calculation of the wettability of the concrete
surface, the SFE values of the measuring liquids (�L),
and their dispersion (�L

d) and polar components (�L
p)

were adopted as shown in Table 4.33

Table 4: SFE values of measuring liquids, their dispersion and polar
components33

Tabela 4: SFE-vrednosti izmerjenih teko~in in njihovih disperzijskih
in polarnih komponent33

Measuring liquid
SFE and its components (mJ/m2)
�L �L

d �L
p

Distilled water 72.8 21.8 51.0
Glycerine 62.7 21.2 41.5

In the Owens-Wendt model, the following equations
were used – for the dispersion component:14
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and for the polar component:
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where �w – the surface free energy of water, �w
d – the

dispersion component of water SFE, �w
p – the polar

component of water SFE, �g – the SFE of glycerine, �g
d

– the dispersion component of glycerine SFE, �g
p – the

polar component of glycerine SFE, �S
p – the polar com-

ponent of SFE of the examined material, �S
d – the

dispersion component of SFE of the examined material,
g – the contact angle of glycerine, w – the contact
angle of water.

The total value of SFE (�S) was determined as a sum
of the polar and dispersion components:

�S = �S
p + �S

d (3)

2.5 Scanning electron microscopy of the hydropho-
bized concrete

A qualitative analysis of the chemical compositions
within the main mineral components of the standard and
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Figure 1: Standard and hydrophobized surfaces HFRHPC 1 during the examination of the contact angle of a glycerine drop: a) standard sample,
b) water-soluble preparation – A, c) alkyl alkoxysilane oligomers – B
Slika 1: Navadna in hidrofobizirana povr{ina HFRHPC 1 med preiskavo kontaktnega kota glicerinske kapljice: a) standardni vzorec, b)
vodotopen preparat – A, c) alkil alkoksilan oligomeri – B



hydrophobized concretes was carried out, and the
morphology and microtopography were determined
using a scanning electron microscope FEI Quanta 250
FEG equipped with a chemical-composition analysis
system based on energy dispersion spectroscopy (EDS).
The samples were prepared in the form of thin-layer
plates, on which X-ray microanalyses were performed in
the field mode and the compositions of the elements
were determined for the seven batches of the concretes.
The sample-preparation methodology excludes the for-
mation of the microdefects associated with the cracking
of the concrete surface and hydrophobic coatings. In
order to avoid the formation of other surface defects, low
vacuum and beam energy were used during the SEM
analysis.

3 RESULTS AND ANALYSIS

3.1 Contact angle and surface free energy

The measured contact angles of water and glycerine
and the calculated values of SFE and its components are
included in Tables 5 and 6, respectively.

Graphic illustrations of the results obtained are
shown in Figures 2 to 4.

3.2 Scanning electron microscopy of the hydropho-
bized concrete

SEM microscopic analyses were performed to verify
the distribution and effectiveness of hydrophobic
coatings A, B, C in the pores of the concrete. For the
analyses, the HFHPC1 concrete was adopted, for which
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Figure 2: Total values of SFE of standard concretes at the beginning
of the examination and after 40 min
Slika 2: Skupna vrednost SFE standardnih betonov na za~etku preiz-
kusa in po 40 min

Table 5: Concrete contact angles with water and glycerine
Tabela 5: Kontaktni koti vode in glicerina z betonom

Type of
samples

Type of
prepara-

tion

Contact angle
water w/° glicerine g/°

t1 = 0 t2 = 40 t1 = 0 t2 = 40

HPC1

Standard 63.7 23.0 86.7 62.0
A 83.5 74.1 86.6 77.3
B 113.5 73.0 105.6 76.1
C 122.7 98.3 127.3 102.1

SFHPC

Standard 67.8 32.4 86.2 66.7
A 86.1 75.8 89.7 69.6
B 107.5 103.3 108.7 106.7
C 96.0 67.5 98.3 66.7

HFHPC1

Standard 39.4 20.1 67.0 43.5
A 83.7 74.3 87.0 77.7
B 109.3 104.0 109.7 105.7
C 82.0 73.2 80.7 73.1

HFHPC2

Standard 42.3 12.6 71.0 45.4
A 87.0 74.5 81.6 74.7
B 103.4 111.6 106.3 104.1
C 78.0 62.1 77.0 64.3

HFHPC3

Standard 55.5 26.0 73.4 47.8
A 92.8 75.8 94.7 78.4
B 113.4 103.3 106.8 103.6
C 78.9 67.7 80.0 70.7

PFHPC

Standard 47.1 14.2 73.3 54.0
A 100.7 78.3 103.3 82.1
B 105.6 95.5 110.0 97.0
C 101.8 83.7 94.5 85.7

HPC2

Standard 53.4 10.1 78.1 56.8
A 102.5 83.4 100.4 79.3
B 116.3 100.2 122.3 94.3
C 116.1 100.5 119.8 105.6

