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Abstract

The partial cover thickness of reinforced concrete structures near the coastline enhances the early corrosion onset, which
reduces the service life. As a countermeasure under the preventive maintenance approach, to delay early corrosion onset
in structures with partial cover thickness and increase durability throughout the service life, this study used silane and
silicate-based surface penetrants. Mortar specimens with a partial cover thickness and embedded, specially segmented bars
were prepared. Both penetrants were applied to specimens with partial cover thicknesses (20 and 7.5 mm). Further,
electrochemical methods such as macrocell current, microcell current, electric resistivity, and potentiodynamic polarization
curves were used to assess the corrosion resistance before and after coating. The penetration depth of silane was measured
visually, and the Vickers hardness test was used for the silicate penetrant. The “equivalent cover approach” was adopted
to evaluate the performance of penetrants throughout their service lives. Results revealed that the total corrosion current
density decreased by 79% for specimens coated with silane and 52% for silicate penetrant, whereas no change was observed
in the uncoated specimens. Based on the equivalent cover approach, the silane penetrant was determined to be most
effective in delaying the corrosion onset and propagation time for cover thicknesses of 60 and 50 mm at 100 m distance
against 70 mm, and for 40 and 30 mm against 50 mm at 250 m from the coastline. Further, the silicate-based penetrant was
only effective for a deficient cover thickness of 5 mm against the specified cover thicknesses at a distance of 100 and
250 m from the sea coast.
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1. Introduction

The concrete cover in Reinforced Concrete (RC) structures protects steel from external environmental effects,
preserves passive film, and maintains the bar in a highly alkaline state. At the construction stage, if the specified cover
thickness, including the allowable tolerances [1-3], is not achieved, a variable/partial cover thickness is constructed at
different sections of the structural member. Owing to the porous matrix and variable thickness of the concrete cover, the
chloride ions and moisture in marine and de-icing salts should penetrate non-uniformly. This non-uniform penetration
of chloride ions at different cover thicknesses reaches the steel surface by destroying the passive film and initiating
corrosion when the chloride ion concentration exceeds the threshold. This partial cover thickness induces early corrosion
onset [4], and timely intervention is required to delay corrosion onset and maintain the structure throughout its service
life.

The durability of RC structures depends on the characteristics of the cover [5] and primarily on the thickness and
strength of the materials used. Steel embedded in a less impervious and thicker cover requires a long time to corrode
and, hence, a longer service life of the RC structure [6]. A thin passive film of iron oxide in a highly alkaline environment
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protects the rebar against corrosion [7], which can be damaged by aggressive agents such as water and chloride ions.
Water and chloride ingress could be the main causes of the corrosion initiation of steel in concrete [8-9]. The main
sources of chloride ions are deicing agents and chloride ions, which may also be transported via vehicles that travel from
snow-bound areas to urban areas and transport deicing agents through tires. The well-known Tutti 1982 graphical
presentation describing the service life of RC structures can be categorized into two stages: corrosion onset or initiation
and the period of corrosion propagation [10]. The corrosion initiation period describes the transport of corrosive agents,
such as chloride ions, through the concrete at the depth of the rebar and when it reaches a threshold value of 1.9 kg/m?3
as per standard specifications and guidelines for the durability design of concrete structures in Japan [11] for a water-
cement ratio (W/C) of 0.50. As corrosion propagates after initiation, the propagation period is defined as the time
between initiation and steel destruction and is dependent on the corrosion onset. The propagation period is relatively
short compared to the first stage [12—13]. The corrosion initiation period for a structure with a low W/C ratio (0.30) has
been reduced by 65 years for a short cover depth of 30 mm compared with a 50 mm cover depth at a distance of 500 m
from the coastline [14].

Structures are usually limited in their service life until the end of the initiation phase; that is, when the passive steel
layer is broken, corrosion begins. There are two types of corrosion of the steel reinforcement in concrete-based on the
spatial arrangement of the electrochemical cells: macrocell and microcell corrosion. Macrocell corrosion occurs for two
primary reasons: when the passive film that protects the steel bar is damaged, and owing to the chloride ion concentration
difference during the diffusion process [15]. If a part of a single bar extends outside the concrete, it can result in
macrocell corrosion [16]. During microcell corrosion, the cathodic and anodic areas coexist in close proximity. The sum
of the anodic macrocell and microcell for a single steel element is called the total corrosion current density [17, 18].

