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Abstract: The paper presents the results and assessment of the properties and capabilities of new
types of surface hydrophobic agents for the treatment of fresh and matured surfaces of concrete and
other cement-bound layers. Hydrophobisation prevents the premature evaporation of water and
thus plastic shrinkage, which inevitably leads to the formation of cracks in cement-based structures.
The influence of the new type of hydrophobic agents, epoxy water-based (EWH) and acrylate (AH)
containing solvent, on the physical and mechanical properties of the treated concrete samples was
assessed, including the adhesion of hydrophobisation on the concrete surface layers. It was confirmed
that surface hydrophobisation successfully prevents premature evaporation of water, and thus,
plastic shrinkage (concrete treated with EWH_0.3 showed more than two times lower shrinkage than
reference concrete). The concrete samples treated by hydrophobisation agents showed higher strength
after 120 days (37.5 MPa) in comparison with untreated concrete (32.8 MPa). Different properties
were recorded with different types of hydrophobisation agents, including compressive strength after
90 days (31.2 MPa with EWH_0.15, and 35.9 MPa with AH_0.15). Water absorption after 120 days
was lowest with EWH_0.3 samples (3.77%), two times lower than AH_0.15 (6.98%). The layer of
hydrophobisation agent EWH_0.3 was thicker than AH_0.15, leading to lower water absorption
of treated concrete and higher resistance to defrosting chemicals—waste 8.5. g/m? with EWH_0.3
in comparison to 35.7 g/m? with AH_0.15. Furthermore, a difference in the hydrophobisation
behaviour was shown with blocking of infiltration from the chemically aggressive environment into
the concrete substrate. Deterioration of the surface concrete exposed to 10% HCI solution was worse
with AH_0.15; but the concrete surface treated with AH_0.15 showed better resistance than the EWH
treated surface, when exposed to 5% CH3COOH. Degradation of the hydrophobisation integrity and
the loss of cohesion between the concrete and the surface treatment after exposure to acetic acid and
hydrochloric acid was observed using scanning electron microscopy (SEM).

Keywords: adhesion; chemical resistance; hydrophobic agents; durability of concrete; microstructure;
penetration depth variation

1. Introduction

If a concrete or other cement-based material is stressed due to plastic shrinkage as a
result of drying or self-drying in the case of high-quality concretes, it may be damaged. This
happens mainly due to non-compliance with measures intended to reduce the undesirable
shrinkage of concrete. The pore size and gel characteristics of C-A-S5-H have been considered
as the main factors affecting the cement matrix shrinkage, and the formation of silica-gel
hydration products, which are prone to shrinkage, partially explains the high drying
shrinkage [1]. Products that eliminate plastic shrinkage, such as hydrophobisation agents,
can provide a solution. However, the standard products are solvent-based; they contain
about 70-90 wt.% of volatile solvents, which limits their effectiveness in the elimination of
shrinkage. Their annual consumption in the Czech Republic is in the hundreds of tons, and
a considerable amount of solvents evaporate into the air. Water-based hydrophobic agents

Buildings 2022, 12, 1857. https:/ /doi.org/10.3390/buildings12111857 https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings12111857
https://doi.org/10.3390/buildings12111857
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-2116-4170
https://orcid.org/0000-0003-0850-7570
https://orcid.org/0000-0002-5298-4609
https://doi.org/10.3390/buildings12111857
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings12111857?type=check_update&version=1

Buildings 2022, 12, 1857

2 of 20

without these solvents provide a more effective solution, but their development is still in
the early stages. Such compositions are based on a different chemical base and contain
more dry matter, which reduces the plastic shrinkage of the cement-bound layers much
more effectively. It is preferable if they contain water instead of solvents, the evaporation of
which does not produce any toxic emissions. When hydrophobising the concrete surface or
other cement composites, a thin coating of liquid-repellent that is permeable to gases and
water vapor is formed in the surface layer of the capillaries and pores [2]. The long-term
effectiveness of surface hydrophobisation for un-cracked concrete depends mainly on the
achieved penetration depth [3]. Surface treatment with hydrophobic agents is commonly
used to improve the resistance of concrete against the penetration of fluids in aggressive
environment, both in new and existing structures [4]. Water-repellent additive for concrete
is effective in increasing strength, decreasing shrinkage, and increasing cracking resistance
of concrete cured in dry environments [5]. For coastal areas with large annual rainfall,
due to the very high relative humidity, the depth of penetration of the liquid solution
into the concrete is significant, providing a medium for the transmission of corrosive ions
into concrete [6]. Hydrophobisation, which creates a waterproof surface on the concrete,
causes an increase in the so-called wetting angle for water. It is a well-established fact that
hydrophobic treatment increases the water repellence of cement-based surfaces but does
not fill the pores of the substrate, so it does not have the capability of inhibiting water
penetration while under pressure [7]. The vast majority of hydrophobic impregnation
formulations are made from a mixture of hydrophobising agents and auxiliary materials,
and they are non-polar compounds containing carbon chains. Hydrophobic impregnations
have been used in various forms in the construction industry to help prevent water and
chloride ingress and their benefits are well documented [8-10]. The decrease in water
penetration attributable to hydrophobic treatments decreases water loss of concrete and
increases concrete resistance to freeze-thaw cycles [11].

