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The present study concerns hydrophobic surface treatments with silane-based liquid and creme on the concrete surface against
external ionic transport for the application to concrete pavement coating. To quantify their effectiveness in mitigating the ionic
penetration, water absorption and chloride transport were measured. Especially, back-scattered image analysis and the elec-
trochemical impedance spectroscopy were used to identify the effect of pore-blocking at the interface of coating agents and the
concrete. As a result, the surface treatment with both liquid and créme could significantly reduce the water absorption and
chloride ingresses at all depths of measured concrete, due to a modification of the porosity. Moreover, the surface treatment on
concrete substrate increased the polarization resistance, thereby enhancing the resistance to ionic transport into the concrete, and

the créme type was slightly more effective at the same dosage of treatment.

1. Introduction

To mitigate the risk of steel corrosion in concrete on
roadway structure, there have been a number of preventive
measures such as a modification of concrete mix design,
application of corrosion inhibitor, electrochemical treat-
ment, and barrier coating on the steel surface. These means
have been successfully adopted in preventing the onset of
steel corrosion in concrete, arising from the reinforced
passivity of the steel or/and lowering the transport rate of
corrosive ions. However, adverse issues may be always ac-
companied in terms of a reduction of structural properties.
For example, calcium nitrite-based corrosion inhibitor is
evidently effective in enhancing the corrosion resistance, but
a development of the concrete strength was inversely low-
ered in long-term use [1]. Moreover, the rate of chloride
transport in concrete containing nitrite ions was much
accelerated than unused one [2], and thus the benefit of the
chemical inhibitor would be offset in prolonging the cor-
rosion-free life. When it comes to electrochemical treatment
(i.e., cathodic protection), the corrosive agents could be
effectively arrested and then mostly nullify the corrosion

behavior. However, in the process of electrochemical
treatment, a debonding of steel from the concrete body often
occurs; in fact, the bond strength between steel and concrete
is reduced by 30-60% under electric charge [3]. Barrier
coating also accompanies the potential risk of debonding
between steel and concrete, arising from increased porosity
at the interfacial zone, leading to independent structural
behavior of the concrete structures [4, 5]. Thus, it has been
required to develop a preventive mean against corrosive ions
and molecules with no influence on the fundamental
properties of concrete.

The surface treatment may be an alternative to mitigate
corrosion risk with no adverse effect because it marginally
affects the fundamental properties of concrete such as
strength or fresh setting. The surface treatment agents have
been developed representatively in three different purposes
of treatment effect: pore-blocking, surface coating, and pore-
lining [6-8]. As for pore-blocking, insoluble phases are
formed inside concrete pores which are formed at the nearer
surface of the cover concrete, by a chemical reaction between
agents and solvent. However, to be effective in blocking the
pore network, the agents must be fully percolated into the
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concrete cover, being always limited by the condition of
concrete such as humidity and dust on the surface. In case of
surface coatings, polymeric materials are usually painted on
the surface of the concrete so that all aggressive ions could be
prevented from penetrating into concrete. Thus, it is ex-
pected that no corrosive ions and molecules could be present
in concrete. However, the surface coating is often detached
from the concrete surface within a decade of years by the
limited bond between the two different materials. To
maintain the inhibitive nature of concrete against external
ions, the surface coating must be regularly reapplied at a
certain interval. Substantially, pore-lining seems more re-
alistic in that agents could be more easily penetrated into
inner concrete to coat the pore surface. A hydrophobic layer
is formed on the surface of concrete and inside the pores
near the surface; then it prevents concrete from ingress of
water and aggressive ions.

Despite the valid feasibility and its function of protection
in situ, quantitative techniques on the effectiveness of the
surface treatment to assess functional properties have been
rarely developed to date. In the general inspection of the
concrete surface coating which is authorized by interna-
tional standards, qualification items contain the thickness of
the coating, cracks, and voids in concrete, adhesion of the
coating, water absorption, the residual amount of agent, and
freeze-thaw resistivity [9-13]. However, the presence in-
spection methods are limited to visual observation or very
simple measurement; therefore, modification of cement
matrix due to silane-based treatment agents in terms of
enhancing resistance to ionic/molecular permeation cannot
be assessed in detail. And about the porosity assessment,
mercury intrusion porosimetry (MIP) or gas adsorption
methods were often used [14-18] despite the limitation of
sample preparation. For the sample preparation of those
conventional methods, fragments of concrete should be
collected under 5 mm of diameter and the sharp edges of the
fragments must be removed to avoid crushing of fragile
region during the Hg intrusion [19-21]. For this reason,
there are limitations of obtaining accurate porosity of the
surface coated zone and less percolated zone, as well as an
unreacted zone, which could be varied depending on the
means of the surface treatment. The properties and items to
deal with the feasibility of the surface treatment were de-
termined by earlier studies [22-25], including the ionic
transport process through the treatment, durability, influ-
ence of substrate properties, service life, and economic
expense.