Therefore, the most important period under consideration is from construction to corrosion initiation, and timely
intervention can increase the service life and durability of RC structures. A solution to this problem could be to prevent
the penetration of chloride ions and water into the concrete, resulting in delayed corrosion initiation. Based on this
concept, several concrete surface treatments have been developed [19-21]. Silane-based penetrants are widely used
owing to their high durability, water resistance, and aesthetics of the finished surface [22, 23]. When a silane penetrant
is applied to the concrete surface, it forms an impervious layer that prevents the transportation of water and chloride ion
solutions [24-26]. In Niigata Prefecture, Japan, the sound barriers of the Shinkansen structure were coated with silane
penetrants, which were exposed to cold winters and hot summers. Following 8 years of conducting exposure tests, the
silane penetrants performed exceptionally well against waterproofing [27]. Zhao et al. (2022) reported that a substrate
treated with silane impregnation exhibited a protective effect for up to 20 years [28]. Silane-based surface penetrants
possess high resistance to chloride ion penetration [29]. Surface penetrants based on silanes were more effective at
preventing chloride ion diffusion than acrylic coatings [30]. Many researchers have reported the influence of silane-
based surface penetrants on steel corrosion. More than half of the corrosion current was reduced by a silane-based
surface penetrant [31-33]. According to Sivasankar et al. (2013) [34], the silane surface penetrant extended the corrosion
time of reinforcement by approximately four times, and this effect was influenced by the molecular size of the
hydrophobic agent. Furthermore, chloride ion diffusion in the substrate can be decreased by treatment with silane
penetrants; this effect increases with increasing concentrations of the active product [35].

Surface penetrants of the silicate-based material have been used for many years in buildings and on highway bridges
[36]. Sodium silicate is among the most commonly used pore-blocking surface treatments. Studies [37-39] have
concluded that sodium silicate improves the durability of concrete. However, certain studies [36, 40] reported that
silicate-based surface penetrants cannot significantly prevent the diffusion of chloride ions and water owing to the
occurrence of microcracks on the surface of the concrete. The silicate-based surface penetrant reacts with calcium
hydroxide in concrete to form insoluble colloidal silica gel (C-S-H), which blocks the pores of the concrete substrate,
thus increasing its durability and impermeability of the concrete substrate. According to Franzoni et al. (2013) [41],
treatment with sodium silicate decreases the depth of chloride migration by 30-50%. During an exposure period of 20
years to ultraviolet light and other environmental conditions, the performance of mortar specimens coated with silicate
penetrant was investigated. It was found that chloride ion penetration increased in the mortar specimens after the 10th
year, and water permeability increased after the 20th year. The authors recommended recoating after 10 years in a
chloride environment [42]. The life cycle of concrete coated with silicate-based surface penetrant is approximately twice
as long, and the coefficient of diffusion of chloride ions is nearly 50% lower than that of an uncoated concrete surface
[43]. Based on the results of these studies, the performance of silane and silicate-based penetrants against reinforcement
corrosion owing to chloride ion diffusion and water permeability has been identified. However, the effect of penetrants
on the corrosion of bars with partial cover thickness in a chloride environment remains unknown.

Therefore, this study quantitatively measured the effect of silane and silicate-based surface penetrants on the
corrosion of a special segmented bar with partial cover thickness simulated as initial defects during the construction
stage by employing electrochemical methods such as macrocell current, polarization resistance, electric resistivity, and
polarization curves. To simulate the partial cover thickness defect in actual structures, the specimen was cast in a
cylindrical shape at two different depths (20, 7.5 mm), and a specially segmented bar, which was electrically connected,
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was embedded. The penetration depth of the silane was measured visually, and the Vickers hardness index was used to
determine the penetration depth of the silicate-based penetrant. Finally, using the experimental data, an equivalent cover
approach based on Fick’s 2" law of diffusion was used to calculate the corrosion onset and propagation times for RC
structures 100 and 250 m from the coastline. Consequently, recommendations were made based on experimental data
and case studies to help engineers choose an appropriate type of surface penetrant for a particular cover based on the
cost-benefit ratio.

2. Experimental Program

The experimental setup is shown in Figure 1. This chart presents the experimental flow and simulation results.
Electrochemical tests were conducted before and after the specimens were coated. The corrosion rates, penetration
depths from the experiments, and diffusion coefficients of the penetrants and substrate were substituted in the equation
to use the equivalent cover approach (JSCE guidelines), and the corresponding equivalent cover depths were calculated
and analyzed at 100 and 250 m from the coastline.

Specimen preparation

v

Curing 20°C, RH > 95%, 27 days

v

Electrochemical measurements

v

Drying 20°C, RH < 60, 7 days

v

Electrochemical measurements

v

Drying 20°C, RH < 60, 7 days

v

Silane and Silicate coating

v

Curing 20°C, RH > 95%, 27 days

v

1. Electrochemical measurements
2. Penetration depths

v

Equivalent Cover depth (JSCE guidelines)

v

Results and Case study

v

Conclusions

Figure 1. Flow chart showing the research flow and methodology

2.1. Materials
2.1.1. Specimen Details

To measure the localized corrosion current, a specimen was prepared using a specially divided deformed bar
(SD 295 in JIS G 3112) with a nominal diameter of 10 mm. Six 25-mm steel elements were soldered with lead wires of
different colors at both ends of each steel element. The soldered ends were coated with a high-epoxy resin-insulating
material to prevent local corrosion. Individual steel elements were fabricated using epoxy to form a 180-mm-long bar,
as shown in Figure 2(a), serving as a single electrically connected bar. The resistivity of each steel element was measured
to be less than 0.5 Q, as proposed by Miyazato & Otsuki (2010) [44]. A polyvinyl chloride (PVC) pipe was used as the
mold, as shown in Figure 2(b). Further, a 180-mm-long special divided bar was fixed at the center using bamboo sticks
and threads.
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Figure 2 (c). Mortar specimen with partial cover thickness

