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The climatic changes that are taking place in recent years have increased awareness of
the importance of environmental protection and the urgent need for industrial strategies
aimed at a sustainable development. The construction industry has always been perceived
as one of the sectors with the greatest environmental impact and therefore the cement and
concrete production has developed several strategies to limit the environmental impact
that largely derives from the binder production [1–3]. These strategies are aimed not only
at reducing the environmental impact (carbon dioxide emissions, energy consumption and
natural raw materials depletion) but also at improving the performance and durability of
building materials.

Penetration of aggressive external agents such as carbon dioxide or chlorides is mainly
responsible for the deterioration of reinforced concrete structures [4–6]. For new buildings
exposed to natural environments, the durability of concrete elements can be guaranteed
with proper mix design and construction details; when the environmental exposure is
severe (i.e., industrial environments) or in the case of existing structures with durability
deficiency, these problems could be solved by using electrochemical techniques, cathodic
protection, corrosion inhibitors and surface treatments.

This Special Issue “Corrosion in Concrete: Inhibitors and Coatings” was launched
to create new food for thought on the issue of durability of existing concrete structures
and to collect the latest findings on the protection of reinforced concrete from corrosion of
reinforcement and deterioration of cement matrix. Papers collected in this Special Issue are
perfectly consistent with the proposed topic and, embracing different facets, provide the
reader with different points of view. A brief summary is given below.

The paper by Coffetti et al. [7] reports—in an exhaustive and discriminating way—the
main coating types available on the market, outlining a handbook to help in choosing
the most suitable protective treatment as a function of the environment, the concrete
properties and the job-site characteristics. The performance of polymeric and cementitious
coatings, hydrophobic impregnations and pore blocking treatments were also analyzed in
compliance with current standards and the different optimal uses for each protective were
outlined from the comparison of the experimental results.

Jiang et al. [8] and Merachtsaki et al. [9] proposed innovative coatings for the protection
of concrete against seawater and bio-corrosion, respectively. The first paper focuses on 85
geopolymer pastes containing fly ash, ground granulated blast-furnace slag, metakaolin
and Portland cement able to ensure excellent adhesion to concrete (up to 3.4 MPa) and
ultra-high resistance in seawater. The latter deals with the development of a magnesium
hydroxide coating able to prevent the microbiologically induced corrosion of concrete
sewer pipes. The prolonged protection of the coating was confirmed by using short
and long duration accelerated sulfuric acid spraying tests and measuring the coating
consumption with scanning electron microscope analyses, X-ray diffractions and attenuated
total reflectance measurements.
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Coppola et al. [10] analyzed the behavior of a silane-based water-repellent migrant
corrosion inhibitor applied on different concretes, focusing on the influence of the concrete
composition (water-to-cement ratio, cement type, cement factor) and curing age on the
effectiveness of the corrosion inhibitor. Experimental results evidenced the effectiveness of
silane-based treatment in improving the durability of concrete exposed to chlorides both in
accelerated and natural diffusion tests by means of a water repellent effect.

Several authors have delt with the corrosion of the reinforcement bars in presence of
chlorides, treating the subject from different points of view. Jasniok et al. [11,12] investi-
gated the corrosion behavior and the bond strength of zinc-coated low-carbon reinforcing
steel in chloride contaminated concrete in comparison with black steel. Experimental
results evidenced the favorable impact of zinc coating on steel by providing two-year
protection against corrosion in environments with high chloride content. On the contrary,
it was noticed that the presence of zinc coating had a deleterious impact on the parameters
of anchorage. Zhao et al. [13] proposed to pretreat the steel fiber with zinc phosphate to
improve the resistance of fiber reinforced concrete against chlorides. It was evidenced
that the phosphating treatment of fibers allows to enhance the bond strength between
steel and concrete and improves the corrosion resistance of fibers without affecting their
surface morphology. Finally, the paper by Garcia-Contreras et al. [14] studied the effect of
impressed current cathodic protection on reinforced concrete manufactured with fly ash
as cement replacement. Results evidenced that the microstructure of cementitious matrix
strongly influenced the corrosion behavior of steel in concrete.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: One of the most important parameters concerning durability is undoubtedly represented by
cement matrix resistance to chloride diffusion in environments where reinforced concrete structures
are exposed to the corrosion risk induced by marine environment or de-icing salts. This paper deals
with protection from chloride ingress by a silane-based surface-applied corrosion inhibitor. Results
indicated that the corrosion inhibitor (CI) allows to reduce the penetration of chloride significantly
compared to untreated specimens, independently of w/c, cement type, and dosage. Reduction of
chloride diffusion coefficient (Dnssn) measured by an accelerated test in treated concrete was in the
range 30–60%. Natural chloride diffusion test values indicate a sharp decrease in apparent diffusion
coefficient (Dapp) equal to about 75% when concrete is protected by CI. Mechanism of action of CI in
slowing down the chloride penetration inside the cement matrix is basically due to the water repellent
effect as confirmed by data of concrete bulk electrical resistivity.

Keywords: durability of concrete; chloride penetration; rebar corrosion; corrosion inhibitor;
silane-based surface treatment

1. Introduction

Concrete alkalinity promotes the formation of a passive protective oxide layer able to prevent
corrosion of steel rebars and guarantees an adequate service life of reinforced concrete structures [1].
However, de-passivation of reinforcements can take place for many reasons, among which the most
widespread is when chlorides reach a critical concentration at the interface cement matrix/steel bar.
Chlorides can penetrate inside the cement matrix from external sources by capillary suction or by
diffusion, for example, from contact or proximity to sea water or in a structure where de-icing salts are
used, but can also be added incorrectly into the concrete through contaminated aggregates, admixtures,
or water [2,3]. It is well known that the chloride-induced corrosion is one of the most dangerous
and common phenomena for reinforced concrete structures in the marine environment or exposed
to de-icing salts [4]. In a perspective of sustainability in the construction sector and to prevent
premature structural failures due to chloride-induced corrosion, it is important to investigate possible
strategies to counteract this degradation phenomenon [5,6]. Before dealing with these preventive
methods, it is important to underline how the correct choice of concrete cover and mixture composition
plays an important role in hindering the diffusion process of chlorides inside the cement matrix [7,8].
In agreement with the diagram of Tuuti [9], one of the main goals consists in slowing down the
chloride diffusion inside the matrix in order to delay the onset of the corrosion process. Several
alternative strategies have been proposed for increasing the durability of reinforced concrete structures

Materials 2020, 13, 2001; doi:10.3390/ma13082001 www.mdpi.com/journal/materials3
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exposed to chloride-rich environments such as coatings [10,11], cathodic protection [12,13], chloride
extraction [14], and use of corrosion inhibitors [15–19]. Among these, the use of corrosion inhibitors (CI)
is one of the most effective and cheaper ways to prevent the chloride-induced corrosion of reinforced
concrete structures.

Two different types of corrosion inhibitors are available on the market: the admixed inhibitors,
added to fresh concrete, and migrating corrosion inhibitors—also called penetrating inhibitors or
surface-applied corrosion inhibitors—applied on the hardened concrete surface [20]. In particular,
the latter seems to be an interesting solution for existing concrete structures exposed to chlorides
such as infrastructures, bridges, marine structures, seawater pipelines, and chemical industries [21].
Many investigations have been conducted on surface-applied corrosion inhibitors. Soylev et al.
evidenced the effectiveness of amino alcohol-based surface-applied corrosion inhibitors due to a
pore-blocking effect as demonstrated by the resistivity measurements of concrete [22]. However, the
inhibitors seem to block the pores on the surface of concrete rather than the bulk concrete similarly to a
waterproofing treatment [23]. Holloway et al. found that the corrosion inhibitor was still present in
the concrete cover at 5 years from application [24]. Research by Fedrizzi et al. demonstrated that the
simultaneous use of the alkanolamine-based inhibitor with a good barrier coating offers protection
against chloride-induced rebar corrosion [25]. Finally, the efficiency of a surface-applied corrosion
inhibitor based on alkylaminoalcohol was highlighted by Morris and Vazquez, especially when it
was applied on low-quality concretes manufactured with raw materials contaminated with chloride
ions [26].

The purpose of this paper is to evaluate the performances of a silane-based corrosion inhibitor
applied on the surface of concrete element in order to slow down chloride diffusion in cement matrix
and, consequently, to delay the onset of the corrosion process. The experimental program was
carried out both in the form of accelerated and natural diffusion tests in different concrete mixtures
manufactured in order to evaluate—other than the efficiency of CI treatment—the influence of w/c,
cement type, and cement factor on the penetration mechanism. For each concrete, the chloride diffusion
coefficient (Dnssm also called DRCM) was calculated to quantify the reduction in the penetration of
chloride into the cement matrix in accordance with Spiesz and Brouwers [27] and Li et al. [28].

2. Materials and Methods

Seven different types of concrete have been manufactured (Table 1). Water/cement ratio and
cement factor were selected in order to meet requirements for the exposure classes XD and XS according
to EN 206 [29]. The denomination of the different concretes was made taking into consideration the
different variables analysed: type of cement (natural pozzolanic cement: CEM IV/A-P 42.5R, limestone
Portland cement: CEM II/A-L 42.5R, and blast furnace cement: CEM III/A 42.5R—Table 2), w/c ratio
(0.55, 0.50, and 0.45) and cement factor (320, 340, and 360 kg/m3). Finally, natural siliceous sand and
gravel (three different gradings) with a maximum size equal to 22 mm were combined in order to meet
the Bolomey curve (Figure 1).

Table 1. Composition of the concretes.

Concrete
CEM IV/A-P

42.5 R [kg/m3]
CEM II/A-LL
42.5 R [kg/m3]

CEM III/A 42.5
R [kg/m3]

Aggregates
[kg/m3]

Water
[kg/m3]

w/c

IV-0.55-320 320 1880 176 0.55
IV-0.50-340 340 1875 170 0.50
II-0.50-340 340 1885 170 0.50
III-0.50-340 340 1875 170 0.50
IV-0.50-320 320 1915 160 0.50
IV-0.50-360 360 1830 180 0.50
IV-0.45-360 360 1885 162 0.45
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Table 2. Main properties of cements.

Properties CEM IV/A-P 42.5 R CEM II/A-LL 42.5 R CEM III/A 42.5 R

Specific mass [kg/dm3] 3.01 3.10 3.05
Specific surface [m2/kg] 480 400 400

Setting time [min] >130 >130 >60
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Figure 1. Grading curves of the aggregates (left). Bolomey and combined aggregate curves (right).

At the end of the mixing procedure, workability was measured by flow table according to EN
12350-5 [30]. In addition, specific mass and entrapped air were evaluated on fresh concretes according
to EN 12350-6 [31] and EN 12350-7 [32] standards, respectively. For each concrete mixture, 30 cubic
specimens (150× 150 mm) and 32 cylindric specimens (d= 100 mm and h= 200 mm) were manufactured.
Concrete samples were removed from the steel molds after 24 h and subsequently cured according to
the scheme in Table 3. Compressive strength on hardened concrete was also determined at different
ages (EN 12390-3 [33]).

Table 3. Specimens, curing procedure, and preparation.

Test Curing and Preparation Specimen Format Note

Compressive
strength

Curing at 20 ◦C and R.H. > 95%
until the deadline

Cube
150 mm

1–7–28–70–100–130–210
days; 2 samples for each age

Accelerated
chloride diffusion

test
-

Bulk electrical
resistivity test

Curing at 20 ◦C and R.H. > 95%
for 7 days; Preparation of
specimens by sawing and

grinding; Drying in oven at 60 ◦C;
Application of the CI; Water

saturation for 24 h of samples for
7-day tests; Soaking the specimen

in water for 28-day tests

Cylinder
d: 100 mm
h: 50 mm

-
d: 100 mm
h: 100 mm

7–28 days;
8 samples for each age

(4 treated and 4 untreated)

Natural chloride
diffusion test

Curing at 20 ◦C and R.H. > 95%
for 14 days; Curing at 20 ◦C and

R.H. 60% for 28 days; Application
of the CI; Immersion of specimens

in a 3 wt.% NaCl solution until
the deadline

Cube
150 mm

1–2–3–6 months of
immersion;

4 samples for each age
(2 treated and 2 untreated)

For the estimation of chloride penetration into concrete, accelerated migration tests, natural
diffusion tests, and bulk electrical resistivity measurements were carried out on concrete with and
without silane-based surface treatment as detailed in the following paragraphs. In particular, after a
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proper curing time (Table 3), half of the specimens were subjected to a silane-based surface-applied
corrosion inhibitor while the others were used as an untreated reference. The properties of the corrosion
inhibitor and application procedure are reported in Table 4.

Table 4. Properties of the corrosion inhibitor and application procedure.

Properties Value

Color Straw yellow
Viscosity [mPa·s] 0.95 ± 0.05
Dry residue [%] 7 ± 0.3

pH 6.5 ± 0.2
Density [kg/dm3] 0.88 ± 0.05

Average consumption [L/m2] 0.25 for each coat
Number of coats 4

Time between coats 15 min
Application method Brush

2.1. Accelerated Chloride Migration Tests

Accelerated chloride migration tests were carried out according to NT BUILD 492 [34]. A cylindrical
water-saturated concrete specimen (100 mm diameter and 50 mm height) was placed between two
cells, one of them filled with 0.30 N NaOH solution and the other with a 10 wt.% NaCl solution. A
30 V DC potential was applied across the sample and the initial current was evaluated. Based on
the measured initial current, the test voltage and the test duration were selected according to the NT
BUILD 492. A data logger (Germann Instruments Ltd., Copenhaghen, Denmark) was used to record
the electrical current, the temperature, and the electrical permeability during the test. Finally, the
penetration depth of chlorides was determined by means of a 0.1 M silver nitrate solution [35,36] and
the chloride diffusion coefficient (Dnssm) was calculated by the following equation [27]:

Dnssm =
RT
zFE

× xd − α
√

xd

t
(1)

with
E =

U − 2
L

, (2)

α = 2

√
RT
zFE

erf−1
(
1 − 2cd

c0

)
(3)

where z is the absolute value of ion valence, F is the Faraday constant, U is the absolute value of the
applied voltage, R is the gas constant, T is the average value of the initial and final temperatures in the
anolyte solution, L is the thickness of the specimen, Xd is the average value of the penetration depths, t
is the test duration, erf−1 is the inverse of error function, Cd is the chloride concentration at which the
color changes, and C0 is the chloride concentration in the catholyte solution.

2.2. Natural Chloride Diffusion Tests

For the natural chloride diffusion test, 150 mm cubic specimens were stored in a 3 wt.%
NaCl solution at 20 ◦C for six months. The solution was replaced monthly and, at fixed intervals
(1–2–3–6 months), the samples were split into two halves by means of a compression testing machine
(Controls Spa, Liscate (MI), Italy) and the penetration of chlorides was measured using the previously
described colorimetric method based on silver nitrate [35,36].

2.3. Bulk Electrical Resistivity Tests

The standard method reported in ASTM C1760 was used to evaluate the bulk electrical resistivity
of concrete with and without corrosion inhibitor. The water-saturated concrete sample (100 mm

6
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diameter and 100 mm height) was positioned between the test cells used for accelerated chloride
migration test containing 3 wt.% NaCl solution and an electrical potential of 60 V DC was applied
across the specimen. The bulk electrical resistivity was calculated using the following equation:

ρ =
V
I
× πd2

4L
(4)

where ρ is the electrical resistivity in kΩ·cm, V is the applied voltage (60 V), I is the current in A, d is
the specimen diameter (100 mm), and L is the specimen length (100 mm).

3. Results and Discussion

3.1. Fresh Properties

In Table 5, the fresh properties of concretes are listed. No substantial differences between the
different mixtures in terms of workability, air content, and specific mass at fresh state were noticed. All
concretes evidenced workability class F4 according to EN 206 [29] and the air content reflects the one
expected for concrete manufactured with aggregate having maximum size equal to 22 mm. Finally, the
specific mass at fresh state is similar for all concretes investigated.

Table 5. Properties of concretes at fresh state.

Concrete Workability [mm] Air Content [%] Specific Mass [kg/m3]

IV-0.55-320 550 1.6 2375
IV-0.50-340 520 1.7 2380
II-0.50-340 530 1.8 2395
III-0.50-340 540 1.9 2385
IV-0.50-320 530 1.9 2395
IV-0.50-360 530 1.8 2375
IV-0.45-360 510 1.6 2405

3.2. Elasto-Mechanical Properties

Table 6 shows results of compressive strength at different ages; as expected, the lower the w/c, the
higher the compressive strength values.