Concretes with surface protection showed lower carbonation diffusion coefficients
than non-protected concretes, due to the barrier effect introduced by the use of protective
hydrophobic agents. The use of epoxy hydrophobisation agents showed better protection
than the use of acrylic and siloxane resins [12]. Silanes belong to the pore liner category
and are a group of silicones containing one silicon atom [13]. Alkoxy and alkyl silanes
are routinely used for surface impregnations [14]. Of the hydrophobic agents, waterborne
systems (microemulsions) have the combined advantages of being low-cost and environ-
mentally friendly over 100% of active substances (such as silanes, siloxane oligomers or a
mixture of these two components) and solvent-based hydrophobic agents. Nonetheless,
the performance information of the waterborne hydrophobic agents is quite limited when
compared with those of the solvent-based hydrophobic agents [15-17].

Hydrophobic impregnations are generally applied to reinforced concrete. Therefore,
they must be resistant to the strong alkalinity (high pH) of the concrete, heat, UV radiation
and low temperature [15,18]. The hydrophobic agents should sufficiently penetrate the
impregnated cement composites deep enough to guarantee long-term durability [19]. The
penetration depth of the waterborne hydrophobic agents results primarily from the micelle
size, which plays an important role in determining the penetration depth of a waterborne
hydrophobic agent [20]. Hydrophobic agents are also added directly in the concrete mixture
in order to make both the surface and the whole concrete bulk hydrophobic [21,22]. The
compatibility and interaction of hydrophobic treatment with concrete are evaluated by
running a microstructure analysis, e.g., scanning electron microscopy (SEM) [23]. The
improvement in durability of cement composites is attributed to the chemical reactions in
the transition zone between cement paste and polymer hydrophobisation [24].

2. Materials and Methods
2.1. Hydrophobic Agents and Substrate

The tested materials were new types of polymer sprays that serve as hydrophobisation
agents of silicate substrates, mainly concrete surfaces. The leading ability of the developed
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materials is that they can prevent the evaporation of water from concrete structures. This
also prevents plastic shrinkage, which inevitably leads to the formation of cracks in cement-
based materials and structures.

The tested hydrophobic agents are based on different polymer bases. There is a two-
component water-based epoxy material (EWH) and a one-component material based on
acrylate and solvents such as xylene (AH). The hydrophobic agents used in this research
were newly developed and manufactured by IN-CHEMIE Technology Ltd. (Olomouc,
Czech Republic), and are commercially available as from mid-2022. Both substances are
intended for concrete floors, cement screeds and other concrete structures. The ratio of
components A (epoxy resin based on Bisphenol A) and B (hardener based on the polyamine)
of the water-soluble hydrophobisation was 1:1.08. For specific tests, the materials were
delivered including a suitable pigment for better monitoring of the depth of impregnation
into the substrate in connection with the given consumption of the material and some
other properties. Both hydrophobisation agents were applied on the concrete surface by
spraying on the surface. EWH hydrophobisation was applied in two ways, namely with
a consumption of 0.15 kg/m? (EWH_0.15) as hydrophobic impregnation which serves
to reduce capillary water transport, and 0.30 kg/m? (EWH_0.3) for ensuring long-term
hydrophobisation of concrete. AH hydrophobisation was applied with a consumption of
0.15 kg/m? (AH_0.15). The basic properties of the hydrophobic agents are reported in
Table 1.

Table 1. Basic properties of the hydrophobic agents.

Parameter AH EWH

Application temperature min. +15 °C, max. 25 °C min. +15 °C, max. 35 °C
Weight mixing ratio - 1:1.08 (A:B)
Consumption 0.15 kg/m? 0.15 and 0.30 kg/m?
Working time No limitations 30 min

Dry time 30 min 20 min

Specific weight 0.92 kg/L 1.1kg/L

Substrate concrete concrete

Vibro-compacted concrete paving blocks were used as the substrate and the reference
material (C_REF), having dimensions of 400 x 400 mm, and concrete class C25/30 that
meets the parameters of the EN 1339 standard [25]. Concrete prisms with dimensions of
40 x 40 x 160 mm, prepared in laboratory conditions, were used as the substrate for
strength tests, water absorption and shrinkage determination. The concrete mix for the
prisms was based on 1350 g of standardised sand, 450 g of CEM II/B-M (S-LL) 32.5 R
cement and 225 mL of water (water/cement ratio = 0.5). The prisms were cast in metal
triple mould. The basic parameters of the substrates are reported in Table 2. The amounts
of hydrophobic agents applied on the concrete surface in grams are presented in Table 3.