In this study, the effect of surface treatment in lowering
ionic transport, in terms of porosity, was evaluated by
microscopic observation at the cover concrete with in-
creasing the depths from the surface which previous studies
did not try. As the agent for the surface treatment, the only
silane-based agent was taken rather than siloxane and other
agents due to its higher properties to protect concrete, as
addressed in [23-25] and its common use in the market.
Thus, a change in the porosity with cover depth was
quantitatively measured to assess the degree of pore-
blocking or pore-lining. Considering the formation of
phases in the pores at the nearer surface of the concrete
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substrate, the electrochemical impedance spectroscopy (EIS)
was used to determine the barrier effect by expression into
the polarization resistance. Simultaneously, the capability of
chloride penetration in treated concrete was assessed in
terms of diffusion coefficient and surface chloride ion
concentration to interpret the feasibility of the surface
treatment in evaluating the increased durability against
chloride attack.

2. Experiments

2.1. Materials and Samples. Two different types of agents,
which are commercially used products in the market, alkyl
alkoxy silane-based liquid (Silane Liquid) and tetraethoxy
silane-based créme (Silane Créme), were used to evaluate the
effect of surface treatment against ionic/molecular transport
into the concrete. Silane Liquid is a conventional hydro-
phobic agent, which penetrates into the treated surface and
performs as a water repellent. Tetraethoxy silane is the main
compound of Silane Créme, which can exhibit hydrophobic
performance on the treated surface due to its base of alkoxy
silane. Moreover, it is evident from the previous study that
silane could show a pore filling effect by forming a silica gel
on the pore surface [26]. Each molecular structure is shown
in Figure 1.

Prior to the application of the agents, specimens were
fabricated into a concrete, mortar, and paste on the purpose
of each test to evaluate the performance of surface treatment
agents. The mix proportion for cement, water, sand, and
gravel was 1.00:0.40:2.46:3.17, respectively. For cement
paste and mortar specimens, sand and gravels were removed
in the mix proportioning from the above mix design. The
ordinary Portland cement was used as a binder. All speci-
mens demoulded after 24 hours from mixing were cured in a
controlled chamber at 25+2°C and 60 + 5% RH for 28 days;
then the specimens were kept in an oven at 50+2°C for 24
hours to remove moisture in the concrete. The surface
treatment was applied on the surface of fully dried specimens
by spreading the agents for uniform distribution using a
brush. And the specimens were further dried in a desiccator
at the ambient temperature (25+2°C) for 48 hours before
testing.

2.2. Transport of Molecules and Ions. The effect of surface
treatment in mitigating the water absorption was evaluated
by monitoring the absorptivity of concrete specimens
(50 mm’) which were followed by surface treatment as
explained in Section 2.1. After measuring the original weight
of dried specimens, the specimens were immersed in a water
reservoir. Then, a change in the weight of the specimen was
measured at 1, 3, 6, 24, 48, 72, 96, and 168 hours of im-
mersion, immediately after removing the surface water with
a paper towel. The increased weight which was substituted
from the original weight of dry specimen and subsequently
expressed by percentage was taken as absorbed water
content. The replication for each measurement was always
five specimens and their average value was taken to the
absorptivity assessment.
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FiGure 1: Chemical structure of (a) alkyl alkoxy silane and (b) tetraethoxy silane.