Table 6. Cubic compressive strength (fc) results.

Concrete
w/c

Ratio

Cubic Compressive Strength: fc [MPa]
1 d 7 d 28 d 70 d 100 d 130 d 210 d 210 d-fc/28 d-fc

IV-0.55-320 0.55 11.1 23.1 32.0 36.6 39.4 39.9 41.2 129%
IV-0.50-340 0.50 13.5 28.4 35.8 40.8 42.5 43.5 46.4 130%
II-0.50-340 0.50 16.7 28.8 36.8 39.8 41.4 43.1 43.4 118%
III-0.50-340 0.50 13.5 25.3 32.3 38.1 40.9 41.9 42.9 133%
IV-0.50-320 0.50 13.8 29.0 35.8 39.7 43.0 43.3 45.0 126%
IV-0.50-360 0.50 17.5 31.3 36.8 40.5 43.7 45.0 46.9 127%
IV-0.45-360 0.45 17.8 32.8 41.8 45.8 48.8 50.0 53.1 127%

Compressive strength at 210 days is 26–30% higher than the corresponding value achieved at
28 days for concretes manufactured with pozzolanic (IV) and blastfurnace (III) cements. The 210-day
strength value of limestone Portland cement concrete (II), on the contrary, is only 18% higher than the
28-day compressive strength. Data confirm that when a pozzolanic or blastfurnace cement is used,
a higher increase of compressive strength with time is achieved as a consequence of the pozzolanic
reaction [37].
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3.3. Bulk Electrical Resistivity Tests Results

The average bulk electrical resistivity of water-saturated concretes is reported in Table 7. As shown,
all values related to untreated concretes are in the range of 5–8 kΩ·cm after 7 days and 8–14 kΩ·cm after
28 days, in accordance with Layssi et al. [38] and Neville [37]. Small differences are detected by varying
the cement factor at equal w/c; on the contrary, the electrical resistivity increase when low w/c was
adopted and it decreases when limestone Portland cement (II) was used instead of pozzolanic cement
(IV) or blastfurnace (III) cement due to the denser structure promoted by the pozzolanic reaction of
slag and natural pozzolan [39]. The use of a surface-applied corrosion inhibitor on concrete determines
a strong increase in electrical resistivity, both at 7 and 28 days. However, the increasing in electrical
resistivity is higher at 7 days (about +85%–+145%) respect to that at 28 days (about +40%–+65%).

Table 7. Bulk electrical resistivity tests results.

Concrete
Bulk Electrical Resistivity at 7 d [kΩ·cm] Bulk Electrical Resistivity at 28 d [kΩ·cm]

Untreated Treated Untreated Treated

IV-0.55-320 5.6 11.3 9.2 15.0
IV-0.50-340 6.9 15.4 10.5 16.6
II-0.50-340 5.0 9.5 7.7 12.0
III-0.50-340 7.6 13.3 13.8 19.8
IV-0.50-320 6.2 15.2 12.8 18.6
IV-0.50-360 7.2 17.2 12.9 18.3
IV-0.45-360 7.9 17.1 12.0 18.5

Figure 2 shows the bulk electrical resistivity of both treated and untreated specimens as a
function of compressive strength of concrete. Figure 3 clearly confirms a significant increase in the
electrical resistivity as a consequence of the surface treatment by CI and it seems to indicate that the
surface-applied corrosion inhibitors acts as a water repellent protection.
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Figure 2. Correlation between electrical resistivity and compressive strength for treated and
untreated concrete.

Data highlight the positive role of w/c since the electrical resistivity increases with concrete
compressive strength independently of whether the specimen is treated or not, confirming results
available in literature [40–42]. Moreover, the slope of the trend line for treated specimens is higher than
that of untreated concrete. Assuming the strong direct relationship between the electrical resistivity
and chloride diffusion reported in several papers [43–45], data reported in Figure 3 indicate that the
corrosion inhibitor is more effective in slowing down chloride diffusion in concretes having high
mechanical performances.
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Figure 3. Chloride diffusion coefficient (Dnssn) vs. w/c ratio at 7 days (left) and 28 days (right).

3.4. Accelerated Chloride Migration Tests Results

The chloride diffusion coefficient (Dnssn) resulting from the accelerated diffusion test basically
depends on the depth of chloride penetration in concrete (Table 8). As expected, the concretes
manufactured with pozzolanic cement (IV) or blastfurnace cement (III) show a lower chloride diffusion
coefficient with respect to limestone Portland cement-based mixtures (II). In particular, the Dnssm is
in the range of 14–22 × 10−12 m2/s at 7 days and 6–16 × 10−12 m2/s at 28 days for III and IV samples,
while II specimens reach values close to 28 × 10−12 m2/s and 21 × 10−12 m2/s, respectively. Protecting
the concrete surface by the CI treatment determines a significant reduction of chloride penetration,
independently of the age of concrete (7 or 28 days) when the accelerated diffusion test is carried out.
The reduction of Dnssm is close to 30–40% if measured on samples water cured for 7 days and it slightly
decreases at 21–39% when concrete is cured 28 days.

Table 8. Values of chloride diffusion coefficient of concretes.

Concrete

Dnssm [×10−12 m2/s]
Untreated Specimens Treated Specimens Reduction [%]

7 d 28 d 7 d 28 d 7 d 28 d

IV-0.55-320 22.5 16.1 16.4 12.9 27.1 21.3
IV-0.50-340 21.9 13.7 12.9 8.9 41.1 35.1
II-0.50-340 28.1 20.8 19.5 14.0 30.8 32.7
III-0.50-340 14.0 7.6 9.6 5.7 31.4 25.0
IV-0.50-320 21.6 13.1 13.2 9.8 38.9 25.2
IV-0.50-360 18.7 12.6 12.7 9.2 32.1 27.0
IV-0.45-360 17.0 6.7 10.1 4.0 40.6 39.4

Figure 3 reports the chloride diffusion coefficient (Dnssn) of pozzolanic cement-based concretes
(IV) as a function of w/c ratio. Data are in good agreement with electrical resistivity results confirming
the effectiveness of CI treatment in preventing chloride ingress inside the matrix. Moreover, according
to electrical resistivity data, the efficiency of the CI treatment seems to be higher than the lower the w/c.

Figure 4 presents the chloride diffusion coefficient (Dnssn) vs. cement factor for concrete
manufactured with CEM IV/A-P 42.5 R at the same w/c (0.50). Results confirm the positive role
of the CI treatment, independently of the cement dosage. Similar to the bulk electrical resistivity, the
chloride diffusion coefficient is not strongly influenced by the cement factor. Experimental results are
in agreement with Bertolini et al. [46], affirming the binder content of the cement-based mixtures does
not entail significant differences in terms of resistance to the penetration of chlorides.
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Figure 4. Chloride diffusion coefficient (Dnssn) vs. cement dosage at 7 days (left) and 28 days (right).

Figure 5 shows chloride diffusion coefficient (Dnssn) vs. cement type for concrete manufactured
with the same w/c (0.50). Data confirm the efficiency of CI treatment independently of the cement
type. Results also indicate the positive role of pozzolanic and blastfurnace cement in reducing the
chloride penetration inside the matrix as a consequence of the binding capacity of pozzolanic reaction
products [47–49].
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Figure 5. Chloride diffusion coefficient (Dnssn) vs. cement type for concrete manufactured with the
same w/c (0.50) at 7 days (left) and 28 days (right).

On the basis of the experimental results of the accelerated chloride diffusion test, it is possible to
affirm that the surface-applied corrosion inhibitor performs better if applied on concrete intrinsically
resistant to chloride penetration manufactured with a pozzolanic or blastfurnace cement and with a
low w/c ratio.

Finally, from the analysis of parameters resulting from the accelerated chloride migration tests and
the bulk electrical resistivity tests, it was possible, in accordance with Layssi et al. [38], to correlate the
chloride diffusion coefficient and the electrical conductivity of concrete (Figure 6). A linear correlation
can be found, in accordance with the Nernst–Einstein equation, that can lead to hypothesize that the
protective corrosion inhibitor acts only in terms of increasing electrical resistivity (water repellent
effect) without chemically modifying the ability to bind chloride ions.
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Figure 6. Correlation between chloride diffusion coefficient and electrical conductivity of concrete.

3.5. Natural Migration Test

Figure 7 shows chloride penetration vs. time for concrete specimens immersed in 3 wt.% NaCl
aqueous solution. After 6 month of immersion, untreated samples evidenced a chloride penetration
in the range of 11–20 mm, while the penetration depth of treated specimens is about 3–8 mm.
Results clearly indicate that the CI treatment is strongly efficient in reducing the chloride diffusion
independently of the w/c, the type and the dosage of cement, confirming the results registered for the
accelerated chloride diffusion test.
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Figure 7. Correlation between chloride penetration and time (untreated concrete in black, treated
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After three months of exposure, a reduction of 65–90% could be noticed in chloride penetration as
a consequence of the CI treatment (Figure 8). After 6 months, concrete depth penetrated by chloride
in treated samples is lower than that measured in untreated specimens of about 55–75%. Data seem
to indicate that the efficiency of CI treatment in slowing down chloride diffusion slightly decreases
with time. This behavior could be attributable to a partial leaching of the corrosion inhibitor as a
consequence of the permanent immersion in chloride-based solution as already hypothesized by
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Zheng et al. [50]. Further results at ages longer than 6 months are in progress to understand if efficiency
of the surface-applied corrosion inhibitor remains constant or decreases with time.
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Figure 8. Reduction of depth penetration after natural migration test for different concretes.

Chloride penetration values (X) measured from the natural diffusion test over six months are used
for the calculation of the average value (Table 9) of apparent diffusion coefficient (Dapp) according to
the following equation [51]:

0.66X = 1206
√

9.46× 107 × TSLS ×Dapp + dx (5)

where 0.66 X coincides with the depth at which the critical concentration of chlorides is reached
(0.4% respect to cement mass), TSLS is the duration of the exposure to the chloride-rich solution
expressed in years, and dx is the thickness of the convection layer depending on the concrete compressive
strength. At equal w/c (0.50), Dapp values are in the range of 0.20–0.30 × 10−12 m2/s for untreated
concretes manufactured with blastfurnace (III) or pozzolanic (IV) cements while limestone Portland
cement-based mixtures (II) evidenced higher apparent diffusion coefficients, close to 1.15 × 10−12 m2/s.
The reduction in w/c promotes the formation of denser cementitious matrix with low Dapp in accordance
with the study of Neville [37].

Table 9. Average values of Dapp for different concretes.

Concrete
Dapp [×10−12 m2/s]

Reduction [%]
Untreated Specimens Treated Specimens

IV-0.55-320 0.94 0.21 77.6
IV-0.50-340 0.19 0.04 78.9
II-0.50-340 1.15 0.26 77.4
III-0.50-340 0.32 0.07 78.1
IV-0.50-320 0.27 0.06 77.8
IV-0.50-360 0.24 0.06 75.0
IV-0.45-360 0.13 0.03 76.9

Treatment by the corrosion inhibitor determines a sharp decrease of Dapp; values of treated
concrete are in the range of 0.03–0.21 × 10−12 m2/s, about 75% lower than those detected for concretes
without treatment. The efficiency of CI treatment seems to be independent of w/c, type, and dosage of
cement. However, the lowest values for Dapp were obtained for those concretes intrinsically resistant
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to chloride penetration (low w/c and pozzolanic or blastfurnace cement), confirming the same results
obtained for the accelerated chloride diffusion test.

Figure 9 compares Dapp and 28-day Dnssn; the correspondence between the two coefficients is
linear and the proportionality factor is consistent, as reported in study of Spiesz and Brouwers [27]. In
particular, the regression line of treated specimens is placed below that of untreated concretes and the
slope is lower compared to the same value of untreated samples. These two aspects confirm that the
CI protective treatment is particularly effective since the increase of the Dnssm determines a slower
growth of Dapp in treated specimens.
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Figure 9. Correlation between Dnssm and Dapp.

4. Conclusions

The following conclusions could be drawn from the present study:

• The surface-applied corrosion inhibitor allows to reduce significantly the penetration of chloride
in concrete, independently of w/c, cement type, and dosage. Reduction of the chloride diffusion
coefficient (Dnssn) measured by an accelerated test in treated concrete was in the range 30–60%.
Natural chloride diffusion test values indicate a sharp decrease in Dapp equal to about 75% when
concrete is protected by the surface-applied CI.

• Mechanism of action of CI in slowing down the chloride penetration inside the cement matrix is
basically due to the water repellent effect as confirmed by data of concrete electrical resistivity
and accelerated chloride migration test results.

• The w/c ratio has confirmed to have a significant influence on chloride diffusion: the lower the
w/c, the lower the penetration inside the cement matrix. On the contrary, no significant differences
are observed in chloride penetration changing the cement dosage at the same w/c ratio.

• The type of cement considerably affects the chloride diffusion in concrete; in particular, it has
been confirmed that limestone Portland cement (II) should be avoided in environments rich in
chlorides, preferring pozzolanic (IV) or blast furnace (III) cements.

Further experimental data are in progress to evaluate the effectiveness of the surface-applied
corrosion inhibitor at very long ages. Moreover, further studies should be focused on understanding if
the migrating corrosion inhibitor is capable to stop corrosion in chloride contaminated concrete where
the critical chloride concentration is reached on the steel rebars.
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Abstract: Corrosion-induced damage to concrete reinforced with bars is a serious problem regarding
technical and economic aspects and strongly depends on used materials, corrosion environment,
and service life. Tests described in this paper refer to a two-year evaluation of the effectiveness of
protection provided by zinc-coated low-carbon reinforcing steel of grade B500SP in concrete against
chloride corrosion. Performed tests were comparative and included measurements conducted on
four groups of concrete test elements with dimensions of 40 mm × 40 mm × 140 mm reinforced with a
bar having a diameter of φ8 mm. Particular groups were a combination of different types of concrete
with or without chloride additives, with galvanized or black steel. Chlorides as CaCl2 were added to
the concrete mix in the amount of 3% of cement weight in concrete. Reinforced concrete specimens
were periodically monitored within two years using the following techniques: linear polarization
resistance (LPR) and electrochemical impedance spectroscopy (EIS). Polarization measurements were
conducted in a three-electrode arrangement, in which a rebar in concrete served as a working electrode,
stainless steel sheet was used as an auxiliary electrode, and Cl−/AgCl,Ag was a reference electrode.
Comparative tests of changes in the density of corrosion current in concrete specimens without
chloride additives basically demonstrated no development of corrosion, and possible passivation was
expected in case of black steel. Higher densities of corrosion current were observed for galvanized
steel during first days of testing. The reason was the dissolution of zinc after the contact with initially
high pH of concrete pore solution. Six-month measurements demonstrated a higher density of
corrosion current in concrete specimens with high concentration of chlorides, which unambiguously
indicated corrosion in concrete reinforced with galvanized or black steel. Densities of corrosion
current determined for selected specimens dramatically decreased after an 18-month interval in
measurements. Corrosion was even inhibited on black steel as an insulating barrier of corrosion
products was formed. The above observations were confirmed with structural studies using scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) techniques. Results obtained
from corrosion (LPR, EIS) and structural (SEM, EDS) tests on specimens of concrete reinforced with
steel B500SP demonstrated a very favorable impact of zinc coating on steel by providing two-year
protection against corrosion in the environment with very high chloride content.

Keywords: concrete; reinforcing steel; zinc coating; HDG; corrosion; chlorides; LPR; EIS; SEM; EDS

1. Introduction

Issues addressed to the durability of reinforced concrete structures have been much tested and
described in scientific papers of an interdisciplinary nature [1,2]. Bonds formed between concrete and
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steel reinforcement are the main used specificity of reinforced concrete as the construction material [3,4].
Therefore, concrete in a building transmits main compressive stresses, and steel transmits tensile
stresses [5]. Regarding durability in the corrosion environment, reinforced concrete should be identified
with a steel electrode (half-cell) immersed in the highly alkaline pore solution filling the porous structure
of concrete [6,7].