Table 2. Basic properties of the substrate.

Parameter Concrete Paving Blocks Concrete Prisms

Flexural strength >4.0 MPa >4.0 MPa

Compressive strength >30 MPa >25 MPa

Water/cement ratio 0.4 0.5

Weather resistance <1.0kg/ m? after 100 cycles <1.0kg/ m? after 100 cycles
skid/slip

. satisfactory satisfactory
resistance
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Table 3. Weights of hydrophobic agents applied on concrete surfaces in [g].

Substrate AH_0.15 EWH_0.15 EWH_0.3
Paving block 24.0 24.0 24.0
Beam (all surfaces) 44 44 44

Beam (1 top surface) 1.0 1.0 2.0

2.2. Experimental Methods
2.2.1. Dynamic Viscosity

The EN ISO 255 standard [26] was used to determine the dynamic viscosity of the
hydrophobic agents. An Anton Paar rotary viscometer, type ViscoQC 300 (Anton Paar
GmbH, Graz, Austria), with a viscosity measurement range of 1 mPa-s to 6,000,000 mPa-s
was used for the measurement. Viscosity was determined using the function of automatic
adjustment of optimal spindle speed.

2.2.2. Thickness of Hydrophobic Agent

It is also important to monitor the bond of the hydrophobisation with the underlying
concrete and the thickness of the resulting hydrophobisation layer for a given hydropho-
bisation coverage. The thickness of the hardened hydrophobisation layer on concrete
pavements was determined using a digital optical microscope at appropriate magnification.

2.2.3. Adhesion on Concrete

The testing of adhesion of the hydrophobic agents on the concrete surface was per-
formed in accordance with the standard EN ISO 4624 [27]. Before testing, the hydrophobic
agents were applied on the concrete paving. After three days, metal targets with diameters
of 20 mm were glued on the polymerised surfaces of the samples with hydrophobisation
agents using a two-component epoxy adhesive. After the adhesive hardened, the targets
were cut with a cutting tool down to the concrete substrate. Then, the targets were pulled off
using the Elcometer 506 pull-off adhesion tester (Elcometer Instruments Ltd., Manchester,
UK). The average value of hydrophobisation adhesion on the concrete was determined
from three measurements.

2.2.4. Abrasion Resistance

To determine the resistance to wear according to Bohme in accordance with standard
EN 13892-3 [28], vibro-compacted concrete pavement elements were used as the base mate-
rial, on which tested hydrophobisation agents were applied to the required consumption.
After seven days, the samples prepared in this way were cut to the required size, namely
71 x 71 mm. The test specimens were clamped in the N-1001 RT Bshm abrasion resistance
tester (FORM + TEST Seidner & Co. GmbH, Riedlingen, Germany) on a grinding track.
The samples were subjected to 16 test cycles, when a corundum was used as the abrasive.
After each cycle (22 revolutions), the sample was rotated 90° and the abrasive was replaced
with a new one. The test was carried out 28 days after the samples were made. Abrasion
resistance by the Bohme method after 16 cycles was determined as a reduction in the
volume of the test specimen. The abrasion resistance test was determined on 3 samples
from each material, including the reference concrete.

2.2.5. Impact Resistance

To determine the impact resistance of the surface treatments in accordance with
standard EN ISO 6272-2 [29] using the TQC impact test model SP1880 (TQC Sheen B.V.,
Capelle aan den Ijssel, Netherlands), the same pavement elements as in the previous tests
were used as the base material. After 28 days from spraying the hydrophobic agent on the
concrete surface, a free-falling weight was lowered and the resistance of the hydrophobising
agent against cracking or peeling was monitored. By gradually increasing the height from
which the weight was dropped, the value at which hydrophobisation damage occurred
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was determined. The result of the test refers to the drop height at which the specimen
failed. The average value of hydrophobisation impact resistance was determined from
five measurements.

2.2.6. Flexural and Compressive Strength

The flexural strength was determined using the three-point test according to the
standard EN 12390-5 [30], and the compressive strength was determined in accordance
with EN 12390-3 standard [31]. The testing equipment model RT 200/10-1 D servo (ra-
tioTEC Priifsysteme GmbH, Langenenslingen, Germany) was used for the compressive
and flexural strength determination. As test samples, concrete prisms with dimensions of
40 x 40 x 160 mm were used. Hydrophobic agents were applied on the top side of the con-
crete surface, 24 h after unmoulding—a simulation of the application of hydrophobisation
agents on real structures (e.g., a highway, where hydrophobisation agents are applied only
on the top side exposed to the environment). The samples were tested after 28 days from
the application of the hydrophobisation agents. The flexural strength was determined on
3 samples from each material, including the reference concrete. The average compressive
strength was determined with the remains of the prisms after the determination of the
flexural strength and was based on six values.