2.1.2. Material Properties

Ordinary Portland cement (OPC) (JIS R 5210) with a density of 3.16 g/cm?® and a specific surface area of 3290 cm?/g,
and natural sand with a water absorption of 2.23%, max grain size of 5 mm, and fineness modulus and relative density
of 3.22 and 2.52, respectively, were used. Mortar was used because of its homogeneous matrix to avoid heterogeneity
in concrete owing to other materials and serves as basic research for concrete. Tap water was used to prepare the mortar
mixtures. A 200 mm long cylindrical specimen was cast with a mortar having a W/C of 0.50, as shown in Figure 2 (c).
The bottom part of these specimens was cast with a control mixture with a W/C of 0.50 and a diameter of 50 mm to
maintain a uniform cover depth of 20 mm. In contrast, the upper part was cast with a mortar mixture of 0.50 CM2.5
containing 2.5 kg/m? chloride ion (CI") by volume of mortar with a nominal diameter of 25 mm to establish a cover
depth of 7.5 mm. The quantity of chloride ions was added to 0.50 CM2.5 by mixing natural salt (NaCl) in water during
kneading. The bottom half of the specimen was cast with 0.50 CM for one day, while the second half was cast with 0.50
CM2.5 within 24 hours with the intention of ensuring proper bonding. On the third day, the specimen was demolded.
Consequently, epoxy was applied to the specimens at the top and bottom to prevent the penetration of oxygen, as shown
in Figure 2(c). The details of the mix proportions are presented in Table 1. All the specimens were cured inside a curing
room while inside a container at 20 + 2°Cand relative humidity (RH) > 95% for 27 days.

Table 1. Mortar Mix proportions

Symbol (W/C&CI) SIC Unit weight (kg/m?3)
Water (W) Cement (C) Sand (S) NaCl
276 553 1384 0/15

0.50CM/0.50CM2.5 25
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2.1.3. Experimental Cases

Two types of inorganic surface penetrants were used: silane/siloxane silicone-based penetrants described as
“hydrophobic impregnation (H)” and sodium silicate-based penetrants described as “impregnation (I)” in EN 1504-2.
The JSCE guidelines for silane were published in 2005 [44], while those for silicate penetrants were published in 2012
[40]. Both the penetrants were applied with a brush, and the recommended quantity by the manufacturer was used, as
shown in Table 2. After curing the specimens for 27 days, they were air dried at RH = 60% and 20 °C for 7 days. As
recommended by the manufacturer, the surface moisture was measured every day, and at a surface moisture of 6—7%,
the penetrants were applied to the specimens. A silane-based penetrant was applied to the specimens by brushing at 200
g/m? and air-dried for 24 h. A sodium silicate-based penetrant was applied with a brush at 240 g/m?and air dried for 1
hour, as recommended by the manufacturer. Three specimens (03) were coated with each penetrant according to standard
methods. The performances of the coated and uncoated mortar specimens were compared. After setting the penetrants,
both the coated and uncoated specimens were cured for 27 days at 20 + 2 °C and RH > 95%. The experimental cases
and the recommended dosage of the penetrants are shown in Table 2.

Table 2. Experimental cases

Case Classification Recommended Application No. of
quantity (g/m?) method specimen
Silane Silane/siloxane silicone-based 200 Brush 03
Silicate Sodium silicate-based 240 Brush 03
Uncoated No coating - No application 03

2.2. Methods
2.2.1. Electrochemical Methods
2.2.1.1. Macrocell Corrosion Current Density

A zero-resistance shunt ammeter (ZRA) was connected between the lead wires of adjacent steel elements, and the
electric current was measured. The experimental setup is illustrated in Figure 3. The corrosion current density of the
target steel element was calculated using Equation 1, where the sum of the adjacent steel elements was divided by the
surface area of the individual element. This provides the macrocell corrosion current density of a single steel element.
[18, 45]. The positive values of the macrocell corrosion current density are anodic macrocells, whereas the negative
values of the macrocell are the cathodic macrocell corrosion current density.

ai_ Aj—1,i +Aiv1,i 1)
=Rl

where s;is the surface area of the steel element-i (cm?), A;_, ; is the macrocell corrosion current for the adjacent steel
elements fromi — 1 to i (u4), and a; is the macrocell corrosion current density of the steel element, i (ud/cm?).

AL Aisti

Zero-Resistance - —

ammeter —»

Rebar element

i

i+1
Mortar

Figure 3. Schematic setup of macrocell current density measurement.