Table 6: SFE and its components for hydrophobized and standard
concretes
Tabela 6: SFE in njene komponente pri hidrofobiziranih in
standardnih betonih

Type
of

sample

Type of
prepara-

tion

SFE component Total SFE
�S/(mJ/m2)Dispersive

�S
d/(mJ/m2)

Polar
�S

p/(mJ/m2)
t1 = 0 t2 = 40 t1 = 0 t2 = 40 t1 = 0 t2 = 40

HPC1

Standard 1313.9 1873.8 266.9 342.5 1 580.8 2216.3
A 72.5 83.6 0.01 0.27 72.51 83.87
B 65.5 82.0 4.95 0.45 70.45 82.45
C 48.9 71.4 4.96 1.35 53.86 72.75

SFHPC

Standard 905.8 1833.5 160.04 345.60 1065.84 2179.1
A 82.0 12.5 0.23 16.30 82.23 28.80
B 17.9 56.1 0.63 0.94 18.53 57.04
C 43.2 17.7 0.07 18.48 43.27 36.18

HFHPC
1

Standard 1385.0 595.6 233.8 36.85 1618.8 632.45
A 77.1 88.5 0.01 0.11 77.11 88.61
B 9.4 26.6 2.00 0.24 11.40 26.86
C 6.3 22.5 17.30 12.03 23.60 34.53

HFHPC
2

Standard 1572.1 860.8 290.79 82.96 1862.89 943.79
A 12.3 25.6 9.44 9.91 21.74 35.51
B 46.4 57.0 0.29 2.95 46.69 59.95
C 10.3 68.7 16.47 4.25 26.77 72.95

HFHPC
3

Standard 803.5 641.1 111.2 47.24 914.70 688.34
A 39.0 68.0 0.59 0.92 39.59 68.92
B 40.4 11.0 1.17 3.08 41.57 14.08
C 36.2 83.3 4.59 1.13 40.79 84.46

PFHPC

Standard 1426.9 1438.8 260.06 217.8 1686.96 1656.6
A 43.9 95.4 0.03 0.07 43.93 95.47
B 74.0 30.2 3.60 1.03 77.60 31.23
C 49.8 48.6 0.31 1.20 50.11 49.80

HPC2

Standard 841.1 1798.1 127.99 309.91 1631.50 2108.0
A 0.1 2.0 15.45 22.55 15.46 24.55
B 88.3 25.4 10.92 0.81 99.22 26.21
C 44.5 100.3 2.27 5.66 46.77 105.96



the best hydrophobic properties of the coatings were
obtained. Table 7 shows the analyses of the chemical

compositions in the field mode for standard HFHPC1
and hydrophobized concretes using preparations A, B
and C, performed on the basis of energy dispersion
spectroscopy (the results from the entire area of the
study).

Table 7: Chemical compositions of standard and hydrophobized
HFHPC1
Tabela 7: Kemijska sestava standardnih in hidrofobiziranih HFHPC1

HFHPC1
Component, w/%

Na2O MgO Al2O5 SiO2 K2O CaO
Standard 0.98 0.87 0.63 22.66 – 72.39

A 0.75 1.31 1.60 68.20 25.38 2.29
B 0.49 2.07 1.81 13.46 – 82.18
C 0.69 1.57 0.72 29.34 – 67.69

The microstructures of HFHPC1 and HPC2 are
shown in Figure 5.

Distribution of polysiloxane gel in the structure of
hydrophobized HFHPC1 is shown in Figure 6.

4 DISCUSSION

4.1 Contact angle and surface free energy

When analyzing the examination results presented in
Tables 5 and 6, it can be noticed that the values of the
contact angles and the surface free energy depend on the
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Figure 6: Organosilicon compounds in the microstructure of HFHPC1: a) water-soluble preparation – A, b) alkyl alkoxysilane oligomers – B,
c) methylosilicone resin – C, SEM
Slika 6: Organosilikonske spojine v mikrostrukturi HFHPC1: a) vodotopen preparat – A, b) alkil alkilosilan oligomer – B, c) metilsilikonska
smola – C, SEM

Figure 4: Total values of SFE of hydrophobized concretes after 40
min
Slika 4: Skupna vrednost SFE pri hidrofobiziranih betonih po 40 min

Figure 3: Total values of SFE of hydrophobized concretes at the
beginning of the examination (t = 0)
Slika 3: Skupna vrednost SFE pri hidrofobiziranih betonih na za~etku
preizkusa (t = 0)

Figure 5: Microstructures of HFHPC1 and HPC2 concretes prior to
hydrophobization, SEM
Slika 5: Mikrostruktura HFHPC1 in HPC2 betona pred hidrofobi-
zacijo, SEM



type of hydrophobic preparations and also on the type of
concrete.