A combination of two different construction materials, being advantageous from the mechanical
point of view, can create serious difficulties and complications related to the evaluation of the structure
safety with reference to its durability [8–10]. The main problem is the lack of direct access to steel
reinforcement covered with concrete or failure to make observations without measuring equipment.
Carbon dioxide inducing concrete carbonation [7,11] and chlorides [12] present in, inter alia, deicing
agents or saltwater are among the most serious and common factors creating corrosion risk to
reinforcement. Mechanisms resulting in damage to a passive layer, which is naturally formed on steel
surface in the highly alkaline pore solution of concrete, have been precisely studied using versatile
methods of measurements [13]. Laboratory tests and tests performed on facilities have demonstrated
that elements of structures do not show any external symptoms of developing corrosion of reinforcing
steel often for a very long time [14]. The literature basically describes three stages of corrosion
degradation of reinforced concrete elements. At the first stage, corrosive agents gradually penetrate
the porous structure of concrete cover and diffuse towards rebars. At the second stage, when corrosive
agents reach the reinforcement surface, the passive layer is decomposed and corrosion processes
are initiated on the steel surface. It is just the third stage when the volume of corrosion products
(rust) is gradually increasing, corrosion damage to reinforced concrete in the form of cracks is visible,
and finally spalling of smaller or bigger pieces of the cover is observed [15]. It is caused by tensile
stresses formed in the concrete cover as a result of an expansion of corrosion products of steel and
simultaneously very low tensile strength of concrete [16].

Today effects of degradation of reinforced concrete structures can be reduced or prevented using
various methods. They include cathodic protection of reinforcement which provides permanent and
controlled over time reduction of steel reinforcement potential in concrete to the level, at which metal
exhibits resistance to corrosion. However, the use of the above method has to be preceded with
the advanced diagnostic of corrosion employing such electrochemical methods as measurement of
corrosion potential [17], measurement of the density of corrosion current [18]—the most common
methods of linear polarization resistance (LPR) [19], electrochemical impedance spectroscopy (EIS) [20]
and galvanostatic pulse (GP) method [21]. Those diagnostic methods are necessary for switching on and
maintaining the direct current for cathodic protection throughout the whole service life of the structure.
Another solution for increasing the durability of reinforcement in concrete elements of structures is
the application of rebars made of stainless steel [22]. This type of steel, apart from basic components,
such as iron and carbon, always contains at least 12% of chromium. Reinforcement for concrete
structures is usually manufactured from austenitic, ferritic, or duplex (austenitic ferritic) steel [23].
Reinforcing steel can be replaced with non-metallic reinforcement made of FRP (Fiber-Reinforced
Polymer) composite rebars. This type of reinforcement eliminates the problem of electrochemical
corrosion [24,25]. Currently, three variants of those rebars are used in the construction sector:
CFRP—with carbon fibers, GFRP—with glass fibers [26], and AFRP—with aramid fibers. However,
non-metallic reinforcement in the construction sector has so far been rarely used when compared to
traditional steel reinforcement.

In fact, protective epoxy and zinc coating is the latest possibility of direct protection of reinforcing
steel in concrete against corrosion. Epoxy coatings on steel reinforcement in concrete behave like a
typical electric insulator, which as a plastic material acts as a hardly permeable barrier cutting off
steel from corrosive agents present in the concrete cover [27]. Unfortunately, technological processes
occurring when reinforcement is laid in the formwork, and the process of concreting can cause point
defects in those coatings. Places, where defects were produced, often invisible during construction
works, can form local centers of corrosion [28,29] with time and concrete exposure to an aggressive
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environment. Considering the theory of reinforced concrete and structural mechanics, locally weakened
reinforcing steel will also affect the local drop in load-carrying capacity of a reinforced concrete element,
and consequently will pose a risk to the structure safety.

Zinc coatings prepared in HDG (Hot Dip Galvanizing) process [30–33] are free from drawbacks of
epoxy coatings. In that case, any damage caused during the transport of reinforcement or its placing in
the formwork does not create any risk for anti-corrosion protection of rebars in concrete [34]. The reason
for no adverse effects is the formation of Fe-Zn alloy coating during the HDG process, which creates a
galvanic cell in the concrete pore solution. As zinc is less noble regarding electrochemical series of
metals, reinforcing steel is still protected against corrosion even in case of its punching [35]. It is a
so-called “second phase of protection”, in which the zinc coating takes the role of an electrochemically
dissolving electrode, and iron serves as the cathode. And impenetrable zinc coating insulates rebar
from humidity (water) and oxygen during the first phase of protection. Studies indicate the thickness of
zinc coating properly prepared in the HDG process, usually ranges between 50–300 μm [36]. However,
the recommended thickness should not be smaller than 80 μm. The disadvantage of zinc coating is its
possible corrosion after the contact with highly alkaline pore solution at pH < 11.4 and pH ≥ 13.3 [37,38].
This unfavorable occurrence is usually observed in the initial phase of bonding fresh concrete mix in
the formwork, in which galvanized reinforcement is laid [39]. In this context it is crucial that there
is only one-side limit of pH values for black reinforcing steel—pH < 11.8, below which corrosion
develops. The effect of concrete carbonation on galvanized steel depends on the neutralisation degree
of pore solution, in which CO2 gas dissolves [40]. If carbon dioxide acidifying the pore solution
reduces pH values below 11.4, then zinc dissolution is initiated. However, according to Reference [37],
zinc corrosion is unimportant, just minimal in this situation. As in case of black steel, the most
destructive corrosion is observed on the coating of chloride ions. For the zinc coating, the limit content
of chlorides is greater [37,41] than the one determined for black steel—0.4% [42] with reference to
cement weight in concrete. For example, the boundary level equal to 1.5% is found in Reference [43],
whereas Reference [44] mentions the percentage range of 1%–2%. Other studies did not define the
percentage values of limit concentration, but specified chloride content initiating corrosion of zinc
coating on the reinforcement as 2.5× [45] or, according to Reference [46] 4×–5× greater than the limit
concentration determined for black steel. Discussions about limit values of chloride concentration
unfavorable for the zinc coating manifest the difficulty in specifying any representative value. Such a
great spread of values depends on the various compositions of concrete, mortar and grout used in tests.
Moreover, different types of additives in concrete, different thickness of zinc coating and variation in
chemical and phase composition of the coating across its thickness also affect corrosion damage.

The majority of described studies on galvanized reinforcing steel embedded in concrete
refers to short time periods, that is, a few or more than ten weeks. The authors of this paper
decided to perform comparative tests on the effectiveness of protection against chloride corrosion
of zinc-coated low-carbon reinforcing steel of grade B500SP in concrete within over ten months.
Apart from fundamental electrochemical polarization tests employing LPR and EIS techniques,
the concrete-coating-reinforcement contact was additionally evaluated after two years of measurements
using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) techniques.

2. Materials

Twelve concrete test elements with dimensions of 40 mm × 40 mm × 140 mm, reinforced with
single steel bars were prepared for tests. Two batches of standard concrete mixes were used to place the
concrete [47]. In both cases the mix contained 489 kg/m3 of CEM I 42.5—SR3/NA cement, 1669 kg/m3

of sand and aggregate of grain size of 2–8 mm. Water-cement ratio (w/c) was 0.45. About 3% of CaCl2
by cement weight, dissolved in batched water, was added to one of those mixes. In conclusion, six test
elements were prepared from concrete without any additives, and another group of six specimens was
prepared from concrete with chloride additives.
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Each concrete test element was reinforced with a single ribbed rebar with a diameter of φ8 mm,
made of steel of grade B500SP classified to steel class C of high ductility [48]. As claimed by the
manufacturer, maximum values of additives to low-carbon steel for elements, in which content exceeds
0.5% should not be greater than 1.65% for Mn, 0.85% for Cu, and 0.6% for Si.

In accordance with the primary purpose of studies, half of rebars made of steel of grade B500SP,
used as the reinforcement in concrete test elements, was coated in the HDG process. For that purpose,
holders were welded to cleaned bars cut to 1.5 m long pieces to provide galvanizing in a vertical
position. Rebars placed on plating racks were successively immersed in a degreasing, pickling and
finally fluxing bath. Prior to the immersion in the galvanizing bath, rebars were dried in a dryer.
Bathing in molten zinc, at a temperature of ca. 450 ◦C, lasted 120 s. The obtained zinc coatings on steel
rebars had an average thickness of ca. 100 μm, which met standard requirements [49,50]. Before the
tests, the thickness of the zinc coating was initially verified under the metallographic microscope Delta
Optical MET-200-TRF (Delta Optical Ltd., Nowe Osiny, Poland).

Before concreting the specimens, galvanized or black steel rebars were cut into sections of
15 cm in length. Ends of each rebar were protected with shrink film against crevice corrosion in
zones, where rebars expanded from concrete. Then, the rebars were stabilized in standard moulds
for preparing specimens of masonry mortar, and then concreted. After two days from concreting,
the specimens were stripped from the mould. Two weeks after concreting, polarization measurements
of the reinforcement began.

In summary, six concrete test elements were reinforced with galvanized rebars, and other six
with black steel rebars. As two concrete mixes were used during tests, the total number of twelve
test elements was divided into four groups, each of them containing three identical specimens.
To differentiate clearly those groups, different colors and symbols were assigned to each of them as
shown schematically in Figure 1:

• blue color and B symbol—black steel in concrete without any additives,
• green color and G symbol—galvanized steel in concrete without any additives,
• red color and B-Cl symbol—black steel in concrete with chlorides,
• violet color and G-Cl symbol—galvanized steel in concrete with chlorides.

 
Figure 1. Four groups of reinforced concrete test elements used in tests: 1—concrete without additives,
2—black steel, 3—zinc coating on reinforcing steel, and 4—chlorides in concrete.

Assigned symbols and colors are consequently used in this paper to describe and analyze
performed tests.
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3. Test Methods

3.1. Electrochemical Polarization Tests

Polarization measurements of the reinforcement in concrete test elements were conducted in a
three-electrode arrangement illustrated in Figure 2. Galvanized or black steel rebar 1 embedded in
concrete 2 with or without chloride additives served as the working electrode. The auxiliary electrode
3 was made of a 2 mm thick stainless-steel sheet having the dimensions of 140 mm × 40 mm. A wet
felt 4 with the dimensions of 140 cm × 40 cm provided the electric contact between the sheet 3 and
the top surface of concrete. The reference electrode 5 (Cl−/AgCl,Ag) was placed in a vertical ballast
guide 6 to provide its stabilisation during tests. The ballast 6 was used to provide the proper adhesion
of the auxiliary electrode 3 through the felt 4 to the top surface of the concrete specimen 2. All three
electrodes were connected to the potentiostat 7 Gamry Reference 600.

 

Figure 2. Measuring system for polarization tests of steel reinforcement in concrete: 1—working
electrode, 2—concrete, 3—auxiliary electrode, 4—wet felt, 5—reference electrode Cl−/AgCl,Ag,
6—ballast with a guide for reference electrode, 7—potentiostat.

Electrochemical tests were performed on the above measuring system using the following
techniques: linear polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS).
The specimens were kept at ca. 20 ± 2 ◦C and the relative humidity of 50 ± 10%. Prior to beginning
polarization tests on a given day, the top surface of the concrete specimen was immersed in tap water
to the depth up to 5 ± 1 mm for ca. 30 min to ensure better conductivity of concrete cover in the
tested reinforcement during measurements. After taking from water, the specimens were connected
to the potentiostat 7 and changes of gradually stabilizing potential were observed with the reference
electrode 5 for 60–120 min. When potential changes were at the level of 0.1 mV/s, EIS methods
were performed on the steel reinforcement in concrete. Testing was performed at the fixed range of
frequencies of 0.01 Hz–1 kHz in the potentiostatic mode with a disturbing sinusoidal signal at the
potential amplitude of 10 mV over the corrosion potential. Then, after a few minutes or a longer
interval when changes in the corrosion potential did not exceed the level of 0.1 mV/s, LPR tests were
conducted in the potentiodynamic mode. The reinforcement was polarized at a rate of 1 mV/s within
the range of potential changes from −150 mV to +50 mV regarding the corrosion potential.

The first measuring series began two weeks after placing specimens in concrete. Other five
measuring series were conducted in one- and two-week intervals. At the next stage, six measuring
series were taken at a two-week interval. Final measuring series took place in a month interval.
After 18 months, prior to scheduled microscopic measurements, EIS and LPR tests were repeated
but only on four specimens representing each of B, G, B-Cl, and G-Cl groups. At the final testing
stage, results obtained from polarization measurements were compared with microscopic observations
and analyses.
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3.2. Structural Tests

The specimens for structural tests were cut out perpendicularly to the rebar axis. Metallographic
specimens were prepared from those cut pieces of concrete with rebars made of steel B500SP. Tests on
the macrostructure of concrete specimens were performed at the stand specially prepared for macro
testing. And microstructure of concrete was tested using Olympus SZX9 stereo microscope and GX51
inverted microscope (LM) (Olympus Corporation, Tokyo, Japan).

Advanced tests on the specimen structure at selected points were performed with HITAHI S-3400N
scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) at an accelerating voltage within the range
of 15–25 kV. Tests on chemical composition at selected micro-areas of the specimens were performed
with the energy dispersive spectroscopy (EDS) using the spectrometer by THERMO NORAN company
with SYSTEM SIX software (Thermo Fisher Scientific Inc., Waltham, MA, USA). As microscopic tests
are invading into the structure of the specimen material, they were performed after the final stage of
electrochemical tests. Therefore, those tests should be only related to results obtained after the last,
792 day of measurements.

4. Results from Electrochemical Tests and Their Analysis

4.1. Measuring Corrosion Potential of Reinforcement in Concrete

Figure 3 shows a comparison of results from 160 measurements of corrosion potential of the steel
reinforcement in concrete from twelve test elements. Figure 3a presents results for concrete without
any additives, whereas Figure 3b refers to concrete with calcium chloride. All measurements were
performed against the silver chloride electrode.

 
Figure 3. Changes in the function of time for corrosion potential Ecorr of galvanized and black steel
reinforcement (a) in concrete without chlorides, (b) in concrete with chlorides; selected measuring
series presented as diagrams and analyzed in details as part of electrochemical impedance spectroscopy
(EIS) and linear polarization resistance (LPR) measurements are marked with grey color.
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Core tests were conducted in less than six months and restarted after about an 18-month interval,
but only on four selected specimens that were further subjected to microscopic tests.

4.2. Linear Polarization Resistance (LPR) Tests

Linear polarization resistance (LPR) tests were the last tests from the group of electrochemical tests
performed on the reinforced concrete specimen. Contrary to electrochemical impedance spectroscopy
(EIS) tests regarded as complementary measurements, LPR tests were conducted on each test element
from each measuring series. The whole period of testing produced a total of 160 polarization curves,
in which exemplary shapes for three selected measuring series are illustrated in Figure 4. Characteristic
time points for measurements were the following measuring days: 4, 74, and 792. The selected
measuring days, marked with grey color in Figure 3, were to provide a more detailed presentation
and analysis of test results from the initial phase of measurements (day 4), the halfway point of tests
(day 74) and from the period directly before planned microscopic tests and analyses (day 792).

On day 4 of measurements, shapes of polarization curves (Figure 4a) were more arranged showing
the clear formation of four groups. The corrosion potential of the specimens with black steel was less
negative than in case of galvanized steel. The mean potential value in the specimen groups B and B-Cl
was −0.28 V and −0.45 V, respectively. For the groups G and G-Cl, it was equal to −0.73 V and −0.91 V,
respectively. However, the most significant information obtained from the analysis of polarization
curves was the polarization resistance Rp was inversely proportional to the density of corrosion current
icorr. The Stern-Geary Equation (1) was used to calculate values of icorr, taking into account coefficients
of rectilinear slope for segments of polarization curves—anodic ba and cathodic bc.

icorr =
B

Rp·A , B =
babc

2.303·(ba + bc)
(1)

Parameters of the Equation (1) taken for calculations of icorr are shown in Appendix A—Table A1,
which contains results for only 28 out of 160 analyzed polarization curves. Mean densities of corrosion
current for individual groups used further in the paper, demonstrated that the lowest value of icorr,mid

= 0.31 μA/cm2 was obtained for the specimens from the group B. Because of naturally high alkaline
pH (pH > 12.5) of concrete pore solution without additives, the obtained current density could indicate
the passivation of reinforcing steel in concrete. Adding calcium chloride to the concrete mix caused the
same black steel started to corrode in the specimens from the group B-Cl with icorr.mid = 1.65 μA/cm2.
And the zinc coating on the reinforcement also began to dissolve electrochemically at pH > 13.3 when in
direct contact with highly alkaline pore solution. The mean density of corrosion current icorr.mid = 0.93
μA/cm2 calculated for the group G could with high probability indicate that occurrence typical for the
initial phase of concrete curing. The final, the highest mean density of corrosion current icorr.mid = 1.98
μA/cm2 referred to galvanized reinforcing steel in concrete with chloride additives. For the specimen
group G-Cl, it could indicate the accumulation of zinc corrosion caused by high pH of concrete pore
solution and aggressive impact of chloride ions.