2.2.7. Shrinkage

The determination of the concrete shrinkage refers to the EN 12390-16 standard [32].
The aim of the test was the monitoring of concrete samples that are subject to changes in
length under defined conditions of temperature and relative humidity. To determine the
shrinkage, prisms of 40 x 40 x 160 mm size, with the same composition as the prisms used
for strength determination, were first prepared and then demoulded after 24 h. The length
of the samples was measured, a hydrophobic material was then applied on their entire
surface in the given consumption, and the samples were placed in the cooled incubator
Memmert ICP110 (MEMMERT GmbH, Schwabach, Germany) where the temperature was
maintained at 20 °C and the relative humidity was 60%. Subsequently, the change in the
length of the samples was monitored after 28, 90 and 120 days. The samples were measured
at regular intervals, always in the same marked place, and the changes in length and
shrinkage were monitored. The samples were also compared with the reference concrete,
i.e., with samples without hydrophobic treatment. No surface cracking was observed in
any of the monitored samples. The shrinkage was determined for three samples from each
tested material (hydrophobised and reference concrete).

2.2.8. Water Absorption

The purpose of hydrophobising materials is to reduce the absorption of concrete
structures. To determine the absorption of a concrete surface treated with hydrophobic
agents, 40 x 40 x 160 mm prisms of the same composition as the samples used for the
determination of strength were produced. Hydrophobisation agents were applied on their
entire surface. Based on the EN 14617-1 [33] standard, the prisms prepared in this way
were stored in an aquatic environment, and the maximum amount of water absorbed by
the material during immersion in deionized water, at room temperature and pressure, was
monitored by weighing the samples at intervals. The samples were also compared with
reference concrete, i.e., with samples without hydrophobic coating. Water absorption was
monitored over time: after 24 h, 28, 90 and 120 days of storage in water. The average water
absorption was determined for three samples from each tested material (hydrophobised
and reference concrete).

2.2.9. Resistance to Defrosting Chemicals

Resistance of the concrete samples to defrosting chemicals, treated by different hy-
drophobisation agents, was determined according to CSN 73 1326 [34]. From the results of
this test, the durability of the surfaces of concrete roads in the winter season when using
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chemical de-icing substances, was assessed. Samples with dimensions 140 x 140 mm were
used for these tests, trimmed from the concrete pavement samples, on which hydrophobi-
sation was also applied as for the other tests. The test was conducted after 28 days from
the application of hydrophobisation agents on the concrete surface, while only the top
surface mostly exposed to the 3% NaCl solution was treated by the hydrophobisation. The
surface of the samples not treated with hydrophobisation was coated with epoxy resin.
The samples were immersed in the solution so that the solution level reached a height of
5 mm above the tested surface. In total, 100 cycles of freezing and thawing were performed
in the automatic device KD 20 (EKOFROST Ltd., Olomouc, Czech Republic) for testing
the frost resistance and surface resistance of building materials against frost. Individual
cycles consisted of cooling the tested surface to a temperature of —15 °C and heating it
back to 20 °C, whereby the highest and lowest temperatures were maintained for at least
15 min. In total, one cycle lasted 2-2.5 h and the weight of the waste was determined
after each 25 cycles. The resistance of the concrete surface against defrosting agents was
determined by the weight of the waste per unit area in g/m? after 100 cycles. The average
resistance of the concrete to defrosting chemicals was determined for three samples from
each tested material.

2.2.10. Chemical Resistance

After 28 days, inverted polyethylene funnels were attached to the surface of the
concrete pavement samples, provided with the tested hydrophobisation, with silicone. A
measured amount of the selected chemically aggressive media in the given concentrations
was subsequently poured in the funnels, so that the level height was approximately 5 mm.
The top ends of the funnels were sealed with plasticine to prevent the chemicals from
evaporating into the environment. There was a total of five different chemically aggressive
environments (5% H»504, 10% HNOj3, 10% HCI, 5% CH3COOH and engine oil), while the
effect of distilled water was also monitored. Aggressive substances and their concentration
were chosen on the basis of aggressive conditions that act on many concrete structures in
practical situations. Sulphate attack greatly reduces the service life of reinforced concrete
structures, especially in partially filled concrete sewer pipes exposed not only to sulphates
from waste water, but also to sulfuric acid produced during biogenic sulphate corrosion by
the activity of bacteria. Therefore, the resistance of hydrophobised surfaces to sulfuric acid
was also monitored. The environment in many cities is contaminated by the incomplete
combustion of fuels and various industrial pollutants. These emissions produce nitrogen
gas that reacts with water to produce a nitric acid compound that affects the durability of
reinforced concrete structures [35]. Acetic acid is an organic acid produced from aerobic and
anaerobic digestion that also corrodes the durability of concrete objects [36]. Hydrochloric
acid is used in the metal industry as well as in the manufacture of fertilizers, dyes, and
pigments, and the waste water from these industries can be very aggressive for concrete
structures [37]. The increased permeability of concrete allows more hydrocarbons from
engine oil into the interface of concrete repeatedly, and then hardened concrete deteriorates
due to chemical attack [38]. Overall, the resistance of concrete treated with three different
hydrophobisation agents to six types of liquid environments was monitored. The chemically
aggressive environments acted on one selected spot of the hydrophobised concrete surface,
while the stressed surface area considered was 2500 mm? for all aggressive environments.
The chemical resistance of the applied hydrophobisation was evaluated after 28 days of
exposure to chemically aggressive environments. The assessment was conducted visually
and also with the aid of a Keyence VHX950F digital optical microscope (Keyence Ltd.,
Osaka, Japan). A universal concrete saw was used to accurately cut the concrete paving
blocks for the preparation of samples for the digital optical microscopy, intended to observe
the influence of chemical aggressive media on treated concrete surfaces. The microstructure
of most disrupted hydrophobised concrete due to chemical stress was examined using a
scanning electron microscope (SEM) to assess the deterioration of hydrophobisation and the
concrete surface in more detail. Samples for SEM were scraped off from the hydrophobised
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concrete surface exposed to chemical aggressive media, and then they were prepared by
sputtering with gold in a high vacuum.