The resistance of surface treatment against chloride
transport in concrete was evaluated by measuring the
chloride profile using cylindrical concrete specimens
(©100 x 50 mm). One end for each specimen was subjected
to the surface treatment, and simultaneously the rest of the
untreated surface was coated by epoxy resin so that chloride
ions could only penetrate through one direction of the
concrete. The specimens were immersed in a 4M NaCl
solution for 50 days to induce chloride ion penetration. For
chloride profiling, the samples were ground from the surface
with 5.0 mm increments using a diamond blade grinder. The
collected dust sample was diluted in a nitric acid solution to
extract chloride ions; then the diluted solution was taken to
measure the concentration of chloride ions by cover depth
using an ion-selective electrode. Once the chloride profile
was obtained, the diffusion coefficient and surface chloride
concentration were determined by solving Fick’s 2nd law as
given by

Clx,t)=C ad
(x,t) = C, l—erfﬁ , (1)
where C (x, t) is chloride concentration at depth x after time ¢
(%/m®), C, is surface chloride concentration (%/m?), x is
depth (mm), D is the apparent diffusion coefficient (m?*/s),
and ¢ is a time of exposure (s).

2.3. Microscopic and Electrochemical Observation. A modi-
fication of the pore structure in concrete arising from the
surface treatment was observed by back-scattered electron
(BSE) image analysis which is a substantially accurate
method to determine porosity and degree of hydration
[18,27-29]. Cubic samples with cement paste (10 mm>) were
fabricated and the surface treatments were applied on one
side of the samples, assuming that aggregates do not affect
pore distribution at the treated interface. To obtain BSE
images containing the treated surface, the specimen was cut
horizontally to the end plane using a diamond saw. After the
drying process, a specimen that was impregnated with epoxy
resin was vacuumed for more than 48 hours to be polished
with silicon carbide paper of grit size 400-2400. The polished
cross section was coated with platinum to increase electrical
conductivity. The BSE image observation setting was at the
accelerating voltage of 10kV and a working distance of
10 mm. Twenty images were taken at each depth with x500
of magnification. To determine the porosity, the BSE images
were binarized for pores; white pixels indicated pores and
the other phases were converted to black. The number of

pixels indicating the pores in the binarized image was
counted to determine porosity. The size for each pixel
accounted for 0.1058 x 0.1058 ym, of which the size would be
for the range of large capillary pore. The entire procedure for
determining the porosity at the microscopic observation is
rendered encompassing histogram of greyscale binarization
and accounting for pixels of porosity, as given in Figure 2.
To determine ionic resistivity of the surface treatment,
electrochemical impedance spectroscopy (EIS) was mea-
sured at mortar specimens (@50 x 80 mm). To complete the
electric circuit, steel rebar (@10 x 60 mm) was located in the
center of the mortar. In the process of demoulding, the
protruded steel was covered with cement-rich paste, fol-
lowed by attaching a heat shrink rubber band to prevent
corrosion on the steel. After curing, surface treatment was
applied on the lateral side of the specimen and the two ends
of the bottom and top were coated by epoxy resin so that
polarization could occur between the working and counter
electrodes in the direction of the lateral side. The specimen
was further cured for 56 days in saturated Ca(OH), solution
to increase the electrical conductivity and reduce a leaching-
out of ions. The EIS was measured by a digital frequency
response analyzer in conjunction with a potentiostat.
Standard calomel electrode and carbon bar were set for the
reference and counter electrode, respectively, where the steel
rebar functioned for the working electrode. Then, the
specimen was immersed in a 1M NaOH solution. The
amplitude of the sinusoidal voltage was chosen at 10 mV
r.m.s. and frequency was ranged from 0.1 to 100,000 Hz. Ten
points per decade were measured. The impedance response
was interpreted by fitting an equivalent electrical circuit. The
test set-up and the equivalent electrical circuit are given in
Figure 3. The electrical behavior of the steel was represented
by a parallel connection of polarization resistance (R,) and
double-layer capacitance (Cs). Since the steel was considered
as being passivated, the steel surface was simulated to a
single coating capacitance (C.), representing the steel-
mortar interface of hydration products. The pore resistance
(R.) and surface resistance (R;) dealt with the pore matrix in
mortar specimen and the treated surface, respectively.