2.2.1.2. Electrical Resistivity

The capacity of a material to withstand electrical circulation is called resistivity [47]. The lead wires were
disconnected after the macrocell corrosion current-density test was performed. The lead wires of steel element no. 02
(Figure 2(c)) were connected to the terminal of the ohm meter, those of steel element No. 05 were connected to another
terminal, and the surface resistivity was measured in kQ, as shown in Figure 4.
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Figure 4. Experimental setup for measurement of electrical resistance of specimen

2.2.1.3. Microcell Corrosion Current Density

A three-electrode system was used to measure the polarization resistance of the steel surface. For each individual
steel element embedded in the mortar, as shown in Figure 2(c), as the working electrode, lead wires were connected to
the potentiostat of the computer-controlled corrosion monitor. The target steel element was surrounded by a stainless-
steel plate surrounded by wet tissue or gel that served as a counter electrode, and Ag/AgCl served as the reference
electrode [45, 47-52]. The polarization resistance of each element was determined using the AC impedance method with
a frequency-response analyzer (FRA). The current flowing through the individual steel elements was the microcell
current density. The experimental setup is shown in Figure 5. The alternating voltage range was 50 mV with a
frequency range of 5 kHz to 5 mHz. The polarization resistance (R,;) for steel element i was obtained as the difference
between the total resistance (R;) and the mortar resistance (R;) calculated from the Nyquist and Bode diagrams. The
polarization resistance was converted by using Equation 2 [47] into microcell corrosion current density.

b, = —~

P =
Rpixsi

@

where R,; is the polarization resistance (Q.cm?), the value of K is constant (0.0209 V), as proposed by Tsuru
etal. (1979) [53], b; is the steel element, and i (nA/cm?) is the microcell corrosion current density.

Reference electrode -
(Ag/AgCI) Potentiostat - FRA
Wet tissue Counter electrode plate

Lead wires connected
with steel elements

Rebar element ‘

Mortar

Figure 5. Schematic setup of measurement of polarization resistance

2.2.1.4. Maximum Total Corrosion Current Density

The total corrosion current density of a single steel element is the sum of the anodic macrocell current
of a single element measured in Section 2.2.1.1 and the microcell current for the same element calculated
from the polarization resistance in Section 2.2.1.3. [17, 18].

2.2.1.5. Potentiodynamic Polarization Curves (PPCs)

The susceptibility of different iron alloys to localized corrosion in a chlorine atmosphere was assessed using the
ASTM standard G61-86. A computer-controlled potentiostat with a three-electrode system was used to plot anodic and
cathodic polarization curves. Ag/AgCl was used as the reference electrode, as shown in Figure 6 [54]. A potential as
applied at a rate of 1 mV/s to the rebar element, and the flowing current was measured. Anodic and cathodic polarization
curves were plotted for steel element No. 5 of the coated and uncoated specimens to measure and evaluate the
performance of the specimens coated and the uncoated specimen.
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Figure 6. Schematic setup of the polarization curve measurement

2.2.2. Penetration Depth Measurement
2.2.2.1. Silane-based Penetrant

In the case of silane-based penetrant, the specimens were cured for 27 days at a relative humidity (RH) of 95% and
20 £ 2°C. The penetration depth was measured in accordance with JSCE 2005 [55] and applied in accordance with JSCE-
K 571. The specimens were gently broken into two pieces and water was sprayed on the split planes. For each specimen,
at three locations on both sides of the circular specimens, the depth of the silane-based penetrant was measured from the
portion that repelled water, as shown in Figure 7. The average depth of the three points of each specimen and the average
of the three specimens were considered in this study [27]. The penetration depth at the locations of the lead wires was
greater owing to the passage provided by the lead wires; however, it was not considered in the measurement. The average
penetration depth of the silane-based penetrant was 2.76 mm. This confirmed the modification of the substrate surface,
as shown in Figure 7.

Hydrophobic
layer

Figure 7. Water-repellent layer due to application of silane penetrant

2.2.2.2. Silicate-based Penetrant

The silicate-based penetrant reacts to form a dense C-S-H gel, which enhances the hardness of the reformed part. In
this study, the Vickers hardness (HV) was used to distinguish between the reformed and non-reformed depths of the
specimen. Kondo et al. (2023) used the HV test as an index to quantitatively evaluate the reformed and non-reformed
parts owing to the application of silicate-based surface penetrants [56].

The HV test was used to measure the hardness of the reformed and non-reformed parts in accordance with JIS Z
2244 [57] using the apparatus shown in Figure 8(a). A 10—-15 mm specimen was extracted from the specimen coated
with a silicate-based penetrant. The specimens were then subjected to a force of 0.098 N for a retention period of 10
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s. Thirty readings were taken randomly at 1 mm intervals from the surface along the depth of the specimen up to 10
mm. At each millimeter, an average of 10 similar readings was recorded to obtain one point on the graph of HV
versus depth from the surface (mm) [58]. By evaluating the results of the HV test, the penetration depth of the silicate-
based surface penetrant was found to be 4 mm when the hardness of the reformed depth changed, as shown in Figure
8(b).

Reformed area | Non-reformed area

50 -
with penetranting :
S 40 A
I .
g Reforming
S 30 - index
T 00 | ¥ e e e g e e e -
-
[
i 20 +—Standard hardness without penetrating
R,
K=
> 10 A
0 T — — — — ]
1 2 3 4 5 6 7 8 9 10
Depth from surface (mm)
Figure 8 (a). Vicker’s Hardness Test apparatus Figure 8 (b). Vickers hardness distribution for specimen

coated with silicate-based surface penetrant

3. Experimental Results and Discussions

The influence of the penetrants on the corrosion onset in the chloride environment with a partial short cover depth
was investigated using macrocell, microcell, total corrosion current densities, and polarization curves. Three (03)
specimens of each penetrant (Section 2.1.2) and three (03) uncoated mortar specimens were tested 28 days before coating
and 28 days after coating.