3. Results and Discussion
3.1. Dynamic Viscosity

The dynamic viscosity results of the tested hydrophobic agents are shown in Table 4.
It can be seen that the water-soluble EWH hydrophobisation exhibited approximately
50x higher viscosity than the AH acrylate hydrophobisation. Not only the porosity of the
concrete surface, but also the viscosity of the hydrophobisation affects the penetration of
the surface treatment into the concrete surface.

Table 4. Dynamic viscosity of tested hydrophobic agents.

Type of Hydrophobisation Viscosity [mPa-s] Speed of Rotation [rpm]
AH 42 250
EWH 2106 136

3.2. Thickness of Hydrophobisation

The evaluation of the measurement of the thickness of the applied hydrophobisation
agents and the depth of their penetration into the concrete surface after 28 days from their
application can be seen in Figure 1. The average values of the thicknesses of individual
hydrophobisation agents are shown in Table 5. The average value of the hydrophobisation
thickness was determined from five measurements at different spots on the concrete cross-
section, using a digital optical microscope. The highest average thickness was measured
for hydrophobisation EWH_0.30. As can be seen in Figure 1, the layer on the surface
of the concrete and also the depth of penetration of the hydrophobisation into the open
structure of the concrete surface are considered to be the total thickness of the polymerised
hydrophobisation. The thickness and penetration of hydrophobisation into the concrete
surface were more uniform with surface treatment AH_0.15. The concrete substrate was
the same for all hydrophobisations, while it can be seen that especially with the epoxy
hydrophobisation EWH_0.3, not only the open pores of the concrete were covered but
also a protective layer was formed on the surface of the concrete. Comparing acrylic and
epoxy surface treatments with the same consumption, it can be seen that the AH_0.15
layer is approximately eight times thinner than EWH_0.15. The main reason may be the
evaporation of xylene during the polymerization of acrylate hydrophobic agents.

'\. '-43’:" ’ — £ 43

" Concrete substrate-ﬁ-\é_‘f.f'«'-; .

Figure 1. Cont.
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Figure 1. Thicknesses of the hydrophobic agents including the depth of penetration in the concrete
surface determined by the digital optical microscope at real magnification 32x: (a) EWH_0.15;
(b) EWH_0.3; (c) AH_0.15.

Table 5. Results of average thickness of the hydrophobic agents applied on the concrete.

Type of Hydrophobisation Consumption [kg/m?] Thickness of Layer (um)
EWH_0.15 0.15 137

EWH_0.30 0.30 243

AH_0.15 0.15 53

3.3. Adhesion on Concrete

With water-based hydrophobisation (EWH_0.15 and EWH_0.30) cohesive failure oc-
curred in the underlying concrete, and solvent-based hydrophobisation (AH_0.15) adhesive
failure occurred in the adhesive—see Figure 2. Adhesion higher than 3.5 MPa was recorded
for all tested hydrophobisations, which confirms excellent cohesion of the hydrophobisa-
tions with concrete. The adhesion of surface treatment to the concrete base ensures the
efficiency of hydrophobisation [39]. From the results, it can be concluded that the minimum
adhesion on concrete is the same for all tested hydrophobisations.
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Figure 2. Results of the adhesion of different hydrophobisation agents on the concrete.