3. Results

3.1. Permeability and Diffusivity. The water absorption of
concrete under surface treatment was monitored for 168
hours (7 days) after immersing the specimen in water by
determining the ratio of absorbed water from the weight of
the dried specimen. It is evident that surface treatment
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helped in lowering the water absorptivity irrespective of
types of the treatment as given in Figure 4. For both surface
treatments, the absorption of water ranged about 2.0% more
or less by weight of the dried specimen; Silane Liquid
treatment accounted eventually for 2.3% of water absorption
and Silane Creme for 1.6%. In particular, after 96 hours of
immersion, the absorption ratio was mostly converged,
whilst the water absorption rapidly proceeded for the first 24
hours. For untreated specimen, the water absorption was
converged from 48 hours of immersion, in which the values
substantially accounted for 6.0% at 168 hours. Both surface
treatments were effective in mitigating water absorption, due
to the lining of the hydrophobic layer on the concrete
surface. Silane Créme shows further inhibitive performance
against water permeation, presumably arising from the pore-
blocking effect. In fact, the Silane Créme treatment more
easily penetrated the pores on the surface of concrete during
the treatment of spreading and then blocked the pore walls
in terms of pore-lining. For Silane Liquid treatment, the
pore-blocking is, however, limited at the very front of inner
concrete. Thus, the resistance for the Silane Liquid treatment
to ionic/molecular transport could be formed in the vicinity
of the very front surface, presumably leading to a reduction
of the build-up of external ions but the effect might be less
than the Silane Creme.

The resistance of surface treatment against ionic/mo-
lecular transport was evaluated by chloride profiling of
concrete which was submerged in saltwater. Because chlo-
ride transport was driven by only one directional diffusion,
the apparent diffusion coeflicient and surface chloride
concentration were simultaneously determined by using
chloride ingresses at different depths for a certain duration
of immersion. As seen in Figure 5, the concentration of
chloride was reduced with the depth of cover concrete,
irrespective of whether or not the surface treatment was
applied. In particular, the chloride ingress was mostly
nullified at increasing the depth beyond 15.0-20.0 mm from
the concrete surface for all specimens due to the limited
duration of immersion in the saltwater. The surface treat-
ment had benefits in lowering the chloride ingress at all
depths, resulting from a reduction of the surface chloride
concentration and thus diffusivity of chloride ions. For
Silane Liquid treatment, there was a significant reduction of
the surface chloride, accounting for 1.32%, whilst untreated
specimen produced an even higher range of about 2.49%.
Substantially, the Silane Liquid treatment produced a lower
diffusion coefficient. Silane Créme treatment had also a
reduction of the surface chloride in the range of 2.30%.
Moreover, a reduction of the apparent diffusion coefficient
was remarkably large; the apparent diffusion coefficient for
untreated Silane Liquid and Silane Créme treatments was
9.17x107'%,8.05x 107"%, and 2.98 x 10~'* m?/s, respectively.
The further reduced value of the apparent diffusion coeffi-
cient for Silane Créme treatment may arise from the pore-
lining effect as well as pore-blocking effect. In fact, Silane
Liquid treatment was more effective in forming the hy-
drophobic layer in the vicinity of the very front surface of
concrete cover and showed highly water repellent charac-
teristic, leading to a significant reduction of the surface
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Ficure 5: Chloride concentration profiles in concrete for surface
treatment.

chloride, but only a marginal reduction of the chloride
diffusivity was achieved. However, Silane Créme treatment
had an effect of the pore-blocking in inner pores, so that the
chloride ingress could be sharply decreased at the inner
depth, imposing a significant reduction of the diffusivity of
chloride ions in turn. The marginal reduction of surface
chloride arose from the impregnation of Silane Créme,
resulting in a build-up of chloride inside the surface.

3.2. Modification of Porosimetry. To quantify the distribu-
tion of porosity with depth, the BSE image of cement paste



specimens at the surface treatment applied interfacial region
from the surface to 10.0 mm of the cover depth was obtained.
At each depth, 5 representative BSE images and their
binarized images for porosity are given together with the
porosity ratio for each image as given in Figure 6. It is seen
that the fraction for porosity which was calculated from
binarized BSE images was strongly dependent on the depth
and types of surface treatment. For untreated specimens, it
seems that there was a marginal variation in the porosity
regardless of the depth. However, treated specimens pro-
duced different levels of porosity for depth variation; an
increase in the cover depth resulted in an increase in the
porosity; in another word, the porosity of cement matrix in
the vicinity of the surface was reduced compared to the
control group. It might be postulated that the surface
treatment agents could fill up the pores in the vicinity of the
concrete surface. In fact, hydrophobic agents for the surface
treatment could block the pores by water repellent char-
acteristics, more or less reducing the porosity, thereby in-
creasing the resistance to ionic/molecular transport.