On day 74 of measurements, distributions of polarization curves (Figure 4b) were slightly shifted
when compared to the distribution of the same specimens presented in Figure 4a. The corrosion
potential of black steel in concrete without chlorides, averaged for the same group of specimens,
was considerably reduced to Ecorr.mid = −0.40 V, and in concrete with chlorides the potential slightly
increased to Ecorr.mid = −0.37 V. For galvanized steel in concrete without chlorides, a clear drop in
potential to the value Ecorr.mid = −0.85 V was observed with the simultaneous increase in potential
to the following level Ecorr.mid = −0.79 V. The comparison of graphical distributions of polarization
curves from the beginning of tests (Figure 4a) and the halfway point of measurements (Figure 4b) can
suggest that corrosion potential of black reinforcing steel had similar values as in case of galvanized
steel, but with values at a greater spread.
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Figure 4. Potentiodynamic polarization curves for steel reinforcement in concrete from 12 specimens (a)
on day 4 and (b) on day 74 of measurements: B—black steel in concrete without additives, G—galvanized
steel in concrete without additives, B-Cl—black steel in concrete with chlorides, and G-Cl—galvanized
steel in concrete with chlorides.

The analysis of calculated mean densities of corrosion current on day 74 of measurements indicated
in concrete with chlorides still low values of icorr.mid = 0.27 μA/cm2 for black steel and a dramatic
drop in icorr.mid to 0.14 μA/cm2 for galvanized steel. The passivation of black steel in concrete without
additives was a natural process, but no corrosion of zinc coating on steel reinforcement after several
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dozens of days in contact with the pore solution was desired despite the initially intensive dissolution
of zinc. In concrete specimens with chlorides, the corrosion of black steel icorr.mid = 0.71 μA/cm2 and
galvanized steel icorr.mid = 1.16 μA/cm2 was still observed on day 74 of measurements. But mean
densities of corrosion current were slightly lower than on the first days of measurements.

After about two years of measurements (day 792), prior to the commencement of microscopic
tests, polarization curves for individual specimens representing each of four groups (Figure 5) showed
an interesting change. A noticeable change was found for black steel in concrete with chlorides
(B7-Cl) because its corrosion potential largely increased to −0.04 V, but what is more important, the
density of corrosion current dramatically decreased to just 0.01 μA/cm2. Taking into account the
fact the analyzed reinforced concrete specimen was potentially the most vulnerable to corrosion, the
only possible explanation for the above situation was the high likelihood of the large accumulation
of corrosion products (rust) around the steel rebar, and consequently, a serious limitation of direct
access for oxygen and humidity to its surface. Hence, electrode processes on steel were stopped.
For galvanized reinforcing steel in concrete with chlorides (G10-Cl), the corrosion current density
dropped to 0.34 μA/cm2. The likely reason was the accumulation of corrosion products of zinc on the
coating slightly slowing down its further dissolution. After two years of measurements, black steel
(B1) and galvanized steel (G4) in the concrete specimens without chlorides had stable but low density
of corrosion current (0.35 μA/cm2 and 0.29 μA/cm2, respectively), which suggested the reinforcement
corrosion was not likely to develop.

 
Figure 5. Potentiodynamic polarization curves for the steel reinforcement in concrete from four
specimens on day 792, directly before microscopic tests: B1—black steel in concrete without additives,
G4—galvanized steel in concrete without additives, B7-Cl—black steel in concrete with chlorides,
and G10-Cl—galvanized steel in concrete with chlorides.

4.3. Electrochemical Impedance Spectroscopy (EIS) Tests

Electrochemical impedance spectroscopy (EIS) tests on the specimens of concrete with
reinforcement were additional to core polarization tests performed by linear polarization resistance
(LPR) method. Impedance tests focused only on three selected measuring series on day 4, 74, and 792.
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Figure 6a illustrates in the complex plane results from impedance tests on the steel reinforcement
in concrete from 12 specimens on day 4 of measurements, whereas Figure 6b presents the same results
as the function of phase shift angle φ against the logarithm of measurement frequency f. For the
specimens from groups B and G made of concrete without chlorides, spectra at the Nyquist plots
(Figure 6a) exhibited capacitive behavior similar in shape to parts of semi-circles, in which extrapolation
to the horizontal axis of real impedance provided the possibility of estimating charge transfer resistance
Rt across the interface. It is interesting to note that semi-circles referring to galvanized steel had slightly
smaller conventional diameter. The probable reason was the dissolution of the zinc coating in highly
alkaline (pH > 13.3) of concrete pore solution.

For the specimens from groups B-Cl and G-Cl made of concrete with chlorides, the size of spectra
at the Nyquist plot was much smaller and the second time-constant was clearly noticeable. Shapes
of those spectra were rather characteristic for the development of metal (Fe or Zn) corrosion in
concrete. Observations made for the Nyquist plot (Figure 6a) were additionally confirmed by the
Bode plot (Figure 6b). Low frequencies typical for metal in concrete without additives (groups B and
G) displayed quite wide angles of phase shift (−20◦–−40◦), whereas the specimens of concrete with
chlorides (groups B-Cl and G-Cl) reached the maximum level of −15◦. The observed shapes of those
spectra, which were very distinctive, quite explicitly indicated the corrosion of metal in the specimens
from groups B-Cl and G-Cl. For galvanized steel (group G) the situation was slightly less favorable,
which could suggest not so intensive processes of zinc dissolution.

The above qualitative analysis of obtained spectra was confirmed by the quantitative analysis.
For that purpose, the equivalent electrical circuit illustrated in Figure 6(a1), was proposed for spectra
of concrete specimens without chlorides. It was the classic Randles circuit, in which the double
layer capacity was replaced with a constant phase element CPE0. Parameter Rc is resistance of
concrete, Rt is charge transfer resistance across the interface. The electric circuit shown in Figure 6(a2),
which simulated the porous coating, was used for concrete specimens with chlorides. Besides already
mentioned parameters of the Randles circuit, that circuit had two characteristics of the electrochemical
zinc coating on the steel reinforcement: Rf—resistance of the coating layer and CPEf—constant phase
element characterizing its quasi capacity. The Simplex method was used to find numerical values of
elements in equivalent circuits, and those values are presented in Appendix A—Table A2. The summary
table presenting calculated results, also contain numerical parameters of constant phase elements:
CPE0—Y0 and α0 and CPEf—Yf and α0.

On day 74 of measurements, the impedance spectra at the Nyquist plot (Figure 7a) obtained for
all four groups of the specimens were similar to spectra from day 4 (Figure 6a). The main difference
referred to the specimens with galvanized steel, for which the spectra at the Nyquist plot had a
slightly different shape resembling a typical image of metal passivated in concrete at low frequencies.
That observation was confirmed by the Bode plot (Figure 7b), at which phase shift angles of galvanized
steel at low frequencies were greater by ca. 5◦ (with reference to absolute values) than for black steel.
Relationships between shapes of impedance spectra were rather typical for zinc behavior in hardened
concrete without any additives.

For the specimens of concrete with chlorides, day 74 of measurements revealed a small drop in the
intensity of corrosion processes of galvanized and black steel. The presented deduction resulted from
the quantitative analysis on the basis of the equivalent electrical circuits illustrated in Figure 7(a1,a2),
similar to diagrams shown in Figure 6(a1,a2). That phenomenon could be explained by a gradual
accumulation of corrosion products of iron and zinc on the surface of steel reinforcement in the
specimen, which additionally were deposited in concrete pores. Dissolution of metals (Fe and Zn) was
slightly inhibited mainly due to the limited access of oxygen to the surface of both metals.
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Figure 6. Results from impedance testing of steel reinforcement in concrete from 12 specimens on
day 4 of measurements illustrated at the Nyquist (a) and Bode (b) plots, B—black steel in concrete
without additives, G—galvanized steel in concrete without additives, B-Cl—black steel in concrete with
chlorides, G-Cl—galvanized steel in concrete with chlorides; (a1) electrical equivalent circuit for the B
and G spectrum groups, (a2) electrical equivalent circuit for the B-Cl and G-Cl spectrum groups.27
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Figure 7. Results from impedance testing of steel reinforcement in concrete from 12 specimens on
day 74 of measurements illustrated at the Nyquist (a) and Bode (b) plots, B—black steel in concrete
without additives, G—galvanized steel in concrete without additives, B-Cl—black steel in concrete with
chlorides, and G-Cl—galvanized steel in concrete with chlorides; (a1) electrical equivalent circuit for
the B and G spectrum groups, (a2) electrical equivalent circuit for the B-Cl and G-Cl spectrum groups.

The last series of impedance measurement was made on day 792, that is, after about two years
of measurements and included only four specimens (B1, G4, B7-Cl, G10-Cl) being the one-element
representation of all four groups (B, G, B-Cl, G-Cl) of test elements. The Nyquist plot (Figure 8a) shows
one dominating spectrum (B7-Cl) and three considerably smaller spectra near the beginning of the
coordinate system. For better clearness of the results, those three spectra are again presented below,
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in the second complex plane with 20-time smaller values of complex and real impedance. The clear
dominance of one spectrum over others indicated the impedance of the whole steel-concrete system
in the specimen B7-Cl was about 20 times greater than the impedance of the other three specimens.
As all impedance measurements on the final measuring series (day 792) were conducted within a
broader range of frequencies 0.01 Hz–100 kHz, particularly the spectrum B7-Cl had a rather interesting
shape. It had (from the left side) a high-frequency, slightly oblate semi-circle expressing electrochemical
properties of concrete, and from the point of contraflexure a rectilinear part changing into the arc shape.
The last described part could indicate diffusion control over the corrosion process. The spectrum
shape for B7-Cl in the complex plane and at the Bode plot demonstrated a very strong slowdown
on day 792 of measurements, comparable to the situation, in which dissolution of reinforcing steel
in concrete was inhibited despite the presence of aggressive chloride ions. A continuous increase in
the volume of corrosion products was supposed to inhibit seriously the access of oxygen to the steel
surface, and consequently to eliminate the agent required for the development of electrochemical
corrosion of steel in concrete.

 
Figure 8. Results from impedance testing of steel reinforcement in concrete from 12 specimens on day
792 of measurements illustrated at the Nyquist (a) and Bode (b) plots, directly prior to microscopic
tests B1—black steel in concrete without additives, G4—galvanized steel in concrete without additives,
B7-Cl—black steel in concrete with chlorides, and G10-Cl—galvanized steel in concrete with chlorides;
(a1) electrical equivalent circuit for the B-Cl spectra group, (a2) electrical equivalent circuit for the B, G
and G-Cl spectrum groups.
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The qualitative evaluation and adjustment with the Simplex method of the theoretical spectrum,
according to the diagram shown in Figure 8(a1) confirmed the above observations as the determined
charge transfer resistance Rt reached 1680 kΩcm2, which corresponded to the very low density of
corrosion current icorr = 0.01 μA/cm2

Impedance spectra of the other three specimens (B1, G4, G10-Cl) at the Nyquist plot were rather
similar in shape, particularly with reference to the low-frequency range describing the properties of
metal in concrete. The qualitative analysis conducted with the electrical equivalent circuit illustrated
in Figure 8(a2) also confirmed similar values of charge transfer resistance Rt = 34 k–50 kΩcm2,
which corresponded to very low densities of corrosion current icorr = 0.29–0.35 μA/cm2. According to
criteria published in [51], determined for rebars in concrete, such low densities of corrosion current
usually indicate a very low level of steel corrosion. Moreover, each spectrum had a noticeably
different inflexion point (that is, the closest point to the horizontal axis of real impedance), from which
electrochemical properties of concrete were revealed within the low-frequency range. Diversified
inflection points of those spectra indicated different values of concrete resistivity during measurements
under the impact of alternating current flowing between reinforcing steel and the auxiliary electrode,
placed on the top surface of the concrete specimen. The analyzed cases showed concrete in the specimen
G4 had the lowest resistivity, and concrete in the specimen G10-Cl had the highest resistivity.

5. Results from Structural Tests and Their Analysis

Corrosion tests indicated the change in parameters of corrosion current over time which could
suggest structural changes at the concrete-rebar interface. Therefore, microstructure and chemical
compositions at the interface between concrete and rebar made of steel B500SP were analyzed for all
four tested cases after completing corrosion tests:

• black reinforcing steel B500SP in concrete without any additives,
• galvanized reinforcing steel B500SP in concrete without chlorides,
• black reinforcing steel B500SP in concrete with chlorides
• galvanized reinforcing steel B500SP in concrete with chlorides.

5.1. General Description of the Microstructure of Concrete Reinforced with Rebars Made of Steel
B500SP (Stereo, LM)

Tests on concrete-reinforcement joints began from analyzing its microstructure after completing
corrosion tests, using the stereo microscope (Figure 9). Figure 9a presents the cross-section
(with dimensions of 40 mm × 40 mm) of the tested concrete specimen with a galvanized rebar
concreted in the central point, made of ribbed steel of grade B500SP and with a diameter of φ8 mm.

Figure 9b illustrates the close-up of the cross-section of steel rebar with a clearly visible, thin,
silver and circumferential zinc coating. There are noticeable particles of coarse and fine (sand)
aggregates near the rebar. Aggregates are tied together with cement gel. Figure 9c,d show another
close-up of a strongly diversified thickness of the zinc coating, whose thickest layer is observed near
oblique ribs of the reinforcing steel.

The tests conducted on the microstructure of reinforced concrete specimens using the light
microscope revealed good conditions of joints between concrete and the reinforcement for rebars made
of black steel (Figure 10a). And simultaneous observations confirmed previous conclusions made on
the basis of tests using the stereo microscope (Figure 9) concerning the non-uniform thickness of zinc
coating on rebars (Figure 10b).
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Figure 9. Cross-section of the concrete specimen with dimensions of 40 mm × 40 mm, containing
galvanized rebar (stereoscope): (a) general view of a cross-section of a steel bar in concrete (b) detail
marked with a rectangle from Figure 9a, (c,d) detail marked with a rectangle from Figure 9b.

 
Figure 10. Microstructure of the joint between concrete and rebar made of galvanized steel B500SP
(LM): (a) general view of a cross-section of a steel bar in concrete (b) morphology of the zinc coating on
the rebar in concrete.

5.2. Evaluation of Microstructure and Chemical Compositions of Joints Between Concrete and
Rebar (SEM, EDS)

5.2.1. Black Reinforcing Steel B500SP in Concrete with and without Chlorides

The analysis of the microstructure of joints between concrete without chlorides and rebar made of
B500SP black steel (Figure 11) showed a difference in concrete structure regarding its phase composition
(Figure 11a—image from BSE detector) and rebar correctly embedded in concrete. The analysis of
chemical composition at the interface between concrete and rebar (Figure 12) indicated the presence
of elements being components of concrete or steel rebar. Oxygen (Figure 12b), probably in the form
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of oxide, was found on the rebar surface. Oxidation of zinc coating is a characteristic effect of its
destruction [52].

 
Figure 11. Microstructure of the joint between concrete without chlorides and reinforcement made of
black steel B500SP (SEM): (a) general view of a cross-section of a steel bar in concrete (b) morphology
of the boundary of separation rebar–concrete with marked places 1 and 2 for microanalysis of the
chemical composition.

 
Figure 12. Spectra obtained from energy-dispersive X-ray spectroscopy (EDS) method for areas marked
in Figure 11b: (a) from point 1 (b) from point 2.

As expected, no traces of corrosion damage at the interface between steel and concrete were found,
what was normal in the highly alkaline environment of concrete. Results from polarization tests on
corrosion current density also indirectly suggested the passivation of steel, which was typical for such
a system.

The analysis of joints between concrete with chlorides and black reinforcing steel B500SP
indicated a clear change in the nature of the joint when compared to concrete without chlorides
(Figure 11). The presence of chlorides in concrete resulted in a large number of corrosion products
at the rebar/concrete interface (Figure 13). Corrosion products of the steel reinforcement (rust) did
not only accumulate on the surface of the rebar, but also penetrated the porous structure of concrete.
A considerable concentration of Cl and oxygen (Figure 14b) was found in these products which
probably indicated the presence of chlorides and oxides in that area.