3.4. Abrasion Resistance

Samples before and after the test are also shown in Figure 3, while the hydrophobi-
sation from the concrete surface was almost completely removed after 16 cycles in the
case of the AH_0.15 samples. Dang et al. [40] found that most polymer surface treatments
could improve the abrasion resistance of concrete. Based on the results, it can be concluded
that the applied hydrophobisation increases the abrasion resistance of the concrete. The
highest abrasion resistance was shown for AH_0.15 samples, in which the smallest loss of
material was observed after the abrasion resistance test—see Figure 3. However, it can also
be concluded from the results that the water-soluble epoxy hydrophobisation layer showed
higher abrasion resistance than the concrete itself.

18
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EWH_0.15 AH_0.15

Figure 3. Results of the abrasion resistance of the concrete samples treated by different hydrophobi-
sation agents and reference sample.

3.5. Impact Resistance

In Figure 4 the results of impact resistance of tested hydrophobisation can be observed.
There are also imprints from falling weights which, at the determined impact height,
caused damage to the hydrophobisations—cracks, disruption of integrity, peeling, etc. The
highest impact resistance (height of the falling weight) was recorded for hydrophobisation
EWH_0.3. This fact is mainly related to the highest consumption, which created the
strongest barrier to the falling weight. Gupta et al. [41] proved that credible correlation
exists between the results of drop weight test, flexural strength of concrete and rebound test.
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Figure 4. Results of the impact resistance of the hydrophobic agents.

3.6. Flexural and Compressive Strength

Graphical evaluation of three-point flexural strength and compressive strength of
concrete samples, on the top surface of which hydrophobisation agents were applied,
and reference samples are shown in Figures 5 and 6. It is evident from the results that
hydrophobisation AH_0.15 showed the most positive effect on the concrete strength. The
compressive strength after 90 days was the highest for samples provided with water-soluble
hydrophobisation EWH_0.3. The application of hydrophobisation EWH_0.15 had almost
no effect on concrete strength. The biggest difference in compressive strength was recorded
after 28 days from the application of hydrophobisation. It is widely accepted that most
surface treatments cannot directly improve the strength of concrete because they cannot
improve the quality and porosity of the whole concrete object [42]. For a better comparison
of strengths, it would be suitable to apply hydrophobisation agents on the entire surface of
the concrete samples.

L
m 28 days
m 90 days
m 120 days
0

C_REF EWH_0.15 AH_0.15 EWH_0.3

~

[e)}

Flexural strength [MPa]
[} (O8] H= o

—

Figure 5. Results of the three-point flexural strength of the concrete samples treated by different
hydrophobisation agents and reference samples.
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Figure 6. Results of the compressive strength of the concrete samples treated by different hydropho-
bisation agents and reference samples.

3.7. Shrinkage

From Figure 7 it can be clearly seen that the most positive effect on concrete shrinkage
was shown by hydrophobisation EWH_0.3, when after 120 days a shrinkage of less than
0.6mm/m was recorded. Compared to untreated concrete (C_REF), concrete treated with
EWH_0.3 showed up to three times lower shrinkage. It can therefore be assumed that
the application of water-soluble hydrophobisation can eliminate the occurrence of cracks
arising mainly due to plastic shrinkage of concrete. Shi et al. [43] showed that the thicker the
polymer surface treatment was and the earlier the resin was applied, the greater shrinkage
reducing ratio is observed.

1.6
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—

=
()

m 28 days
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C_REF EWH_0.15 AH_0.15 EWH_0.3

Shrinkage [mm/m]
o
) _

S
o

Figure 7. Shrinkage of the concrete samples treated by different hydrophobisation agents and
reference sample.

3.8. Water Absorption

One of the most important roles of hydrophobic agents is the reduction in concrete
water absorption [44]. Water absorption of concrete samples treated with AH_0.15 hy-
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drophobisation was approximately the same as that of the reference concrete: 7% after
120 days. Figure 8 demonstrates that the lowest water absorption was recorded in the sam-
ples treated by EWH_0.3 hydrophobisation, when after 120 days the water absorption was
only 3.8%. From the point of view of water absorption results, water-soluble epoxy-based
hydrophobisation showed a much more positive effect than acrylate hydrophobisation,
even at the same consumption. Hydrophobic agents migrated into concrete and formed a
hydrophobic barrier on the surface of concrete to improve waterproofing performance [45].

~

L

o3}
H

m 24 hours

m 28 days
m 90 days
I I m 120 days

C_REF EWH_0.15 AH 0.15 EWH_0.3

Water absorption [%]
L N W W= (9] ]

o

Figure 8. Water absorption of the concrete samples treated by different hydrophobisation agents and
reference sample.