To quantify the effect of surface treatment in reducing
pores, the porosity from the surface of the specimen was
calculated at each depth and then the distribution of porosity
was depicted in Figure 7. It is evident that the specimens
under the surface treatment produced lower porosity at the
nearer surface, below 5.0 mm of the cover depth, while the
untreated specimen was indicative of the higher porosity at
all depths, accounting for about 5.2%. Especially, Silane
Creme treatment achieved a significant reduction of the
porosity at the very front of the inner specimen. For ex-
ample, at the nearer surface (<1.0 mm), the porosity of the
specimen was lower than 0.5%, which was gradually in-
creased with depth up to 5.0% at 6.5 mm of the cover depth.
It suggests that the Silane Creme could modify the pore
structure, in particular, at the nearer surface, which could, in
turn, reduce the capability of external ions for penetration,
imposing the increased resistance to ionic/molecular
transport in treated concretes. In the present study, the
margin for the pixel in the BSE image is equivalent to the size
of the small capillary pore. Thus, the distribution of porosity
could more directly reflect chloride transport in concrete,
considering that the rate of chloride transport is usually
dependent on the fraction of capillary pores. It is notable that
Silane Liquid treatment also showed a reduction of the
porosity at the surface up to about 4.0 mm, thereby leading
to a dramatic reduction of the surface chloride when the
specimen was immersed in salt solution though it was less
than Silane Créme.

3.3. Electrochemical Resistance of Surface Treatment. The
electrochemical behavior of mortars with the surface
treatment was evaluated by measuring the AC impedance of
embedded steel, as given in Figure 8 in the form of (a)
Nyquist and (b) Bode diagram. The impedance spectrum
was interpreted by fitting on the equivalent electrical circuit,
and the elements of the circuit were subsequently deter-
mined. From the Nyquist plot, the resistance element can be
estimated through the diameter of the semicircle formed by
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the fitting curve. As the specimens were exposed to the
corrosion-free condition, the high polarization resistance
was achieved, irrespective of the surface treatment, ac-
counting for 19.7, 26.1, and 19.8kQ for untreated Silane
Liquid and Silane Créme treatments, respectively. The
maximum frequency value, at which the maximum change
of phase angle occurs, was used to determine the capacitance
value, using

1

Cf = 2
Wiax X Rp (2)

where C¢ is for the double-layer capacitance, wp,.x is the
maximum frequency, and R, is the polarization resistance,
respectively. The capacitance of the double-layer indicated
similar values ranging from 1.81 to 2.34 mF, reflecting the
passivated condition of embedded steel.

Similarly, the coating capacitance (C.) ranged, irre-
spective of the surface treatment, from 38.9 to 52.8 nF, but
the electrical resistance for concrete including the pore
resistance (R.) and surface resistance (R;) obviously in-
creased when applying the surface treatment. For example,
the surface resistances for treated specimens accounted for
182.7 and 203.9Q for Silane Liquid and Silane Créme
treatments, respectively. It suggests that the surface resis-
tance may arise from the hydrophobic property of the
surface treatment, which could interrupt the electrical
conduction at the surface of the concrete. Silane Creme
treatment indicated higher pore resistance than untreated
and Silane Liquid treatment, presumably due to the pore
filling effect.