No concrete cracking in the interfacial zone was seen which indicated critical stresses blowing
out the concrete cover from the inside did not occur. It should be noticed that the layer of corrosion
products was thick enough to make the diffusion of oxygen to the steel surface very difficult. That effect
was evident in results from impedance tests (Figure 8a) due to the appearance of the additional
time constant.
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Figure 13. Microstructure of the joint between concrete with chlorides and black reinforcing steel B500SP
(SEM): (a) general view of a cross-section of a steel bar in concrete (b) morphology of the boundary of
separation rebar – concrete with marked places 1 and 2 for microanalysis of the chemical composition.

 
Figure 14. Spectra obtained from energy-dispersive X-ray spectroscopy (EDS) method for areas marked
in Figure 13b: (a) from point 1 (b) from point 2.

5.2.2. Reinforcing Steel B500SP with Zinc Coating, in Concrete with and without Chlorides

The analysis of the joint between concrete without chlorides and the reinforcing steel B500SP with
zinc coating demonstrated a clear difference the coating thickness (Figure 15). It varied from more than
ten (78.4 μm) to over 600 μm, but usually was within the range from 150 μm to 250 μm. The thickest zinc
coating (620 μm) was near one of oblique ribs of the rebar. The variable thickness of the zinc coating is
an effect directly resulting from the technology of the galvanizing process, but it can also be the result
of the preparation of metallographic samples—the zinc “rubs” on the surface of the specimen. In this
case, it is the effect of galvanizing technology. The analysis of chemical composition for the section of
the zinc coating indicated its great uniformity (Figure 16). That result was confirmed by testing the
relative concentration elements on the surface (mapping) of the concrete-rebar joint (Figure 17).

Polarization tests on the galvanized reinforcement in concrete without chlorides indicated some
increase in corrosion current density on first days of measurements when compared to black steel.
This effect is usually noticed during the first weeks of concrete curing. In this case, the microscopic
analysis referred to a two-year old concrete, for which processes of dissolution of zinc coating on steel
are not usually observed or have been stabilized. Therefore, it is difficult to determine the original
thickness of the zinc coating. It may be wondered whether it’s very non-uniform thickness observed
under the microscope was only caused by the specificity of the technological process of the formation
of hot-dip galvanized zinc coating or the effect of partial dissolution of zinc in the highly alkaline
environment of concrete pore solution.
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Figure 15. Microstructure of the joint between concrete without chlorides and reinforcing steel B500SP
with zinc coating (SEM): (a) general view of a cross-section of a steel bar in concrete (b) morphology
of the boundary of separation rebar - concrete with marked places 1 and 2 for microanalysis of the
chemical composition.

 

Figure 16. Spectra obtained from energy-dispersive X-ray spectroscopy (EDS) method for areas marked
in Figure 15b: (a) from point 1 (b) from point 2.

 

Figure 17. (a) Microstructure of the surface of tested concrete without chlorides—reinforcing steel
B500SP with zinc coating (SEM) and relative concentrations of elements on the surface (mapping):
(b) Fe, (c) Zn, (d) Si, (e) Ca, (f) O, (g) Cl, and (h) Al (EDS).
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The analysis of joint between concrete with chlorides and galvanized reinforcing steel B500SP
indicated significant non-uniformity of the zinc coating on the rebar with reference to its thickness
and morphology (Figure 18), and a similar situation was observed for the bond when no chlorides
were present.

 
Figure 18. Microstructure of the joint between concrete without chlorides and galvanized reinforcing
steel B500SP (SEM): (a) general view of a cross-section of a steel bar in concrete (b) morphology of the
boundary of separation rebar–concrete with marked places 1 and 2 for microanalysis of the chemical
composition (c) morphology of the zinc coating on the rebar in concrete (d) area of the zinc coating
with the crack shown in Figure 18c.

The thickness of the zinc coating varied from as low as 100 μm (94.4 μm) to over 400 μm (434 μm)
(Figure 18a). Morphology of the coating across its cross-section (Figure 18d) suggested a diverse growth
of crystallites in individual micro-areas. The analysis of chemical composition across the coating
section (Figures 19 and 20) demonstrated considerable changes, particularly for concentration of Cl,
which could locally reach high values (Figure 20b). Chlorine was also the element, which occurred
along with the zinc coating (Figure 20c,g).

 
Figure 19. Spectra obtained from energy-dispersive X-ray spectroscopy (EDS) method for areas marked
in Figure 18b: (a) from point 1 (b) from point 2.
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Figure 20. (a) Microstructure of the surface of tested concrete without chlorides—reinforcing steel
B500SP with zinc coating (SEM) and relative concentrations of elements on the surface (mapping):
(b) Fe, (c) Zn, (d) Si, (e) Ca, (f) O, (g) Cl, and (h) Al (EDS).

The comparison of the thickness of zinc coating on steel in concrete without chlorides (Figure 15)
and with chlorides (Figure 18) (though they are different specimens) indicated the presence of chlorides
significantly reduced its thickness. That phenomenon was expected as a high concentration of chlorides
always causes the corrosion of zinc coating [33]. The analysis of microscopic images showed the zinc
coating at any place was completely damaged. Hence, high densities of corrosion current recorded
during tests were always related to the dissolution of zinc, and not reinforcing steel protected by zinc.
Corrosion products of zinc, with a smaller volume than those of iron, also did not cause cracks in the
concrete cover of the reinforcement. Apparently, corrosion products of zinc filling the porous structure
of concrete in the interfacial zone had enough space, and no undesirable critical values of tensile stress
in concrete were triggered.

6. Discussion

The analysis of changes in a function of time of corrosion potential Ecorr of steel reinforcement
in concrete very clearly demonstrated (Figure 4) that corrosion potential of black reinforcing steel,
both in case of concrete without additives (group B), and with chlorides (group B-Cl) was relatively
close within the range of −0.1–−0.5 V. While evaluating obtained results with reference to standard
criteria [53] for testing potential of the reinforcement in reinforced concrete structures, the information
about the corrosion probability of 50%–95% was obtained after calculating results per the potential of
copper-sulphate electrode. It should be pointed out that the lowest values of potential up to the level of
−0.45 V were observed for concrete with chlorides during the first weeks of testing. And distributions
of corrosion potential of galvanized reinforcing steel in line with expectations were characterized
by lower values which directly resulted from zinc position in the electrochemical series of metals.
In concrete without chlorides, zinc as less noble metal than iron, being the main component of tested
low-carbon reinforcing steel, had the potential of ca. 0.3–0.5 V lower than the potential of black steel
when in direct contact with concrete pore solution. For concrete with chlorides, the measured corrosion
potential of galvanized reinforcement demonstrated the similar difference in potentials. However,
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the spread of potential values for the specimens from the group G-Cl was considerably greater than for
the group B-Cl.

From a scientific perspective, the analysis of results from electrochemical tests (particularly
density of corrosion current) seems to be very interesting during a 2-year period of performed tests.
Figure 21 presents the comparison of changes in corrosion current densities icorr within two years
of measurements, obtained on the basis of analyses of polarization curves of reinforcing steel in the
concrete specimens. Results for galvanized steel (G) and black steel (B) in concrete without additives
are shown in Figure 21a, whereas results for similar rebars in concrete with chlorides are illustrated
in Figure 21b.

 
Figure 21. Changes in the function of time for corrosion current densities icorr of galvanized and black
steel reinforcement (a) in concrete without chlorides, (b) in concrete with chlorides; selected measuring
series presented as diagrams and analyzed in details as part of EIS and LPR measurements are marked
with grey color.

As shown in Figure 21a, black reinforcing steel in concrete without additives (B) generally had
stable but the low density of corrosion current through the whole period of measurements, which in
accordance with criteria for evaluating corrosion risk to steel in concrete, could indicate the passivation.
Microscopic tests (Figure 12b) demonstrated the presence of oxygen on the surface of steel rebar which
probably indicated the presence of a passive layer of oxides that is characteristic for highly alkaline
concrete pore solution (pH > 12.5).

In case of galvanized steel reinforcement in concrete without chlorides (G), elevated values
of corrosion current density (oscillating around 1 μA/cm2) were observed in the initial phase of
measurements (until day 18 of measurements). Then, corrosion current density stabilized at the level
of 0.3–0.5 μA/cm2, which was a slightly better result than for black steel. The already mentioned quite
a rapid increase in corrosion rate for galvanized steel in concrete without chloride content was related
to zinc corrosion in highly alkaline concrete pore solution. At pH > 13.3 corrosion of galvanized coat
on reinforcement was initiated.
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Considering galvanized and black steel in concrete with chlorides, dynamics of changes in
corrosion current densities and spread of those values during two-year measurements was very
diversified (Figure 21b). During first 74 days of measurements, density of corrosion current for
black steel did not exceed the level of 1.3 μA/cm2, whereas for galvanized steel values of icorr were
higher, even up to 2 μA/cm2. After day 74, a further increase in corrosion current densities was
observed for both galvanized and black steel. However, a wider spread of values was found for
reinforcing steel protected with the coating. Within that period, values of corrosion current density of
the specimens with galvanized steel reached very high values of 3.8 μA/cm2. According to microscopic
tests, zinc was found to be the only corrodible metal (Figure 20) on the undamaged structure of steel
matrix which, considering the operational safety of reinforced concrete structures, is very important
and positive information.

To sum it up, there was very strong corrosion of the reinforcement within the whole discussed
period of two years of electrochemical testing according to criteria [51] for evaluating corrosion risk to
reinforcing steel. Interestingly, after an 18-month interval in measurements determined densities of
corrosion current dramatically decreased on day 792 of measurements. Corrosion of black steel was
just inhibited as an insulating barrier from corrosion products of iron was formed. The microscopic
tests (Figure 13) showed that a layer of corrosion products was thick enough to hinder diffusion of
oxygen required for corrosion development. Diffusion-controlled electrochemical processes were also
confirmed by the Nyquist plot (Figure 8a). It should be pointed out that the specimens were kept under
rather stable thermal and humid conditions (temperature 20 ± 2 ◦C and relative humidity 50 ± 10%)
during a very long, 18-month interval in measurements.

It is worth mentioning that despite an intensive development of corrosion on black steel in concrete
with chlorides, no cracks were found on concrete surface of the test elements. It could be explained by
a small diameter of rebars with reference to the thickness of the concrete cover. Thus, the volume of
accumulating corrosion products did not exceed the available volume of concrete pores adjacent to
rebars. Consequently, no critical values of tensile stress in concrete were observed.

7. Conclusions

The following conclusions can be drawn from two-year comparative tests on efficiency of the
hot-dip galvanized zinc coating applied on reinforcing steel B500SP in concrete.

• Comparative tests of changes in the density of corrosion current in the concrete specimens without
chlorides basically demonstrated no development of corrosion, and possible passivation was
expected in case of black steel. Higher densities of corrosion current were observed for galvanized
steel during the first days of testing. The reason was the dissolution of zinc after the contact with
initially high pH of concrete pore solution.

• Six-month measurements demonstrated a higher density of corrosion current in the concrete
specimens with high 3% concentration of chlorides, which unambiguously indicated corrosion in
concrete reinforced with galvanized or black steel. Microscopic observations indicated zinc was
the only metal corroding with the reinforcement made of galvanized steel, while the rebar surface
showed no signs of corrosion.

• Densities of corrosion current determined for selected specimens dramatically decreased after an
18-month interval in measurements. Corrosion was inhibited on black steel as an insulating barrier
of corrosion products was formed. That result was also confirmed with microscopic observations.

• The analysis of structural bonds in steel without or with zinc coating, containing concrete without
or with chlorides demonstrated that the coating formed during hot dip galvanizing had varied
thickness measured in the circumference at the cross-section of the rebar where the thickest layer
of zinc was always observed at oblique ribs of the rebar.
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• Additionally, the structural tests showed that the chemical composition at the section of the zinc
coating was very homogeneous, and the layer of corrosion products indicated an increased content
of oxygen, particularly for zinc coating in concrete with chlorides.

• Results obtained from corrosion (LPR, EIS) and structural (SEM, EDS) tests on the specimens of
concrete reinforced with steel B500SP demonstrated a very favorable impact of zinc coating on
rebars by providing effective protection against corrosion in chloride environment.
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Appendix A

Table A1. Comparison of results from analyzing polarization curves of reinforcing steel in concrete,
obtained for three selected measuring series on day 4, 74, and 792.

Specimen
No.

Δt EAg|AgCl ba bc B Rp RpA icorr

(Day) (V) (mV) (mV) (V) (kΩ) (kΩcm2) (μA/cm2)

B1 4 −0.300 176.8 122.5 0.03142 2.647 80.48 0.39
B2 4 −0.290 180.3 73.5 0.02267 2.719 82.65 0.27
B3 4 −0.261 187.4 82.6 0.02489 2.924 88.90 0.28
G4 4 −0.722 267.3 167.9 0.04477 1.598 48.58 0.92
G5 4 −0.735 159.0 205.9 0.03896 1.609 48.92 0.80
G6 4 −0.726 153.6 182.3 0.03620 1.108 33.67 1.08

B7-Cl 4 −0.437 167.5 128.0 0.03151 0.668 20.31 1.55
B8-Cl 4 −0.460 166.8 155.3 0.03492 0.552 16.78 2.08
B9-Cl 4 −0.452 161.9 115.4 0.02926 0.738 22.45 1.30

G10-Cl 4 −0.919 177.9 112.4 0.02991 0.472 14.34 2.09
G11-Cl 4 −0.905 177.6 103.1 0.02833 0.513 15.59 1.82
G12-Cl 4 −0.906 217.9 177.1 0.04242 0.690 20.97 2.02

B1 74 −0.411 28.8 49.8 0.00793 1.010 30.71 0.26
B2 74 −0.393 41.1 48.7 0.00969 0.866 26.33 0.37
B3 74 −0.404 42.6 49.4 0.00993 1.841 55.97 0.18
G4 74 −0.845 21.9 71.7 0.00728 2.001 60.84 0.12
G5 74 −0.844 40.1 63.2 0.01065 2.582 78.49 0.14
G6 74 −0.867 35.1 70.9 0.01020 2.161 65.69 0.16

B7-Cl 74 −0.390 50.7 52.8 0.01123 0.380 11.55 0.97
B8-Cl 74 −0.362 48.9 59.6 0.01166 0.517 15.73 0.74
B9-Cl 74 −0.357 39.4 58.4 0.01021 0.811 24.65 0.41

G10-Cl 74 −0.664 34.6 40.5 0.00810 1.209 36.75 0.22
G11-Cl 74 −0.835 176.9 84.7 0.02486 0.747 22.70 1.09
G12-Cl 74 −0.870 69.3 61.6 0.01417 0.215 6.54 2.17

B1 792 −0.240 77.9 68.2 0.01580 1.477 44.90 0.35
G4 792 −0.851 53.2 90.6 0.01456 1.646 50.04 0.29

B7-Cl 792 −0.040 58.6 45.1 0.01107 55.292 1680.87 0.01
G10-Cl 792 −0.806 51.9 56.0 0.01169 1.121 34.07 0.34
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Table A2. Comparison of results from analyzing impedance spectra of reinforcing steel in concrete,
obtained for three selected measuring series on day 4, 74, and 792.

Specimen
No.