3.1. Electrochemical Measurements
3.1.1. Total Corrosion Current Density and Corrosion Rate (Vcorr)

Figures 9(a) and 9(b) show the variation in the macrocell current density, microcell current density, and total
corrosion current density along the length of the bar for a range of 0-200 mm for representative samples after the
application of penetrants. The corrosion current densities of steel elements 3, 4, and 5 were greater than those of elements
1, 2, and 3, respectively, because of the partially short covers. The full and partial cover thickness with the same chloride
ions were compared in a previous study by the author, which revealed an increase in the corrosion current density of
more than 50% owing to the partial cover thickness [4]. The macrocell and microcell corrosion current densities
calculated from the polarization resistance were evaluated to find the average total corrosion current density of three
(03) specimens of each silane and silicate-based penetrants and uncoated specimens at 28 days before coating and again
at 28 days after coating, as shown in Figure 10.

The average of the total corrosion current densities 28 days before coating for the uncoated specimens of the steel
elements with the highest total corrosion current densities was averaged. The average total corrosion current densities
for both the silane and silicate-based penetrant after coating were less than the limit referred to as a low corrosion
level [59]. After coating the specimens with silane and silicate-based penetrants, the uncoated and coated specimens
were tested again for macrocell and microcell corrosion current densities. Owing to coating of the specimens, after
28 days, the total corrosion current density of the specimens coated with silane-based penetrant reduced from 0.19
to 0.04 uA/cm? and for silicate-based penetrant from 0.19 to 0.09 uA/cm?. However, in the case of uncoated
specimens, the average total corrosion current density was 0.19 pA/cm?, that is, nearly equal to that measured at the
age of 28 days before coating. Shen et al. (2019) used silane as a corrosion inhibitor to decrease the corrosion current
density against chloride attack and improved the resistivity of concrete [60]. This result is consistent with that of a
previous study.
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Vcorr represents the volumetric loss of metal per unit area and time, and lcorr represents the corrosion current density
[59]. The average values of the total corrosion current densities of the three specimens were substituted into the following
equation to obtain the corrosion rate Vcorr (Mm/y) for both the coated and uncoated samples:

corrosion current density weight of 1 mol of iron

Corrosion rate V., (?) = X period ®)

Faraday constant density of iron X2

__1(A/cm?) 55.85(g/mol)
" 96500(C)  7.86(g/cm3) x 2

%X 10 X 60(sec) x 60(min) x 24(hour) x 365(day)

A comparison of the average corrosion rates Ve (MmM/y) at 28 days before coating and 28 days after coating is
shown in Figure 11. The values for the coated specimens with both penetrants were in the limit of “no corrosion” as per
Rilem recommendations of 2004 [59]. However, for the uncoated specimen, the corrosion rate was relatively high at
low-to-moderate corrosion rates. This confirms the influence of both the silicate and silane-based penetrants on the
partial cover thickness specimen.

3.1.2. Electric Resistivity

The surface resistivities of uncoated and coated samples were also measured. A comparison of the average electrical
resistivity of the three specimens coated with silane and silicate-based penetrants and the uncoated ones is shown in
Figure 12. The surface resistivity of the silane-based penetrant was the highest among all the specimens, followed by
the silicate-based and uncoated samples. Thus, the performance of the silane-based penetrant is better for resisting the
formation of corrosion cells between the anode and cathode, and hence, exhibits a low corrosion rate. Electrical
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resistivity is an important factor governing the corrosion process; the higher resistivity of the silane-based penetrant
indicates its high resistance to corrosion cell formation [61]. This can also be confirmed from the results of the average
corrosion rate Veorr in Figure 11, where the corrosion rate of the coated specimen was the lowest among the uncoated
and silicate-coated specimens.
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Figure 11. Average corrosion rate Vcorr (Mm/y) for the coated and uncoated specimens at the

age of 28 days
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Figure 12. Comparison of average electrical resistivity of 03 specimens for each coated
and uncoated specimen.

3.1.3. Polarization Curves

The anodic polarization curves describe the deteriorated status of the passive film owing to the presence of chloride
ions [62, 63], whereas the cathodic polarization curves determine the supply of oxygen, temperature, and aging of the
passive film [64] in the substrate and the initiation of the cathodic reaction [17]. Figures 13 and 14 show a comparison
of the anodic and cathodic polarization curves for the specimens coated with silane and silicate, and the uncoated
specimens. The cathodic polarization curves of the silane penetrants confirmed its water repellent property. The anodic
and cathodic polarization curves followed the order silane < silicate < uncoated. At every potential, the current density
increased in the order: uncoated > silicate > silane. The increase in the current density indicated a higher corrosion rate.
Moreover, the tendency of the anodic and cathodic polarization curves for the uncoated sample towards the right side
indicated rapid corrosion initiation. However, the curves of the coated specimens towards the left exhibited a low
corrosion rate and delayed anodic reaction.
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Figure 13. Anodic Polarization curve for the specimens coated with  Figure 14. Cathodic Polarization curve for the specimens coated
silane and silicate-based penetrants and uncoated specimens with silane and silicate-based penetrant and uncoated specimens