4. Discussion

4.1. Types of Surface Treatment. The surface treatment is
often preferred to enhance the serviceability of concrete
structures subjected to chemical degradation such as chlo-
ride-induced corrosion, sulfate attack, and carbonation, due
to its easy application and the effectiveness in hindering
external aggressive ions from percolating into concrete with
no damage of cover concrete. Coating and sealing concrete
surfaces were initially developed for the surface treatment, in
which the technique forms continuous polymer layer on the
surface of the substrate. For example, epoxy resin-, acrylic-,
and polyurethane-based polymeric materials have been
widely used. In particular, the polyurethane coating was very
promising in resisting the penetration of chloride ions [30].
However, its application is currently quite limited in situ,
because the hardened layer on treated surface is often
blistered off with time and weathering, thereby being fol-
lowed by regular restorations of the treatment. In terms of
the application to the concrete surface, the polymeric layer
could be dissolved in the alkaline pore solution leached from
the concrete body, leading to the accelerated process of
blistering-oft. For the restoration of blistered parts,
retreatment is essential but mostly restricted in aerated parts
of concrete structures; it is mostly impossible for aquatic-
immersed parts of concrete to apply the retreatment. Thus,
pore-blocking agents have been alternatively developed. The
inorganic agents, such as silicate-based solution, react with
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FIGURE 6: Representative original and binarised BSE images at incrementally different depths from treated surface for (a) control, (b) Silane
Liquid, and (c) Silane Creme together with porosity ratio (percentage).
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soluble hydrates in concrete and then insoluble hydrates are
substantially formed and then refine the pore structure of
concrete [31]. The compatibility of pore blockers must be,
however, secured for the reaction between the agent and
hydration products, which might otherwise accompany an
overwhelming formation of hydrates in the pores at the
nearer surface of concrete, leading to a generation of the
micro-cracking along with the pore network.

More currently, water repellent agents are widely used
for surface treatment, which usually allows vapor to be
mobile in the pores but prevent water molecules from

penetrating into concrete. This effect is attributed to a
modification of the pore structure, shifting to the smaller
pore size in distribution. Once a water repellent agent
penetrates into concrete, hydrophobic blocking line is
formed through the pore wall, the so-called pore-lining.
Thus, for the surface treatment to be effective for lining the
pore walls, the pore distribution must be stably formed,
imposing that mature concrete may be more beneficial in the
surface treatment rather than early-age concrete [32]. The
water repellent-based pore-lining agents often consist of
silane and siloxane, which subsequently form in different
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types: gel, créme, and liquid. When it comes to the effec-
tiveness, creme type is the most penetrable in concrete,
subsequently forming the longer lining in the pore wall [33].
In turn, the créme type treatment could be more resistant
against external molecules. In the present study, the creme
type agent was effective in reducing the porosity in the
deeper range at the surface of concrete, compared to liquid
type treatment. Substantially, there was a dramatic reduction
of chloride ingresses, in terms of the chloride diffusivity,
when concrete treated with the créme type agent was im-
mersed in saltwater as it has multifunction of pore-lining
and pore-blocking. Despite the lower viscosity, liquid type
treatment had quite a limited range of penetration into the
concrete. It may be attributed to a lower reactivity with
hydrates and to its vaporization in the process of applying
the surface treatment and limited pore-lining for protection,
for example, brushing or/and spraying agents on the con-
crete surface.

Key implementation in applying the surface treatment is
to secure the penetration depth of hydrophobic agent into
concrete [34, 35], associated with long-lasting feasibility of
the treatment effect. As seen in the present study, its pen-
etration depth was, however, limited to 4.0-6.0 mm, con-
sidering the distribution of the porosity in the vicinity of the
concrete surface. For creme and gel type agents, the treat-
ment process is quite primitive: brushing directly on the
concrete surface would, in fact, potentially impose the
physical-demanding labor and time-consuming process.
Despite the difficulty in the treatment process, creme and gel
type agent could be effective in the surface treatment, except
for the penetration depth, in that their treatments are usually
more resistant to harsh weathering, ultraviolet radiation, and
blistering-off [35]. In the present study, the increased surface
resistance of the créme type agent to external aggressive
molecules and ions was confirmed by the EIS, producing the
higher impedance and capacitance. Substantially, the surface
treatment is effective in resisting ionic transport to concrete,
depending on types of surface treatment. Thus, the selection
of the surface treatment type must be considered for its
feasibility and economic benefit. It is additionally notable
that the surface treatment may not be expected to arrest
generation of concrete cracking and its further propagation,
in which the phenomenon always occurs irrespective of
whether or not the surface treatment is applied on the
concrete surface [33, 36]. It implies that the benefits of
surface treatment could be fully achieved only in sound
concrete since the hydrophobic agents could cover up the
pores and voids in the limited range and size.