Δt EAg|AgCl Rc Rf
CPEf Rt

CPE0 icorrYf αf Y0 α0

(Day) (V) (Ω) (Ω) (Fsα−1) - (Ω) (Fsα−1) - (μA/cm2)

B1 4 −0.305 415 – – – 3388 2.31 × 10−3 0.597 0.31
B2 4 −0.289 234 – – – 3634 2.16 × 10−3 0.615 0.21
B3 4 −0.265 250 – – – 5925 1.98 × 10−3 0.622 0.14
G4 4 −0.721 317 – – – 2181 1.89 × 10−3 0.660 0.68
G5 4 −0.732 384 – – – 2324 1.76 × 10−3 0.625 0.55
G6 4 −0.728 247 – – – 1618 2.02 × 10−3 0.661 0.74

B7-Cl 4 −0.437 253 – – – 468 3.52 × 10−3 0.539 2.21
B8-Cl 4 −0.458 294 – – – 376 3.98 × 10−3 0.529 3.06
B9-Cl 4 −0.451 415 – – – 503 4.77 × 10−3 0.528 1.91

G10-Cl 4 −0.915 216 75 2.12 × 10−3 0.448 333 6.24 × 10−2 0.641 2.96
G11-Cl 4 −0.902 228 95 2.71 × 10−3 0.431 371 3.49 × 10−2 0.643 2.51
G12-Cl 4 −0.905 276 138 1.90 × 10−3 0.424 539 3.03 × 10−2 0.648 2.59

B1 74 −0.406 548 – – – 857 2.72 × 10−3 0.708 0.30
B2 74 −0.392 567 – – – 1388 2.63 × 10−3 0.647 0.23
B3 74 −0.405 554 – – – 1565 2.40 × 10−3 0.681 0.21
G4 74 −0.846 539 – – – 1430 1.86 × 10−3 0.673 0.17
G5 74 −0.846 613 – – – 2863 1.48 × 10−3 0.631 0.12
G6 74 −0.870 514 – – – 2097 1.39 × 10−3 0.608 0.16

B7-Cl 74 −0.378 449 – – – 423 4.53 × 10−3 0.399 0.87
B8-Cl 74 −0.349 708 – – – 417 3.50 × 10−3 0.456 0.92
B9-Cl 74 −0.348 849 – – – 684 2.36 × 10−3 0.456 0.49

G10-Cl 74 −0.663 890 382 6.14 × 10−4 0.447 1007 6.52 × 10−3 0.618 0.26
G11-Cl 74 −0.831 477 175 6.71 × 10−4 0.426 465 5.32 × 10−2 0.637 1.76
G12-Cl 74 −0.865 419 151 8.49 × 10−4 0.441 488 5.57 × 10−2 0.612 0.95

B1 792 −0.199 1904 – – – 1262 7.69 × 10−4 0.346 0.41
G4 792 −0.833 630 – – – 1413 2.19 × 10−4 0.462 0.34

B7-Cl 792 −0.052 30,440 18,880 7.00 × 10−6 0.420 735,900 6.54 × 10−5 0.498 0.00
G10-Cl 792 −0.806 2620 – – – 1222 3.67 × 10−4 0.421 0.31
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i mikrostrukturę powłoki cynkowej utworzonej na powierzchni stali po wypalaniu gazowym.
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Abstract: This paper presents an experimental investigation on geopolymer coatings (GPC) in
terms of surface protection of civil structures. The GPC mixtures were prepared with a quadruple
precursor simultaneously containing fly ash (FA), ground granulated blast-furnace slag (GBFS),
metakaolin (MK), and Portland cement (OPC). Setting time, compressive along with adhesive
strength and permeability, were tested and interpreted from a perspective of potential applications.
The preferred GPC with favorable setting time (not shorter than 120 min) and desirable compressive
strength (not lower than 35 MPa) was selected from 85 mixture formulations. The results indicate that
balancing strength and setting behavior is viable with the aid of the multi-componential precursor and
the mixture design based on total molar ratios of key oxides or chemical elements. Adhesive strength
of the optimized GPC mixtures was ranged from 1.5 to 3.4 MPa. The induced charge passed based on a
rapid test of coated concrete specimens with the preferred GPC was 30% lower than that of the uncoated
ones. Setting time of GPC was positively correlated with η[Si/(Na+Al)]. An abrupt increase of setting
time occurred when the molar ratio was greater than 1.1. Compressive strength of GPC was positively
affected by mass contents of ground granulated blast furnace slag, metakaolin and ordinary Portland
cement, and was negatively affected by mass content of fly ash, respectively. Sustained seawater
immersion impaired the strength of GPC to a negligible extent. Overall, GPC potentially serves a
double purpose of satisfying the usage requirements and achieving a cleaner future.

Keywords: geopolymer coatings (GPC); setting time; compressive strength; adhesive strength;
impermeability

1. Introduction

Geopolymers, also known as inorganic polymers or alkali-activated materials (AAMs), are a
cluster of materials synthesized with alkali-activation and subsequent geopolymerization at elevated
or ambient temperature [1–3]. Davidovits distinguished geopolymers from AAMs in that the both
pertain to different systems, respectively, from the perspective of material science [4]. Due to industrial
by-products and/or other inexpensive aluminosilicate sources such as fly ash (FA), granulated blast
furnace slag (GBFS), steel slag, metakaolin (MK), waste glass, saw dust, mine tailing, rice husk ash,
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natural pozzolans, and water glass (WG) can be potentially utilized in production of geopolymers [5];
a large quantity of non-renewable resources stands a chance of conservation as well as massive solid
waste is recycled and reused. Less greenhouse gas emission can be achieved by replacing traditional
cement-based materials with geopolymer-based alternatives in building industry and civil engineering
sector [6]. This means that geopolymer-based materials often lead to less energy consumption and
environmental footprint.

Furthermore, geopolymer-based materials possess comparable or even superior mechanical
properties and durability, especially excellent resistance to chemical corrosion and thermal
properties [7–14]. Research findings revealed that geopolymers blended with various mineral additives
show a significant improvement in mechanical properties and durability at various temperature
conditions [7,8]. The results advocate that geopolymer mixtures with desired properties can be designed
for ambient temperature curing condition with minerals additives, which may further promote them as
an environmentally friendly construction material [7–9]. Geopolymer-based binders show inherently
superior fire resistance as compared to Portland cement-based binders. However, it requires careful
choice of precursor, use of aggregates, total alkali content in geopolymer, water content, and so forth [10].
The production of geopolymer concrete requires great care and correct material composition [10,11].
During the activation process in making the geopolymer, high alkalinity also requires safety risk and
enhanced energy consumption and generation of greenhouse gases [11,14]. Geopolymer concretes
using aggregates of different reactivity are reported to expand less than the corresponding Portland
cement-based concretes [12,13]. The ability to utilize alkali-silica reaction vulnerable aggregate in the
production of geopolymer concrete would increase economic and sustainability appeal [13,14].

Hence, as typical of cleaner and sustainable materials, geopolymers are expected to be powerful
and cleaner products with promising prospects in the near future. They have been attracting more and
more attention worldwide. Today the primary application of geopolymers in civil engineering is the
development and production of building materials as a potential alternative to traditional materials
with high energy consumption and pollution [15–18]. Geopolymers are expected to be green binding
material and consume less energy. Production of geopolymer minimizes waste production and protect
environment [15,16]. Geopolymers/alkali-activated binders have attracted considerable attention as
promising construction and repair materials since their discovery because of their superior properties.
Moreover, less pollution was caused by geopolymer/alkali-activated concretes than conventional
cement concretes [17,18]. However, further research is needed to identify the sustainability and
low-carbon nature of geopolymers and related products [1,3,5].

For the purpose of prolonging the lifespan of civil structures, sealing the exposed surface of
concrete with coatings has been widely studied and utilized. Surface protection/treatment has become
more significant in marine concrete structure, which is vulnerable to chemical deterioration and
physical damage. Although organic coating materials (e.g., epoxy resins, silane and acrylic) have been
commonly used, there exist disadvantages and drawbacks involving ease to crack/peel/degradation,
inability to release vapor pressure [19], susceptible to fire [20], release of odors, lack of stability under
UV radiation [21], difficulty to be removed after aging [22] (Pan et al., 2017), and low resistance
against thermal shock [23]. In comparison, as previously reported by Franzoni [24] and Jiang [25],
inorganic coatings possess desirable adhesive strength, good durability and favorable compatibility
with concrete substrate. In addition, geopolymers show inherently superior fire and thermal shock
resistance [26]. However, less attention and interest has been concentrated on this field, especially with
regard to their penetration depth, bonding interface, interactions with substrate [22], and transport
mechanism of deleterious ions in this type of coating layer.

As an innovative inorganic material with excellent performance, geopolymer coatings (GPC) can
also be potentially used for the protective layer of concrete structures. Zhang et al. presented an
experimental study of employing geopolymer-based material as a coating material for marine concrete
protection [27]. Aguirre-Guerrero et al. prepared alkaline-activated FA/MK geopolymer mortar as an
interfacial agent that prevented reinforcing bars embedded in reduced-scale concrete members from
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corrosion [28]. Wiyono reported that surface soundness of pozzolan concrete can be enhanced through
the application of GPC layer [29]. Lv and co-authors synthesized a powder GPC by mixing MK and
solid water glass along with additives and fillers [30]. They claimed that the dry-mixed coating material
has been successfully applied in indoor engineering. Wang and Zhao issued a tentative study on silica
fume-based GPC for fireproof plywood that was modified with decanoic-palmitic eutectic mixture [31].
In addition, from a point of view of sustainability, the carbon footprint of GPC is several times lower
than that of traditional organic-based coatings [32]. The GPC prepared from multi-componential
precursors at ambient temperature and its applications on concrete substrate, however, has seldom
been studied, thus hindering a better understanding towards potential utilization of geopolymers.

The objective of this study, hence, is to design and prepare green GPC mixtures comprised with a
quadruple precursor at ambient condition and to correlate basic engineering properties of GPC to its
several key influencing factors. This paper is structured as follows: In the first step, a series of GPC were
formulated and prepared based on the proposed methodology. Secondly, setting time and mechanical
strength alongside rapid chloride permeability of the prepared and optimized GPC mixtures were
experimentally investigated. The correlations between these properties and key mixture parameters
of GPC were interpreted. Moreover, mechanical strength of GPC cured in standard condition and
in artificial seawater was compared. In the end, the adhesive strength of GPC to a typical concrete
substrate was evaluated with a portable apparatus. As a complement, the potential sustainability of
this type of geopolymer-based applications was briefly reviewed.

2. Experimental Program

2.1. Materials

The constituent materials used can be classified into three parts in terms of their functions, i.e.,
aluminosilicate precursors (or binders), alkali activators and additives. The precursor includes FA, GBFS,
MK and ordinary Portland cement (OPC) as per Chinese standards and technical specifications. All raw
materials used in the study are supplied by Zhejiang Huawei Building Materials Group, Co., Ltd.,
in Hangzhou, China. Compared to one single precursor, the quadruple combinations were expected to
complement each other’s advantages with regard to chemical compositions, specific properties (e.g.,
particle size distribution and reactivity), economical cost, as well as sustainability. X-ray fluorescent
(XRF) analysis (Olympus, Tokyo, Japan) was carried out to obtain oxide compositions of the precursors
as shown in Table 1.

Table 1. Chemical compositions of precursors for geopolymer coatings.

Precursors
Oxide Compositions (Mass Fraction, %)

SiO2 Al2O3 Na2O CaO Fe2O3 MgO TiO2 K2O H2O LOI

MK 45.12 42.40 0.15 9.11 0.76 0.09 1.37 0.19 0.12 0.35
FA 37.00 31.88 0.66 9.11 8.35 1.16 1.81 1.29 0.13 0.46

GBFS-A 1 26.08 13.51 0.26 45.66 0.45 8.53 0.67 0.40 0.21 0.22
GBFS-B 1 25.36 12.49 0.29 47.38 0.45 6.31 0.89 0.35 0.31 0.43
GBFS-C 1 24.34 13.67 0.29 44.97 0.41 8.21 0.80 0.41 0.16 0.13
GBFS-D 1 25.79 13.11 0.26 46.28 0.77 7.00 0.95 0.42 0.11 0.25

OPC 17.27 6.63 0.25 58.25 6.38 2.69 0.51 0.74 0.16 0.42
1 GBFS-A, B, C, and D with roughly the same chemical compositions come from different iron works.

In order to make the GPC protective layer as compact as possible, the overall particle size
distribution (PSD, Lab Synergy, New York, NY, USA) of the multi-componential precursors was
optimized with the aid of EMMA (Version 1, Elkem, Olso, Norway) [33], a software package of
particle packing calculation. Figures 1 and 2 respectively show scanning electron micrographs (SEM,
Nanoscience, Phoenix, AZ, USA) and the laser-based PSD of the precursors. The FA mainly consists of
spherical particles of glass, while the GBFS, MK and OPC are all composed of irregular and angular
particles that are similar with previously published results [34–36]. The MK possesses the finest
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particles in all the precursors used, as clearly shown in Figures 1 and 2. It was expected to effectively fill
spaces between coarser particles and densify the overall quadruple binder system. The GBFS and OPC
with higher reactivity are beneficial to geopolymerization and development of mechanical properties
of GPC at ambient temperature.

 

Figure 1. Scanning electron micrographs (SEM) of the precursors used.

Figure 2. Particle size distributions (PSD) of the precursors employed in this study.

It is well-known that the geopolymerization process of geopolymer-based materials at ambient
temperature is relatively slow and, therefore, a desirable strength is often difficult to obtain at early
ages. Elevated temperature can accelerate the formation of geopolymer gel, and thus, enhance the
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strength. However, heat curing is often difficult to achieve in on-site applications. From the engineering
and economical perspectives, therefore, it is essential to develop the GPC mixture with favorable
mechanical strength under ambient condition. Based on the hypothesis that additional calcium silicate
hydrate (C-S-H) gel coexists with geopolymer products, calcium-rich materials such as GBFS and OPC
were introduced to shorten setting time and to improve mechanical properties of GPC. Additionally,
heat release from hydration of the calcium-rich materials can accelerate the geopolymerization.

The alkaline activator was a blended aqueous solution of commercially available sodium hydroxide
(NaOH pellets with 99.8% purity) and water glass (WG, with 27.5% SiO2, 8.7% Na2O and 63.8%
H2O by mass) synthesized from industrial by-products. A polycarboxylate-based superplasticizer
(SP, with 26.2% solid mass content and 25.8% water-reducing ratio) and polypropylene fiber (PPF,
with length of 6–10 mm and aspect ratio of 400–600) were used as functional additives of GPC.
The former is favorable to improve workability of fresh GPC mixture while the latter is beneficial to
toughness and cracking resistance of the hardened GPC layer. It is noteworthy that, once cracking
occurs, a penetration pathway for corrosive agents will be emerged in the GPC layer and the protected
substrate will be deteriorated.

2.2. Experimental Parameters

In this experimental investigation, primary engineering properties involving setting time,
compressive and adhesive strength, along with permeability of a number of GPC mixtures were
explored and interpreted. It is essential that GPC set neither too rapidly nor too slowly. In the first
case, there might be insufficient time to operate the fresh mixture before it becomes too rigid. In the
second case, too long a setting period tends to delay the work unduly, also it might postpone the actual
use of the coating layer because of inadequate strength at the prescribed age. Consequently, initial and
final setting time of GPC must be designated in a definite and reasonable range.

Compressive strength is the most frequently-used parameter for characterizing the engineering
properties of hardened geopolymer-based materials [37,38]. Adhesive strength refers to the capability
of a GPC layer to stick to a substrate. It is often measured by assessing the ultimate tensile stress
to detach or unstick the hardened GPC layer perpendicular to the substrate. It is essential that
GPC possesses robust impermeability to moisture and deleterious substances. As a typical scenario,
the penetration and transport of chloride ions often resulted in deterioration of concrete structures in
marine atmosphere. As a trial and error, we employed electric charge passed based on rapid chloride
permeability test to characterize the protection effect of GPC.

It is noteworthy to state that all test data in this article are average values from two or three
replicate samples on the basis of identical experimental configurations, respectively. Relative standard
deviations (i.e., the ratio of standard deviation to average value) of all the presented data in figures
and tables are in the range of 3–8%. The scatter of test data is totally lower and meets the requirements
of experimental design. For these reasons, the error bars and statistical analyses of the experimental
results were uniformly omitted.

2.3. Mixture Formulation

In order to achieve proper performance of end product of GPC, the synergy of precursor and
alkaline activator requires to be fully taken into account. The procedures of mixture proportioning of
GPC are schematically presented in Figure 3. For the sake of achieving the balance between setting
time and mechanical strength, total molar ratios of SiO2/Al2O3, SiO2/Na2O and H2O/Na2O as well as
Si/(Na+Al) in the GPC system were calculated and regulated. According to Davidovits [39,40] and
Rangan [41], the geopolymer pastes with these molar ratios in the ranges of 3.3–4.5, 0.8–2.2 and 10–25
are suitable for usage of protective coatings, respectively. The additives such as SP, PPF and retarder
were adopted to further improve the particular performance of the GPC mixtures. Due to the mass
proportion of the precursor being predominant, the economic cost and sustainability of GPC depend
on the quadruple compositions of precursors. Less MK and more FA were suggested.
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Figure 3. Mixture design procedure of GPC: a step by step methodology of mixture
formulation involving particle packing, environmental impacts, engineering performance, as well as
material chemistry.

Based on the principles of mixture design, a series of GPC mixtures (85 groups) with trial and
error were examined. The mixtures were listed in Table 2. As stated previously, the GPC mixtures
containing multi-componential precursors were highlighted. It should be noted that, in Section 3,
the experimental results will be interpreted in terms of various factors that affected the properties
rather than serial numbers of the GPC mixtures.