The results of the contact-angle measurements
proved that in most cases the contact angle of glycerine
(g) is higher than the contact angle of water (w), and it
decreases in the course of time. The contact angles of
water obtained for the standard samples at t1 = 0 range
from w = 39.4 ° for HFHPC1 to w = 67.8 ° for SFHPC;
at t2 = 40 min, they range from w = 10.1 ° for HPC2 to
w = 32.4 ° for SFHPC. In the case of the standard
samples, the contact angles of glycerine are higher than
the contact angles of water (67.0 for HFHPC1 and 86.7
for HPC1 at t1 = 0; 29.9 for HFHPC2 and 62.0 for HPC1
at t2 = 40 min).

The highest contact angles of water, w = 122.7 °, and
glycerine, g = 127.3 °, at t1 = 0 were obtained for
methylosilicone resin (C) used for HPC1. In all the other
cases, the largest contact angle was obtained with alkyl
alkoxysilane (B) and it ranged from 103.4 ° to 116.3 °
(t1 = 0) and from 73.0 ° to 111.6 ° (t1 = 40 min), which
proved that a very good surface hydrophobicity was
obtained with this preparation.

For the non-hydrophobized concretes, the value of
the surface free energy is the highest and it amounts to �S

= 914.69 mJ/m2 for HFHPC3 and �S = 1862.93 mJ/m2 for
HFHPC2. With respect to the non-hydrophobized
concretes, the SFE value is up to 142 times higher for the
concrete with granite and up to 105 times higher for the
concrete with granodiorite aggregate than in the case of
the impregnated surfaces. The lowest value of SFE, �S =
11.40 mJ/m2 (the weakest adhesion properties), was
obtained for the HFHPC1 concrete hydrophobized with
alkyl alkoxysilane in the organic solvent (B). In the cases
of the PFHPC and HPC2 concretes with granite aggre-
gate, preparation B showed much lower hydrophobic
properties, since the value of SFE was higher by
27.55–83.77 mJ/m2 than those of the other preparations.
The concretes with granite aggregate obtained the
highest hydrophobicity using the water-based solution of
methylosilicone resin in potassium hydroxide (�S =
15.46–43.93 mJ/m2).

Furthermore, it can be noticed that in all the cases the
SFE dispersive component (�S

d) constitutes a far larger
share in the total SFE value (�S) than the polar compo-
nent (�S

p).
Considering the variations in time it was observed

that in the course of time (after 40 minutes) the total SFE
value decreased in the case of the concretes containing
steel and polypropylene fibers with both granodiorite and
granite aggregates. In the other concretes without fibers,
the SFE value decreased after 40 min, proving a decrease
in the hydrophobicity.

4.2 Scanning electron microscopy of the hydropho-
bized concrete

A uniformly distributed silicon coating is formed in
the microstructure of the concrete due to the water-

soluble preparation (A); however, it is too thick and
shows numerous cracks. Analyzing the microstructure of
the coating obtained from preparation A, it can be con-
cluded that it creates the sealing for the fine subsurface
pores of the concrete, resulting in a decrease in the
water-vapor permeability of the concrete. The coating
that is too thick does not provide an adequate adhesion to
the concrete minerals, making the hydrophobization less
effective. As a result of frost or chemical corrosion the
coating will be damaged within a very short period of
time.

The methylosilicone-resin coating (C) is of a homo-
geneous nature, as it is made from fine particles and does
not create the sealing for the HFHPC1 structure. This
ensures a good efficiency of the impregnation and does
not disturb the diffusion of gases and vapors.

The alkyl-alkoxysilane-oligomer preparation (B),
based on an organic solvent, is characterized by a fine-
pore structure composed of even smaller particles than
the macromolecular resin (C). Microscopic observations
proved that the coating was uniformly distributed and it
did not show any defects.

5 CONCLUSION

The measurement of the contact angle is one of the
methods for monitoring the changes in the wettability of
hydrophobized building materials.

The use of various preparations results in obtaining
different wetting and adhesion properties of HFHPC,
determined by the surface free energy. The SFE value
decreases significantly on a hydrophobized surface, in
particular when using a small molecule oligomer for the
concretes with granodiorite aggregate or a water-based
solution of methylosilicone resin in the potassium hydro-
xide for the concretes with granite aggregate. As proved,
this may result from a more effective hydrophobization,
due to macromolecular resins, of the materials characte-
rized by the pores of bigger diameters like granite-aggre-
gate-based concretes. Adding polypropylene and steel
fibers contributes to an increased hydrophobicity in the
course of time.

The application of organosilicon compounds in the
near-concrete surface area results in a reduction in the
SFE and surface tension of the concrete, depending on
the chemical composition of the preparation. This causes
a reduced penetration of the corrosive substances into the
concrete structure, thus affecting its durability.

Evenly distributed silica gel is formed in the fine
pores of the high-strength concrete by organic-solvent-
based preparations B and C. This coating is characte-
rized by a fine-pore microstructure; it shows an adequate
adhesion to the concrete surface. Such properties of
silicone resin ensure a good vapor permeability and
effective hydrophobization.
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