4.2. Durability and Performance. The benefit of surface
treatment would arise from preventing ionic transport from
an external environment such as marine and sewer condi-
tions. In particular, the surface treatment has been widely
used to protect the concrete structures exposed/submerged
in a marine environment, which would impose the risk of
chloride-induced corrosion of steel in concrete. As the
surface treatment prevents chloride ions from penetrating
inner concrete, the rate of chloride transport would be
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expected as nullified, as being free from the risk of chloride-
induced corrosion [37, 38]. However, in the present study,
the surface treatment could mitigate chloride transport in
terms of lowering a build-up of the surface chloride or/and
reducing the rate of chloride diffusion in concrete,
depending on types of surface treatment. Substantially, the
surface treatment could achieve a preventive measure
against corrosion of steel by a reduction of chloride
transport. However, its effect has not been quantified in
predicting corrosion-free life. In predicting the service life,
chloride transport and corrosion resistance of steel are
mutually key factors. Also, it is notable that these preventive
techniques affect both rate of chloride transport and cor-
rosiveness of steel. Unlike conventional preventive measures
such as a modification of concrete mix design using ground
granulated blast furnace slag or/and silica fume at a lower
W/C, the surface treatment does not modify the corro-
siveness of steel in concrete, imposing that only the rate of
chloride transport could be mitigated at a given corrosion
resistance in concrete.

Moreover, the surface treatment could enhance the re-
sistance of steel to corrosion by suppressing the cathodic
reaction on the steel surface [39]. As seen in the present
study, surface treatment could prevent water molecules from
percolating into the concrete body. Thus, the concentration
of water and oxygen could be reduced in inner concrete,
leading to a reduction of cathodic reactivity on the steel
surface. To initiate corrosion in concrete, the concentration
of water molecules in the vicinity of the steel must be se-
cured, which could subsequently form Fe(OH), with no
chloride reaction, followed by Fe(Cl), and rust on the steel
surface. However, the surface treatment can reduce the
mobility of water and gas and then reduce the possibility of
cathodic reaction on the steel. Even after the onset of cor-
rosion, the surface treatment could delay the corrosion
process in terms of its propagation, due to the limited
concentration of water and oxygen. Due to restricted access
of water and oxygen into the concrete body, the surface
treatment could enhance the resistance to concrete deteri-
oration in terms of chemical degradation such as sulfate
attack and carbonation [40]. However, a lower bond be-
tween concrete body and surface treatment may potentially
induce lower frost damage and abrasion resistance [41].

5. Conclusion

In this study, the surface treatment with Silane Liquid and
Silane Créme on the concrete surface was investigated on their
resistance against external ionic/molecular penetration. To
quantify their resistance, the EIS behavior was measured to
express the polarization resistance, and the porosity at the
nearer surface of the concrete was simultaneously quantified by
using the BSE image segmentation in depth. Chloride profiling
for the treated concrete immersed in saltwater was used to
assess the resistance to chloride transport. The conclusion
obtained from these experimental works is given as follows.

(1) The surface treatment with Silane Liquid and Silane
Créme could enhance the resistance to ionic
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transport. Both treatments could achieve the lower
water absorption and simultaneously the lower rate
of chloride transport in the concrete substrate,
arising from a reduction of the surface chloride
concentration and chloride diffusivity. In particular,
the Silane Liquid treatment could reduce a large
margin of the surface chloride, whilst the Silane
Creme treatment significantly lowered the apparent
diffusion coefficient for chloride ions in concrete.

(2) From the AC impedance measurement at the con-
crete surface subjected to the surface treatment, it
was found that the surface treatment could increase
the polarization resistance at the concrete surface at a
mostly given concrete resistance, implying that the
concrete substrate could, in turn, achieve the in-
creased barrier effect resulting in higher resistance to
externally aggressive ion penetration.

(3) From the porosity assessment by BSE image seg-
mentation analysis, pore blocking was predomi-
nantly observed within 5.0 mm from the concrete
surface where coating was applied, and the créme
type showed much reduction of the porosity com-
pared to liquid type until 5mm. The porosity at the
first 1 mm of the surface treated specimen accounted
for 0.5-1.0% and gradually converged to the original
specimen porosity (about 5%). It seems that a re-
duction of the porosity at the concrete surface could
potentially mitigate the ionic transport into the
concrete substrate, thereby enhancing the resistance
to the chemical degradation of concrete.
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