4. Calculated Results and Discussions
4.1. Equivalent Cover Depth Method

The diffusion of chloride ions into the surface treated with penetrants was evaluated considering two approaches [58,
77]: (a) two-layer model and (b) equivalent cover approach. In this study, an equivalent cover approach was used to
evaluate the penetration of chloride ions into the substrate surface. Figure 15 shows a pictorial representation of the
equivalent cover approach. The dotted line represents the chloride ion penetration for the mortar surface without
treatment (non-reformed part), while the solid curve shows the chloride ion diffusion after the application of the surface
penetrants. The equivalent cover depth can be calculated using the following Equation [8]:

¢ =C x‘/D_C 4
L S \/D_S
where C; is the equivalent cover depth (mm), C, is the penetration depth (reformed part) (mm), D,

is the apparent diffusion coefficient of the reformed part (cm?/year), and D, is the coefficient of diffusion of the non-
reformed part (cm?/year).
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Figure 15. Chloride penetration into a mortar surface with and without application of surface penetrants

A diffusion cell test was performed on specimens coated with the same silane-based surface penetrant at a W/C ratio
of 0.50, and the values of the effective diffusion coefficient were obtained from our laboratory [65, 66]. The effective
diffusion coefficients were converted to apparent diffusion coefficients using JSCE 2012 [11]. The apparent diffusion
coefficient of the silane-based surface penetrant was 0.013 (cm?/year). Studies have found that, in concrete
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impregnated with higher concentration of silane (up to 70%), the apparent diffusion coefficient calculated for the coated
specimens was reduced by more than 70% and up to 40% in case of the surface chloride ion content [67]. A study [57]
used 12 levels of trial calculations to evaluate the diffusion coefficient for the silicate-based penetrant used in this study,
and they concluded that the apparent diffusion coefficient for sodium silicate was 0.56 (cm?/year) for W/C ratio of
50%. The apparent diffusion coefficient of non-reformed part was calculated to be 0.50 (cm?/year) by using the
equation recommended by JSCE 2017 for a W/C of 50% [11]. To calculate the equivalent cover depth for each penetrant,
the above values of the diffusion coefficients and penetration depths from Section 2.2.2 were substituted into Equation
4. Consequently, the equivalent cover depth of the silane-based surface penetrant was 17.12 mm, whereas that of the
silicate was 3.78 mm.

4.2. Service Life Extension Due to Penetrants
4.2.1. Calculation of Converted Cover Depths

In this Section, based on the equivalent cover approach, the service life extension owing to the application of silane
and silicate penetrants can be determined. This section presents a structure with W/C of 0.50 and 50 and 70 mm
(standard) concrete cover thicknesses at 100 and 250 m from the coastline as a representative case study. The corrosion
onset time immediately after construction was calculated for both surface penetrants by using Fick’s 2™ law of diffusion.
Two standard cover depths of 70 and 50 mm at a distance of 100 and 250 m from the sea coast, respectively, were
assumed. In both cases, the corrosion initiation time was calculated for every 5 mm decrease in cover depth. After
application of the surface penetrants to the substrate, an impervious layer that helps to prevent penetration of chloride
ions and water was formed. As there is difference in diffusion coefficients of penetrants and substrate, this modified part
was converted into equivalent cover depth. The converted cover depths for each surface penetrant and short cover are
listed in Table 3 based on the equivalent cover depths calculated in Section 4.1. Fick’s law of diffusion is expressed as:

Ceet)=Co(1—erf NLD_t) (5)

where C(x, t) is the chloride ion concentration at depth x (cm) and time t (years) (kg/m?), C, is the surface chloride ion
content (kg/m®), D is the apparent diffusion coefficient (cm?/year), and erf is the error function.

Table 3. Calculated value of equivalent cover depth after application of penetrants

Distance from Cover depth non reformed Reformed part by Silane-based Reformed part by Silicate-based
coast(m) part(mm) surface penetrant (mm) surface penetrant (mm)

70 -

100 60 60+17.12=77.12 60+3.78=63.78
50 50+17.12=67.12 50+3.78=53.78
50 -

250 40 40+17.12 =57.12 40+3.78 = 43.78
30 30+17.12 = 47.12 30+3.78 = 33.78

A threshold value of Ciim= 1.9 kg/m?® [8] was used for the total chloride ion concentration around the steel bar. The
time (years) required to reach this threshold value was calculated considering the reformed depth identified in Figure
15. The apparent diffusion coefficient of 0.50 cm?/year was substituted in Equation 5. The values of the surface chloride
ions were 3 and 4.5 kg/m? for structures 250 and 100 m from the coastline, respectively [60].