2.4. Mixture Preparation

The preparation of the GPC mixtures in the laboratory consists of the following four steps. First of
all, prescribed quantities of WG and NaOH were carefully blended and dissolved in the mixing water
to obtain the activator solution with the required concentration. The desired concentration (or molarity)
of NaOH is suggested to be within the range of 8–16 mol/L. However, 8–10 mol/L is adequate for
most cases [38,42]. Too high alkalinity is prone to result in the efflorescence [43] and safety hazard of
operations. The activator solution was cooled down and stabilized for at least 24 h before further mixing
with the precursors. Secondly, the prescribed MK, GBFS, FA, and OPC combinations were fully mixed
together to ensure the uniformity using a mechanical mixer. In the third step, the formulated alkaline
solution was fully mixed with the specific additives. At this point, the liquid and solid components of
the GPC mixture were prepared. Finally, the solid component was added to the liquid one and then
the mixing process was performed to obtain the fresh GPC mixtures. All these steps were performed
with constant temperature and relative humidity (RH) of 25 ◦C ± 2 ◦C, 60% ± 5%, respectively.
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2.5. Experimental Procedures

Initial and final set of GPC mixtures was determined with Vicat needle method, which is in
accordance with ASTM C191 [44] with necessary modifications [45]. The method requires casting the
fresh mixture into a truncated ring with a height of 40 mm. The measurement started after 10–15 min of
curing the GPC samples in an environmental chamber (25 ◦C ± 2 ◦C and 95% ± 5% RH) and continued
with an interval of 5–15 min up to the final set.

Compressive strength of GPC was performed on 20 mm cubes at the ages of 3, 7 (or 10) and
28 days, respectively. The compacted specimens (six replicates for each test) with the steel molds were
initially stored in the above-mentioned chamber (standard condition) until 24 h and then stripped,
and placed again in standard condition up to the measured ages. The tests were performed on a
mechanical testing machine with a capacity of 300 kN. To examine the latent influence of curing
condition on compressive strength, a comparison group for each GPC mixture was continuously
immersed in saline water until the test ages. The saline water was prepared with crude sea salt of a 7%
concentration that is an analogue of marine environment.

Adhesive strength (more accurately, pull-off adhesion strength) of GPC was determined using a
portable adhesion tester (HCTC-10, provided by Beijing HICHANCE Technology Co., Ltd. in China).
This test method covers procedures for evaluating the adhesion of a coating on concrete. The test
determines the greatest perpendicular force in tension that a surface area can bear before a plug of
material is detached. Failure will occur along the weakest plane within the system comprised of
the loading fixture, glue, coating system, and substrate, and will be exposed by the fracture surface.
The fresh GPC was painted and coated on the surface of concrete substrate (with an area of 100 mm ×
400 mm) that was previously polished and handled to a saturated and surface dry state. The thickness
of GPC layer was 3 mm. As shown in Figure 4, after being exposed to standard conditions up to 5
and 26 days, five standard steel flanges with Φ50 mm smooth surface were glued on the GPC layer
with epoxy resin (Figure 4a). After the resin was fully cured (~48 h), the flanges were detached using
a portable tester and adhesive strength was displayed on the LCD screen (Figure 4b). The failure
interface in Figure 4c indicated that adhesive strength of GPC is comparably higher than that of the
mortar part in concrete. In addition, the concrete substrate used was previously fabricated with the
following mixture proportion (kg/m3): 255 kg OPC, 206 kg FA, 846 kg river sand, 928 kg crushed stone,
160 kg water, and 9.5 kg SP. The concrete substrate was cast and cured in standard condition until the
age of 28 days. The characteristic value of compressive strength is 40 MPa.

 

Figure 4. Adhesive strength test of GPC: (a) standard steel flanges glued on the surface of GPC layer
that was previously coated on concrete substrate; (b) pulling out steel flanges from glued GPC surface
with a portable adhesion tester, the LCD screen displays adhesive strength (MPa) of GPC; (c) failure
interface between GPC layer and concrete substrate.
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As the initial attempt, chloride permeability of GPC characterized through charge passed
(Coulombs) was tested with a rapid method as per ASTM C1202 standard [46]. One cross section of the
protected cylinder concrete specimen (Φ100 × 50 mm) was previously polished and coated with the
GPC mixture to be examined. At the age of 28 days, the charge passed of the coated concrete specimen
was determined with a specialized apparatus [46] in parallel with the control one without GPC.

3. Results and Discussion

3.1. Setting Time

The GPC mixtures solely prepared with GBFS precursor often give high early-age strength but very
rapid set within 30 min. Commercial retarders for OPC have been proven ineffective in geopolymer
systems [47]. Lv and Cui [30] reported that an addition of polycondensed aluminum phosphate can
prolong the solidification of an inorganic geopolymer-based coatings. However, the authors were
unable to achieve the observation in this study. It seems as if there is a dilemma between strength
development and setting time of GPC. Replacing GBFS with other aluminosilicates and formulating
multi-component precursors can prolong setting time to great extent. In this section, we will present
and interpret a series of factors affecting the GPC’s setting time.

3.1.1. Effect of Activator Composition

The influence of the alkaline activator on setting time of GPC mixtures can be separately explored
from its triple compositional makeup, viz., the mass of water glass, NaOH and additional water.
The experimental results are clearly plotted in Figure 5 respectively. In these scatter diagrams, the test
data is based on the identical precursor combinations (MK = 125 g, FA = 225 g, GBFS = 125 g and
OPC = 25 g) and the constant water-solid ratio (W/S = 0.55).

Figure 5. Correlating setting time to activator solutions of GPC: (a) setting time vs. amount of water
glass; (b) setting time vs. amount of NaOH; (c) setting time vs. amount of additional mixing water.
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In general, the relationships between the setting time and the activator composition were not quite
monotonous. The intervals between the initial and final setting time of different mixtures were not
long enough as those of the Portland cement paste did. However, for a first approximation, more water
glass led to the extension of setting time while an increase of the quantity of NaOH or the mixing water
resulted in a decrease of setting time, respectively. Keep in mind that the alkalinity and the pH value
of NaOH is much higher than water glass; their contributions on the activation and geopolymerization
are different; and in turn the influence of setting time is somewhat distinguished. With regard to the
mixing water, its impact manner and degree cannot seem to be explained with the dilution effect that
is applicable to cement-based materials, even though the polycondensation of geopolymer produces
water molecules [15,17,23,29].

As far as the effect of the precursors on setting time was concerned, it was observed that the style
or mode of action of each component in the quadruple precursor failed to come to any agreement.
Due to the fact that GPC is a complex mixture system, we should interpret physical mechanisms of
various factors on its property from a more comprehensive viewpoint. Maybe, replacing the single
components as impact factors with the total quantities/moles of specific oxides or chemical elements in
the entire GPC system is more reasonable [23,26].

3.1.2. Effect of Key Molar Ratios

In this paper, the total molar ratios of several key oxides (i.e., SiO2, Na2O, Al2O3, and H2O) or
chemical elements (i.e., Si, Na and Al) are denoted as η(SiO2/Na2O), η(SiO2/Al2O3), η(Na2O/Al2O3),
η(H2O/Na2O), and η[Si/(Na+Al)]. In Figures 6 and 7, the authors tried to correlate setting time of the
GPC mixtures to the total molar ratios of these oxides or elements. η(SiO2/Na2O) and η(SiO2/Al2O3)
separately represented the alkali and silica contents in the GPC system.

 
Figure 6. Correlating η[Si/(Na+Al)] to setting time of GPC: (a) setting time vs. η[Si/(Na+Al)] in this
study alongside the reported data; (b) setting time vs. η[Si/(Na+Al)] reported in previous literature [48].

According to the interrelation among setting time, η[Si/(Na+Al)] and alkaline silicate’s molecule
structure (ring or chain) of MK-based geopolymer developed by Arnoult et al. [48], as shown in
Figure 6b, with a reference value of η[Si/(Na+Al)] = 1.1, were selected to explore a potential relationship
between setting time and η[Si/(Na+Al)] of the GPC mixtures. The results are depicted in Figure 6a
along with the data points collected from preceding studies [47,48]. It was obvious that the setting time
was positively correlated with η[Si/(Na+Al)]. Once the value of η[Si/(Na+Al)] exceeded 1.1, an abrupt
increase of setting time occurred. The default value of η[Si/(Na+Al)], which corresponds to favorable
setting time (100–200 min), was seemingly suitable for the current coating applications.
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Figure 7. Correlating setting time to key molar ratios of GPC: (a) setting time vs. η(SiO2/Al2O3);
(b) setting time vs. η(SiO2/Na2O) and (c) setting time vs. η(Na2O/Al2O3).

Keep a constant value of η[Si/(Na+Al)] = 1.1 and the identical precursors; the relationships
between setting time and the above-mentioned total molar ratios of key oxides are presented in Figure 7.
Apparently, compared to the preceding correlations concerning setting time and single components,
the setting time-total molar ratio relationships were definite and straightforward. It is also worth
noting that the interval between initial and final setting time gradually increased with a decrease of
η(SiO2/Al2O3) or η(Na2O/Al2O3) as well as an increase of η(SiO2/Na2O), respectively.

Ozer and Soyer-Uzun [49] characterized the effect ofη(Si/Al) on reaction products of alkali-activated
MK with X-ray diffraction (XRD) and SEM technology. They found that the geopolymer product
transformed from crystalline phase (zeolite-A) to amorphous microstructures (N-A-S-H gel) with the
increase of η(Si/Al). The observation was recently further supported by Chen et al. [50]. The extension
of setting time with the reduction of η(SiO2/Al2O3) was probably ascribed to this phase transformation,
but the latent mechanism is still unclear. In the present usage of geopolymer, in order to obtain proper
setting behavior, the appropriate η(SiO2/Al2O3) should be selected from the range of 3.7–4.0.

3.1.3. Effect of Preparation Method

It was generally suggested that the blended activator solution (water glass + alkali metal
hydroxides +H2O) should be prepared at least 24 h in advance followed by mixed with the precursors.
However, the reason why this emphasizes the procedure was not definitely stated. We took two sets of
experiments randomly on two GPC mixtures to examine the effect of preparation of alkali-activator
on basic properties such as setting time and compressive strength. In the control test, the activator
was made as per the common procedures. Meanwhile, the mixed activator solution was immediately
blended and stirred with the precursors in the parallel test. The results presented in Figure 8 indicated
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that the activator after stabilizing 24 h led to a more prolonged setting time than its immediately
mixed counterpart did. In other word, after the storage of a period of time, the reactivity of the
activator reduced to some extent. This assertion would also be explained from the results of early-age
mechanical strength of the both GPC mixtures made from the activators with different initial states:
the GPC mixtures made from the immediately mixed activator obtained higher compressive strength
at the ages of 3 and 7 days. The effects of the preparation method on the strength and setting time were
also dependent upon the precursor combinations along with the specific age. The effect on the strength
was more obvious at an earlier age [35,44].

Figure 8. Influence of preparation procedure on basic properties of GPC: (a) setting time (tis = initial
setting and tfs = final setting); (b) compressive strength at 3 and 7 days. In the two graphs, Mix. A and
B stand for the GPC mixtures randomly extracted from the investigated mixtures.

3.2. Compressive Strength

Mechanical strength of geopolymer presented in the literature varied widely because of the specific
attributes of constitute materials, methods of preparation and exposed conditions [51]. However,
there is very limited research that has been performed on comprehensive evaluation of the influencing
parameters. Thermal curing is often difficult to achieve and inconvenient for in-situ applications;
therefore, it is desirable to develop a GPC that can come into effect at ambient temperature. Furthermore,
what we found was that, in comparison with the influence of alkaline activator, the dependence
between compressive strength and precursor composition of the GPC mixtures was much stronger
and more robust.

3.2.1. Effect of Precursor Composition

As the binder of the geopolymer, the precursors and their make-up are of vital importance to
strength of GPC. Since GBFS, FA and MK have been widely utilized to synthesize geopolymers,
we proposed a blended precursor system involving these typical aluminosilicates along with an
addition of OPC, supposing that their advantages are complementary. The respective proportions
of these aluminosilicates in the quadruple precursor system were intended to optimize on the
basis of compressive strength, more accurately the balance of strength and setting time of the GPC
mixtures [21,35,44].

As shown in Figure 9, compressive strength of the GPC at various ages (3, 7, 10 and 28 days) was
positively and negatively affected by the mass content of GBFS and FA in the quadruple precursor,
respectively, regardless of activator’s composition, W/S and curing condition. Keeping identical mass
of (MK + FA) and GBFS, with an increase of mass content of MK, the GPC’s compressive strength
increased. The influences of these binder components on compressive strength strongly pertain to their
chemical reactivity. The mass content ranges of the precursor components were normalized on the
one hand by the particle packing and were limited on the other hand by the attributes. For instance,
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more than 35% MK will result in an increase of mixing water while more than 50% GBFS will lead to
very rapid set. Therefore, when one formulates the GPC mixture, it is critical to balance the strength
and setting properties.

Figure 9. Correlating compressive strength to quadruple precursor composition of GPC:
(a,b) compressive strength vs. mass of GBFS; (c–e) compressive strength vs. mass of FA; and (f)
compressive strength vs. mass of MK.

3.2.2. Effect of Key Molar Ratios

According to our observations, the effects of key molar ratios on compressive strength were less
evident than on setting time did. With regard to the influences of η(SiO2/Na2O) and η(SiO2/Al2O3),
several investigations have been carried out. Cheng et al. reported that the MK-waste catalyst-based
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geopolymer samples with higher η(SiO2/Na2O) appeared to possess more compact structures,
higher strength and lower porosity [52]. Gao et al. highlighted that the nano-SiO2 and MK-based
geopolymer with the η(SiO2/Na2O) value of 1.5 exhibited higher strength and less porosity [53].
Wang et al. presented a comprehensive study on molecular structure and mechanical properties of
geopolymers with different η(SiO2/Al2O3) by means of experiments and simulation. They indicated
that, with the increases of η(SiO2/Al2O3), both the stability of molecular structure and mechanical
properties of resultant geopolymer decreased [31]. Various zeolites were main products in geopolymers
with a relatively low η(SiO2/Al2O3) = 2.0–2.5. The formation of these zeolitic structures resulted in
low-strength MK-based geopolymers [54]. These findings basically coincided with the relevant results
in this work, so there is no need to repeat.

In the case of the effects of η(H2O/Na2O), η[Si/(Na+Al)] and W/S, the corresponding experimental
results are plotted in Figure 10. With the identical η(SiO2/Na2O), η(SiO2/Al2O3) and η[Si/(Na+Al)],
the correlation between compressive strength and W/S was elusive. The observation was basically
different from the findings reported by Juengsuwattananon et al. who indicated that the geopolymer’s
strength decreased with an increase of W/S [54]. They ascribed the phenomenon to dilution
effect by adding more water to the system. More mixing water led to a reduction in pH value
of the system and adversely affected the reaction rate. In nature, W/S or liquid-solid ratio are
the practical forms of η(H2O/Na2O). However, the influences of η(H2O/Na2O) on strength varied
with experimental configurations. When η(SiO2/Na2O), η(SiO2/Al2O3) and η[Si/(Na+Al)] were held
constant, higher η(H2O/Na2O) led to greater strength. Otherwise, when the same precursors were
used, the strength slightly decreased with the increase of η(H2O/Na2O). The effect of η[Si/(Na+Al)]
was also inapparent.

 
Figure 10. Correlating compressive strength to key molar ratios and W/S: (a,b) compressive strength
vs. η(SiO2/Na2O); (c) compressive strength vs. η[Si/(Na+Al)]; and (d) compressive strength vs. W/S.
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3.2.3. Effect of Exposed Conditions

In Figure 11, we compared the standard cured and seawater-immersed GPC’s compressive strength.
It was easy to find that, although continuous seawater immersion impaired the strength, the loss of 7%
was more or less negligible from a viewpoint of practical applications. That is to say, water resistance
and anti-corrosion of the GPC mixtures are desirable, even though the exposed condition is harsh.
This observation coincided with the results presented by Zhang et al. [27]. The strength reduction
of the seawater-immersed specimens could be attributed to dilution of excessive water rather than
the corrosion of seawater. Water reservoir also inhibited the polycondensation to some extent [36,51].
Due to excellent impermeability of the GPC, the dilution effect was limited to the surface layer.

Figure 11. Correlating compressive strength of GPC immersed in artificial seawater to its counterpart
stored in standard condition.

3.3. Several Critical Observations

With the exception of all above-discussed factors that affected basic properties of GPC, there are
some critical experimental results that are worthwhile to discuss or interpret here.