3.9. Resistance to Defrosting Chemicals

The evaluation of the resistance to defrosting chemicals of concrete samples treated
with hydrophobisation agents and reference concrete was based on the evaluation of the
waste after 100 freezing and thawing cycles and is presented in Figure 9. The results
demonstrate that the best resistance to defrosting agents was shown by samples provided
with EWH_0.3 hydrophobisation. Resistance to de-frosting chemicals was improved by
more than 10 times when compared to the reference concrete in this case. Water-soluble
hydrophobisation at a consumption of 0.15 kg/m? showed better resistance to defrosting
agents than solvent-based hydrophobisation AH_0.15. From the results, it can be con-
cluded that by applying EWH hydrophobisation, a significant improvement in resistance
to defrosting agents can be achieved. This can be applied, for example, on concrete roads
in winter. Mamaghani et al. [46] found out that the epoxy-based hydrophobic agents and
the silane-based water repellent exhibit better performance in providing resistance to salt
scaling, compared with other polymer surface treatments.
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Figure 9. Resistance to defrosting chemicals.

3.10. Chemical Resistance

Samples were exposed to different liquids in chemically aggressive environments for
28 days. The damaged samples were analysed using a digital optical microscope at optimal
magnification to observe the resulting defects and are presented in Figures 10-12. All tested
hydrophobisations exposed to distilled water showed almost no change after 28 days and
the treated concrete remained intact. The hydrophobisation AH_0.15 best resisted the acidic
aggressive environment in the form of 5% H,SO,. Even though the hydrophobic layer was
damaged, with deposits formed and colour change to light yellow, the hydrophobic agent
prevented the penetration of sulfuric acid into the surface layers of concrete, more than
in other cases—see Figure 10a,b. The water-soluble hydrophobisation of EWH, in both
cases considered, changed its colour to orange after the action of 5% H;SO4 with surface
etching and the formation of blisters evident (Figures 11a and 12a). After drying, the
hydrophobisation layer peeled off; however, intact concrete was visible under the formed
residues—see Figures 11b and 12b. Epoxy surface treatments provide a protective mem-
brane on the concrete surface, which can be hardly penetrated by sulfates, thus mitigating
capillary rise on the concrete [47]. The 10% HNOj3 solution penetrated into the surface
layers of concrete mostly in the case of the sample on which AH_0.15 hydrophobisation
was applied (Figure 10c,d). Even though water-soluble EWH hydrophobic agents lost
cohesion with the underlying concrete and formed microcracks in both applications, 10%
HNO; did not significantly affect the surface of the concrete after 28 days of exposure—see
Figures 11c,d and 12¢,d. The aggressive environment in the form of 10% HCl caused the
most significant degradation of the hydrophobisation and subsequently the surface layers
of concrete. Disruption of the hydrophobisations and subsequent penetration into the
concrete surface to a depth of approximately 3 mm is clearly visible in the cut sections
as presented in Figures 10f, 11f and 12f. The average depth of concrete damage by a 10%
HCl solution was the highest in the sample treated with hydrophobisation AH_0.15. This
is related to the smallest thickness of this hydrophobisation, and therefore the weakest
barrier to the penetration of aggressive substances into the concrete. Water-soluble epoxy
hydrophobisations were significantly less resistant to acetic acid, with cracking in the
entire layer visible after 28 days (Figures 11g and 12g) and subsequent penetration into
the concrete to a maximum depth of 300 pm (Figures 11h and 12h). Immersion of epoxy-
based coatings in acetic acid significantly affected the coating resistance [48]. The chemical
structure of epoxy resin, hardener and additives affect diffusion of solutions into cured
epoxy resin [49]. On the other hand, AH hydrophobisation containing xylene prevented
concrete degradation to a considerable extent, in the case of acetic acid attack (Figure 10g,h).
On exposure of fuel oil on the hydrophobised concrete surface, only a colour change was
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visible on the hydrophobised surface. No loss of cohesion between the hydrophobisation
and the concrete was observed, and neither was the integrity of the hydrophobisation,
which ensures the protection of the concrete affected—see Figure 11i,j. It has been already
proven that in highly aggressive environments, surface treatment can significantly reduce
the concrete degradation and steel corrosion which affect strength and stability of concrete
structures [50].

Refefence strface

Reéferencé surface

Figure 10. Concrete samples treated by the hydrophobic agent AH_0.15 exposed to different liquid
chemical aggressive environment after 28 days: (a) surface: 5% H;SOy; (b) cut edge: 5% H,SOy;
(c) surface: 10% HNOs; (d) cut edge: 10% HNOs; (e) surface: 10% HCI; (f) cut edge: 10% HCI;
(g) surface: 5% CH3COOH; (h) cut edge: 5% CH3COOH.
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cohesion with concrete