4.2.2. Corrosion Onset Time for a Structure at 100 m and 250 m from the Coastline

Figure 16 shows the trial calculation results for the uncoated cover depths of 70, 65, 60, 55, and 50 mm with a
decrease of 5 mm [1-3] in cover thickness and converted depths at a distance of 100 m from the coastline using the
equivalent cover approach described in Section 4.1. The threshold of the chloride content reached 1.9 kg/m? for a 70
mm cover depth in the 76" year, 66™ year for 65 mm, 56" year for 60 mm, 47 year for 55 mm, and 39" year for 50 mm
using Equation 5 for uncoated structures under the non-corrosion performance requirement. The average decrease in
corrosion initiation time was calculated to be 10 years for a 5 mm decrease in cover depth.

The application of a silane-based penetrant extended the corrosion onset time from the 66" to 104" year for 65 mm,
56™ to 92" year for 60 mm, 47™ to 80™ year for 55 mm, and 39" to 70" year for a 50 mm cover depth. However, the
silicate-based penetrant extended the corrosion onset time from the 66" to 73" year for 65 mm, 56" to 63 year for 60
mm, 47" to 54™ year for 55 mm, and 39" to 45" year for a 50 mm cover depth.

For a 5 mm decrease in cover depth from the original 70 to 65 mm, the application of a silicate-based penetrant
increased the corrosion initiation time to 73 years (almost equal to 76 years). The silane-based penetrant was effective
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even for a short cover depth of 50 mm and could increase the corrosion initiation period up to 70 years, which is
equivalent to the actual corrosion initiation period of 76 years. Hence, a silicate-based penetrant can only be used for a
structure at a 100 m coastline with a 5 mm deficient cover from the original cover depth, whereas a silane-based penetrant
can be used even for treating a deficient cover depth up to 20 mm from the original cover depths at 100 m from the
coastline.

140 - 140 -
m Uncoated mUncoated
120 W Silane Type 120 - M Silane type
m Silicate type — B Silicate type
§ 100 - E 100 -
z z
(5]
E 80 £ 80 -
g g
s s
= -
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Cover depth (mm) Cover depth (mm)

Figure 16. Trial calculations results for a structure located at ~ Figure 17. Trial calculations results for a structure located at
100 m from the coastline 250 m from the coastline

Figure 17 shows the trial calculation results for the uncoated cover depths of 50, 45, 40, 35, and 30 mm with a
decrease of 5 mm cover depth, and the converted depths for each corresponding converted depth at a distance of 250 m
from the coastline using the equivalent cover approach described in Section 4.1. The threshold of the chloride content
reached 1.9 kg/m?® for a 50 mm cover depth in the 110" year, 88" year for 45 mm, 70™ year for 40 mm, 54" year for 35
mm, and 39" year for 30 mm using equation 5 for uncoated structures under non-corrosion performance requirements.
The average decrease in the corrosion initiation time was calculated 15-22 years for a 5 mm decrease in cover depth.

The application of a silane-based penetrant extended the corrosion onset time for 45, 40, and 35 mm cover depths to
more than the original corrosion onset time for a 50 mm cover depth without coating. Even in the case of a 30 mm short
cover depth, the corrosion onset time was calculated to be almost equal to that of the design period of bridges in Japan.
The silane penetrants for higher W/C ratio of 0.50 and 0.65 can be applied to new structures at an earlier age to obtain
much more water-repellent effect [27]; previous study confirmed the application of silane-based penetrant to new
structures. The silane-based penetrant was applied to existing structures after 10 years of service life, and the diffusion
coefficient was considered, half of the actual diffusion coefficient of the mortar. The silane penetrant performed well in
comparison with the sodium silicate-based penetrant in extending the service life of structures [65]. These results are
consistent with those of the present study. Silane/nanocomposites enhanced the barrier properties of concrete against
salt-frost scaling and physical salt attack (PSA) [68].

However, the silicate penetrant extended the corrosion onset time from the 88" to 105" year for 45 mm, 70" to 84"
year for 40 mm, 54" to 66™ year for 35 mm, and 39" to 50™ year for a 30 mm cover depth. For a decrease of 5 mm, the
silicate penetrant was effective in extending the corrosion onset time to be equivalent to the original time for a 50 mm
cover depth. The silane-based penetrant was effective even for a short cover depth of 30 mm and increased the corrosion
initiation period up to the 97" year, which is equivalent to an actual corrosion initiation period of 100 years. Hence, a
silicate-based penetrant can only be used for a structure at a 250 m coastline with a 5 mm deficient cover from the
original cover depth. Research reports that silicate-based penetrant was effective at a distance of 500 m for a cover depth
of 50 mm in prolonging the service life by 9-12 years [57], which is consistent with this study. Thus, silicate-based
penetrant was only effective for a 5 mm deficient cover than original cover of 50 mm at 250 m from the sea coast.
Whereas, silane-based penetrant can be used even for treating deficient cover depths up to 20 mm from the original
cover depths at 250 m from the coastline.
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4.2.3. Corrosion Weight Loss of Steel at 100 m and 250 m from the Coastline

Concrete cover deteriorates in four main stages: (i) corrosion onset, (ii) corrosion propagation or crack occurrence,
(iii) acceleration, and (iv) deterioration [69]. This propagation stage is relatively short compared with the corrosion
initiation stage [12-13]. Figure 18 shows the relationship between corrosion weight loss (mg/cm?) and time in years
from corrosion onset to the propagation stage for uncoated covers of 70, 60, and 50 mm for a structure 100 m from the
coastline. The results of the corrosion rate Veor (mm/y) of both penetrants from Section 3.1.1 and Figure 11 were
converted to the corrosion weight loss (mg/cm?). A threshold of 10 mg/cm? was considered in this study based on the
JSCE Maintenance Manual for the occurrence of longitudinal corrosion cracks [70, 71].

The slopes of the silane penetrant for the 60 and 50 mm cover depths show a delayed occurrence of longitudinal
corrosion cracks. This delay was attributed to the corrosion rate of 0.0005 mm/year for the specimen coated with the
silane penetrant. Unlike silane, the performance of silicate at cover depths of 60 and 50 mm at a distance of 100 m from
the coastline did not appear to be good. Figure 19 shows the effect of the silane and silicate penetrants on the corrosion
weight loss of steel embedded in concrete at a distance of 250 m from the coastline for cover depths of 40 and 30 mm.
The crack occurrence for silane at both cover depths was equal to or greater than 100 years, which is equivalent to the
design life of RC structures in Japan. Hence, it can be concluded that if the silane-based penetrant was used for treating
the short cover issue as a preventive maintenance strategy, it would be highly effective in prolonging the service life of
RC structures near the coastline at distances of 100 and 250 m with a recoating in every 20 years based on a recent study
of silane penetrant; its application to actual structures and 20 years of exposure tests for combined degradation due to
freeze thaw damage and salt damage for verifying long-term durability, has concluded that the silane penetrant is durable
and can withstand up to 20 years [72].

However, certain studies based on uncertainty analysis reported that the service life extension by the application of
silane penetrants may be shorter than assumed; therefore, early applications are recommended [73]. Petcherdchoo [74]
compared concrete cover replacement and silane treatment for a concrete cover thickness of 30 mm. Silane was applied
every 7 years, and the chloride ion content was calculated using the finite difference method; it was concluded that after
100 years, the surface treated with silane had a lower amount of chloride ions.

The effectiveness of the silicate-based penetrant could only be established at a short cover of 5 mm from the design
cover at 100 and 250 m from the coastline. Regarding the durability of the surface penetrant is concerned, Kuang et al.
[75] evaluated that surface penetrants may be applied at intervals of every 15 years to maintain structures throughout
the service life. Miyazaki & Miyazato [42] proposed a maintenance model based on recoating every 20" year of silane
penetrant and proposed recoating every 10™ year for Silicate penetrant under non-corrosion performance requirement.
When calculating the service lives of the structures in this study, the maintenance model proposed in a previous study
by the second author was considered [76].
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Figure 18. Influence of surface penetrants on corrosion onset and  Figure 19. Influence of surface penetrants on corrosion
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5. Conclusions

In this study, silane and silicate penetrants were quantitatively assessed in terms of their performance against
corrosion of steel embedded in a partial cover thickness under a chloride environment. The use of a special segmented
bar for localized corrosion is a strength. Based on the determined penetration depths and equivalent cover depths, the
corrosion onset and propagation times were calculated for structures with short cover depths at distances of 100 and 250
m from the coastline. The following conclusions were drawn:

o The total corrosion current density of specimens coated with silane decreased by 79% and silicate by 52%, thus
indicating the effect of surface penetrants on the corrosion current. The corrosion current densities of the uncoated
specimens are similar.

e The average corrosion rate, Veorr (MmM/y), of the silane-based specimen was 0.0005 mm/y, whereas that of the
silicate-based specimen was 0.001 mm/y. Both values were less than 0.001 mm/y, which corresponds to a
negligible corrosion rate.

e The electrical resistivity of the specimen coated with the silane-based penetrant was the highest among all
specimens, indicating a low corrosion rate. Similarly, for the silicate-based penetrant, the electrical resistivity was
higher than that of the uncoated specimens.

e The magnitude of the current density at every potential in the cathodic polarization curves increased in the
following order: silane < silicate < uncoated, indicating the cathodic reaction status.

o The silane penetrant was effective in treating deficient cover thicknesses up to a maximum of 20 mm from the
typical cover thicknesses of 70 and 50 mm at distances of 100 and 250 m from the coastline, respectively.

o The silicate penetrant was effective in treating the deficient cover thickness up to a maximum of 5 mm from the
typical cover thicknesses of 70 and 50 mm at a distance of 100 and 250 m from the coastline.

Based on the significant findings of this study, silane/siloxane penetrants are suitable for delaying the corrosion onset
in structures 100 and 250 m from the coastline arising from the partial thickness of the cover. However, silicate
penetrants are only applicable up to a deficient cover of 5 mm at 100 and 250 m from the coastline. Field engineers may
opt for silane and silicate penetrants based on the benefit/cost ratio and the distance of structures from the coastline. This
study was limited to mortar specimens with partial cover thicknesses as a basic study of concrete. However, based on
the findings of this study, more extensive field studies are recommended to support the use of laboratory tests.
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