Figure 11. Concrete samples treated by the hydrophobic agent EWH_0.15 exposed to different liquid
chemical aggressive environment after 28 days: (a) surface: 5% H;SOy; (b) cut edge: 5% H,SOy;
(c) surface: 10% HNOs; (d) cut edge: 10% HNOs; (e) surface: 10% HCI; (f) cut edge: 10% HCL;
(g) surface: 5% CH3COOH; (h) cut edge: 5% CH3COOH; (i) surface: oil fuel; (j) cut edge: oil fuel.
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Figure 12. Concrete samples treated by the hydrophobic agent EWH_0.3 exposed to different liquid
chemical aggressive environment after 28 days: (a) surface—5% H,SOy; (b) cut edge: 5% H,SOy;
(c) surface: 10% HNOs; (d) cut edge: 10% HNOs; (e) surface: 10% HCL; (f) cut edge: 10% HCL
(g) surface: 5% CH3COOH; (h) cut edge: 5% CH3COOH.
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In Figure 13a, the disturbed hydrophobisation structure of AH_0.15 after the action
of 10% HCI can be observed. This shows that the entire surface of the hydrophobisation
was affected, and the surface of the concrete was thus exposed to the further action of a
chemically aggressive environment. In Figure 13b, the cracked structure of hydrophobisa-
tion EWH_0.3 after the action of 10% HCl is visible. This sample was also extracted with
pieces of surface layers of concrete, the particles of which are also visible in the image.
The “defoliation” of the hydrophobisation layer after exposure to 5% CH3COOH is evident
in Figure 13c,d. It can be seen here that the integrity of both tested hydrophobisations
was broken, and the cohesion between the concrete and the hydrophobisation layer is not
visible either. There are also visible components of the concrete, which were also exposed to
an aggressive environment after the functionality of the hydrophobisation was disrupted.

EWH_0.3

EWH_0.3

‘g
SEM MAG: 20.0 kx Det: SE MIRA3 TESCAN
SEM HV: 20.0kV | 2pm

A %
SEM MAG: 1.00 kx Det: SE

SEM HV: 20.0kV | 50 pm

& ¥4 ' -
SEM MAG: 5.00 kx Det: SE MIRA3 TESCAN

SEM HV: 20.0kV | 10 ym

(d)

@

SEM MAG: 500 x Det: SE MIRA3 TESCAN
SEM HV: 20.0kV | 100 pm

Figure 13. SEM photomicrographs of the hydrophobic agents applied on the concrete samples
exposed to different chemical aggressive environment for 28 days: (a) AH_0.15 exposed to 10% HCI;
(b) EWH_0.3 exposed to 10% HCI; (c¢) AH_0.15 exposed to 5% CH3COOH; (d) EWH_0.3 exposed to
5% CH3;COOH.
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4. Conclusions

Based on the results achieved in the research, the following conclusions can be drawn,
based on a comparison of the efficiency of water-soluble and solvent hydrophobic agents
for concrete:

1.  Water-soluble EWH hydrophobisation showed 50x higher viscosity than the AH
acrylate solvent hydrophobisation. The AH surface treatment was significantly thinner
than water-soluble EWH, even in the same consumption;

2. Adhesion of the surface treatments on concrete was higher than 3.5 MPa, and the
minimum adhesion on concrete is the same for the hydrophobisations AH and EWH;

3. Hydrophobisation blocks the absorption of water into the underlying concrete, which
was also confirmed by the absorption test;

4. Water-based hydrophobisations have been shown to prevent the penetration of chem-
icals into concrete almost as well as solvent-based hydrophobisation agents, thereby
ensuring their longer durability;

5. Hydrophobic agents successfully prevented the evaporation of water from the con-
crete, and thus, the plastic shrinkage that inevitably leads to the appearance of cracks
in cement-based constructions;

6.  No significant difference was recorded in the strengths of concrete treated with hy-
drophobisations and concrete without surface treatment, while the highest flexural
and compressive strengths were achieved for concrete treated with hydrophobisations
AH_0.15 and EWH_0.30. For a better comparison of strengths, it would be necessary
to apply hydrophobisations on the entire surface of the samples;

7.  Highest abrasion resistance was shown with concrete treated by AH_0.15 surface
treatment; nevertheless, even water-soluble hydrophobisation significantly increased
the abrasion resistance of concrete;

8.  Compared to untreated concrete (C_REF), concrete with EWH_0.3 hydrophobisation
showed up to three times lower shrinkage;

9.  The lowest water absorption was recorded with the concrete treated by EWH_0.3
hydrophobisation—after 120 days the water absorption was only 3.8%;

10. By applying EWH hydrophobisation, a significant improvement in resistance to
defrosting agents was achieved in comparison with untreated concrete;

11.  Exposure of the water-soluble EWH hydrophobisation agents to acetic acid caused
significant deterioration of the surface treatment and concrete surface. However,
resistance to 5% H;SOy, 10% HNOj3; and 10% HCI of the surface concrete treated by
EWH was very similar with the concrete with AH surface treatment;

12.  Through SEM observations, the microstructure of AH and EWH hydrophobisations
and its disruption and loss of cohesion with surface concrete after chemical aggressive
environment attack was revealed;

13. By evaluating the results achieved, it can be concluded that water-soluble epoxy-
based hydrophobic agents can be used in practice for the same applications as solvent
acrylate hydrophobic agents. Moreover, EWH surface treatment is more ecological, as
no toxic solvents are released to the ambient environment after application.
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