3.3.1. A Threshold of Total Molar Ratio

In this subsection, with the same W/S, WG and precursor combination, the relationship between
setting time/early-age strength and mass of NaOH/η(SiO2/Na2O) was discussed. In this experimental
configuration, the only independent variable was the mass of NaOH.

From a phenomenological perspective, it seems as if there was a threshold of the mass of NaOH
(30 g) that divided its influence on the strength as well as setting time into two distinct segments
(see Figure 12a,b). In the first part, the setting time and strength decreased with an increase of the
mass of NaOH, and in the second part, the reverse happened. Because η(SiO2/Na2O) consistently
decreased with the increasing addition of NaOH, the correlations between setting time or early-age
strength and η(SiO2/Na2O), as shown in Figure 12c,d, highly resembled one another. The threshold of
η(SiO2/Na2O) equals to 4.56. Hamidi indicated that the geopolymer paste activated with 12 M NaOH
solution obtained the greatest mechanical strength in an experimental study exploring the effect of
molarity of NaOH (4–18 M) [55]. In addition, the molarity or content of NaOH in the alkali-activator
affected the fluidity of the fresh GPC mixtures and solid particle size [56]. Higher concentration of
NaOH solution often leads to better flowability and less particle agglomeration. Similar test results
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were also observed in this research. The effects of the concentration of alkali metal hydroxide on
properties of geopolymer are dependent on the change of zeta potential in the alkaline activator [57].

Figure 12. A critical observation on setting time and compressive strength: (a,b) compressive strength
at the age of 3 days and setting time vs. the mass of NaOH; (c,d) compressive strength at the age of
3 days and setting time vs. η(SiO2/Na2O), respectively.

3.3.2. Effect of OPC Addition

In the binder of geopolymer, OPC, which can cause environmental load such as CO2 emission,
is often not recommended. However, as an important calcium source, the hydration of OPC has
two roles: accelerate geopolymerization and produce calcium silicate hydrate (C-S-H) gel [58].
The coexistence of sodium aluminosilicate hydrate (N-A-S-H) and C-S-H will enhance the engineering
properties of geopolymer-based materials [59]. In the quadruple precursor, the dosage of OPC should
be determined in accordance with the balance between compressive strength and setting behavior of
the prepared GPC.

As clearly depicted in Figure 13, setting time and strength properties separately shortened and
raised with the increase of OPC replacement ratio in general. Besides, the effects were implicated
with the molarity of NaOH in the activator solution; the higher the molarity, the stronger the
effects. When the mass ratio of OPC was greater than 10% by total mass of precursor, the GPC’s
strength tended to decrease, especially the ones activated with higher concentration NaOH solution.
Other calcium-rich compounds such as calcium hydroxide or calcium oxide can also be utilized to
regulate setting time and mechanical properties; their replacement ratios should be tailored in terms of
particular usages [16,22,34].
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Figure 13. Influences of ordinary Portland cement (OPC) replacement ratio (by mass) on (a) setting
time and (b) compressive and flexural strength.

3.3.3. Effect of GBFS Type

The properties of geopolymer are affected not only by mixture proportions of precursor and
activator, but also by type and source of constituent materials. Figure 14 shows the compressive
strength of GPC mixtures prepared from four different GBFS with the same recipes. GBFS-B and
GBFS-D separately produced the highest and the lowest strength. It appears that this observation was
not easy to interpret from key parameters of GBFS such as reactivity index, Al2O3 content or total
content of Al2O3 and SiO2. The geopolymerization process is complicated and related with the phase
morphology of the precursors apart from their combinations and oxide compositions. By the way,
the influence of type of GBFS on setting behavior was also ignorable.

 
Figure 14. Correlating compressive strength to types of GBFS: several key parameters in terms of
reactivity of GBFS are listed alongside.

At this point, the optimized 5 GPC mixtures presented in Table 3 with both practicable setting
time (not earlier than 120 min) and desirable compressive strength (not less than 35 MPa) were selected
from the investigated 85 mixtures listed in Table 2. In the course of seeking the optimized mixtures,
a series of factors affecting the basic properties of GPC were explored and discussed. In particular,
an eye was kept on the balance between strength and setting behavior at ambient temperature as well
as the usage of quadruple precursors.
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Table 3. Adhesive strength of the optimized geopolymer coatings mixtures.

Mixture No.
Precursors (g) Activators (g) Additives (g)

Adhesive
Strength

(MPa)

Compressive
Strength

(MPa)

MK FA GBFS-A OPC WG NaOH W SP PPF 7d 28d 7d 28d

OP-1

75 100 275 50

400.0 85.0 145.8 7.50 0.25 1.763 2.096 43.7 44.0
OP-2 500.0 100.0 110.5 7.50 0.25 1.554 2.613 35.5 35.2
OP-3 419.9 24.4 104.0 7.50 0.25 1.646 2.812 35.7 52.5
OP-4 404.3 24.2 110.8 7.50 0.25 2.556 3.398 41.5 52.8
OP-5 400.0 100.0 154.5 7.50 0.25 1.684 1.870 38.5 49.5

3.4. Adhesive Strength

The adhesive strength of the optimized GPC mixtures was measured through a portable tester,
as listed in Table 3. All the test results were higher than 1.5 MPa, regardless of the measured age.
Previous investigations indicated that the adhesive strength of coatings for most civil applications
should not be less than 1.4 to 1.75 MPa, which varied from one testing method to another. According to
the provisions in Chinese technical standards, the adhesive property of theses mixtures fully meets
the requirement of surface protection. It is easy to understand that higher compressive strength often
responds to higher adhesive strength.

3.5. Rapid Chloride Permeability

In order to characterize the compactness of GPC protective layer, as an easily determined indicator,
charge passed based on rapid chloride permeability test was explored herein. The preferred mixtures
were separately applied to the concrete substrate, and their respective permeability was compared
to that of the naked substrate in Figure 15. Apparently, the coated substrate with the GPC obtained
improved resistance to deleterious water-soluble ions. The average charge passed of the coated concrete
specimens was approximately 30% lower than that of the uncoated ones. The transport mechanism of
chemical species in the geopolymer will be further studied.

Figure 15. Rapid chloride permeability of coated and uncoated concrete substrate characterized through
accelerated charge passed: “Non-GPC” stands for uncoated concrete substrate, and “OP-x” stands for
the optimized GPC mixtures listed in Table 3.

3.6. An Outlook on Sustainability

Apart from the engineering properties, the cost, availability and environmental compatibility
of GPC are also critical to its potential application. The complexity of aluminosilicate sources,
especially aluminosilicate-containing industrial by-products, is a major concern for GPC production.
The multi-componential composite precursor is superior to the single precursor, from the perspective
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of comprehensive utilization of various resources. Due to strong corrosivity and consequent operation
safety of alkali metal hydroxides, certain alkaline by-products from chemical industry are more suitable
to prepare GPC. Moreover, the end product of GPC possesses preferred life-cycle performance as
opposed to organic coating materials. Several authors calculated carbon footprint (or emission factor)
and economic cost as well as embodied energy consumption of geopolymer-based product in terms of
laboratory or industrial scale [60–63]. Although these analyses referred to different original databases,
the results generally indicated that geopolymer is a sustainable alternative material. The preparation
of GPC relies on the alkali-activation and the subsequent polycondensation without extra inputs [6].
This process kills two birds with one stone by meeting usage requirements as well as by achieving a
cleaner future [64].

4. Conclusions

Apart from as a partial alternative to Portland cement, this paper reports an experimental study on
designing, preparing and characterizing a cluster of sustainable GPC that can be potentially utilized to
surface the protection of civil infrastructures. Based on the results presented, the following conclusions
can be drawn:

• Optimized GPC mixtures with both reasonable setting time and desirable compressive strength
were selected from the investigated 85 mixtures. Balancing strength and setting behavior at
ambient temperature was viable with the aid of quadruple precursors and mixture design.

• Adhesive strength of preferred GPC mixtures was successfully measured with a portable tester.
The test results ranged from 1.5 to 3.4 MPa and fully meet the requirements of surface protection.

• Characterizing GPC’s permeability based on a rapid test is feasible and easy to handle. The charge
passed of coated concrete specimens with the optimized GPC was 30% lower than that of the
uncoated ones.

• Setting time of GPC was positively correlated with η[Si/(Na+Al)]. When the value was greater
than 1.1, an abrupt increase of setting time occurred. The extension of setting time with the
reduction of η(SiO2/Al2O3) was probably ascribed to phase transformation of GPC.

• Compressive strength of GPC was positively affected by the mass contents of GBFS, MK and
OPC, and was negatively affected by mass content of FA in the quadruple precursor, respectively.
Sustained saline water immersion impaired the strength of GPC to a very limited extent.

• There existed a threshold of mass of NaOH that divided its influence on GPC’s strength and
setting time into two distinct segments; in the first part, setting time and strength decreased with
an increase of NaOH mass, and in the second part, the reverse happened.

• Replacing mass contents of the single components with the total molar ratios of specific oxides or
chemical elements as design parameters in the overall GPC system is more reasonable.

• GPC is an innovative material for surface protection and a viable alternative to conventional
synthetic polymer coatings for use in civil engineering applications.
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Abstract: This paper aims to provide new insight into a method to improve the chloride ion corrosion
resistance of steel fiber reinforced concrete. The steel fiber was pretreated by zinc phosphate before
the preparation of the fiber reinforced concrete. Interfacial bond strength, micro-hardness and
micro-morphology properties were respectively analyzed in the steel fiber reinforced concrete before
and after the chloride corrosion cycle test. The results show that the chloride ion corrosion resistance
of the steel fiber was enhanced by zinc phosphate treatment. Compared to plain steel fiber reinforced
concrete under chloride ion corrosion, the interfacial bond strength of the concrete prepared by steel
fiber with phosphating treatment increased by 15.4%. The thickness of the interface layer between
the pretreated steel fiber and cement matrix was reduced by 50%. The micro-hardness of the weakest
point in the interface area increased by 54.2%. The micro-morphology of the interface area was
almost unchanged before and after the corrosion. The steel fiber reinforced concrete modified by zinc
phosphate can not only maintain the stability of the microstructure when corroded by chloride ion
but also presents good bearing capacity.

Keywords: steel fiber reinforced concrete; zinc phosphate; chloride ion corrosion
resistance; microstructure

1. Introduction

Steel fiber reinforced concrete (SFRC) is a new type of multiphase composite material which is
formed by mixing short steel fibers with random distribution in plain concrete [1–3]. For concrete,
steel fiber can prevent cracks and increase the toughness of the concrete [4,5]. However, chloride ion,
as a corrosive medium in the marine environment, can easily cause corrosion of steel fiber, which
leads to loss of bearing capacity and toughness of steel fiber reinforced concrete members [5–7]. In the
process of preparation of steel fiber reinforced concrete, a layer of interface phase with a thickness
of around 50–100 μm will be formed when the steel fiber is wrapped by the substrate. Due to the
particularity of its structure, the bond strength, fracture toughness, and hardness of the interface are
all weak points in SFRC [8]. Unfortunately, the corrosion of steel fiber under chloride ion attack will
seriously affect the performance of the interface area, resulting in the reduction of the performance of
steel fiber reinforced concrete. Therefore, the corrosion protection of steel fiber reinforced concrete
should not be ignored [9–14].

There are many factors affecting the corrosion of steel fiber in concrete, such as surrounding
environment, selection of material as ingredients for concrete [15], steel fiber condition, exposure time,
and cracks resulting from the brittle nature of the concrete [16,17]. Thus, careful selection of materials,
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suitable mixing proportion design for concrete, and protection for the steel fiber are beneficial for
the anti-corrosion of steel fiber. Previous studies [18] have found that a high water/binder ratio for
concrete under a corrosive environment resulted in accelerated corrosion of steel fiber. Concrete with
low water/binder ratio and permeability can resist chloride penetration into the concrete matrix and
provide a barrier against oxygen entry and, therefore, the time of corrosion initiation for the steel fiber
can be extended. In addition, waste by-products like fly ash, silica fume, and granulated blast furnace
slag were used to partially replace the binder, which decreased the permeability of the concrete and
thus the steel fiber was protected from corrosion [19–21]. Research works also concentrate on methods
to increase the crack resistance of concrete structures and therefore lessen the attacks of aggressive
agents such as chloride ions, including the addition of steel lining and/or pre-stressing of the concrete.
Moreover, cracks of the concrete are repaired by epoxy resins and/or urethanes [5]. All these methods
have their limitations. Careful selection of materials for concrete and suitable mixing design mostly
work on dormant cracks and thus the steel fibers are protected, but when the concrete is continuously
subjected to dynamic cyclic loads, as in an offshore environment, it fails to protect the steel fiber.
The additional steel lining and pre-stressing for the concrete significantly increase the construction
cost as well. Moreover, for steel fiber reinforced concrete, the fibers are dispersed in the entire matrix,
located close to the surface and with less concrete matrix cover. Therefore, corrosion of steel fiber
cannot be avoided and effective methods are required in order to solve this problem.

Recently, researchers found that phosphating was an effective and important process applied to
steels which has been successfully used in automotive industries due to easy operation and low cost [22].
The phosphating method (phosphate coats) can improve the corrosion resistance and lubrication
properties of steel fibers [23] as well as steel rebars [24,25]. Among phosphate coats, zinc phosphate
is the most popular coating, due to its capacity for anodic protection of Zn2+ and barrier protection
of the existing phosphate film, and, therefore, phosphate coatings have attracted more attention in
recent years. Phosphating as an established method is used in various industries and a majority of
the phosphating is applied in automotive industries. However, zinc phosphating of steel fiber for
concrete has not been sufficiently investigated. The strength of the interfacial bond between the zinc
phosphate treated steel fiber and the concrete matrix and the ways in which microstructures of the
concrete matrix are affected by the incorporation of the pretreated steel fiber are not clear. These are
the key parameters that affect the durability of the concrete [26].

This work thus aims to investigate the interfacial bond strength and microstructure of steel fiber
reinforced concrete by zinc phosphate treatment on the steel fiber. The steel fiber was pretreated
by zinc phosphate before the preparation of the fiber reinforced concrete. Interfacial bond strength,
micro-hardness, and micro-morphology properties were respectively analyzed in the prepared steel
fiber reinforced concrete before and after the chloride corrosion cycle test. The concrete with modified
steel fiber could be more suitable to be the first choice material of load-bearing structures in severe
corrosive environments so as to greatly expand the scope of use of steel fiber reinforced concrete. It can
provide safer and more reliable load-bearing materials for future engineering construction in various
corrosive environments.

2. Experimental Methods

2.1. Materials

CEM 42.5 Portland cement produced by Ji Dong Cement Co., Ltd. of Anshan, Liaoning, China,
was used in the experiment. Grade II fly ash was produced by Shenhai Thermal Power Plant,
Shenyang, China. The chemical composition and physical properties of Portland cement and fly ash
are presented in Table 1. The steel fiber produced by Shanghai Shiweike Industry (Shanghai, China)
and Trade Co., Ltd. (Shanghai, China) has a fiber length of 40 mm, a fiber length diameter ratio of 69.3,
and a tensile strength of ≥600 MPa. River sand (medium sand) with fineness modulus of 2.60 and
crushed stone with particle size of 5–25 mm were also used when making the concrete specimens.
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Table 1. Chemical composition and physical properties of Portland cement and fly ash.

Materials CaO SiO2 Al2O3 Fe2O3 MgO SO3 R2O Loss dmean/μm BET/(m2/g)

CEM 42.5 64.47 22.68 5.81 4.47 1.74 2.65 0.51 1.49 13.7 3.14
Fly ash 4.35 59.95 26.78 1.53 2.30 1.46 2 1.63 12.5 7.81

dmean is average particle size. BET is specific suface area mesured by Brunner−Emmet−Teller method.

2.2. Methods

Phosphating solution preparation: 8.0 g ZnO powder and moderate amounts (about 15 g) of
distilled water were mixed; then, 20 mL of 85% H3PO4 was added as well as 1.0 g of citric acid, 0.2 g of
Ca(NO3)2, and 0.2 g of Zn(NO3)2. The composition of this mixture after reactants’ reaction mainly
comprised of Zn3(PO4)2 and minor amounts of Ca(NO3)2 and Zn(NO3)2, which could also be seen from
the XRD identification (Figure 1c) of the coating of the steel fiber that was modified by the as-prepared
zinc phosphate solution. The addition of minor amounts of Ca(NO3)2 and Zn(NO3)2 here was to
improve the formation of the zinc phosphate coating layer for the steel fiber. Finally, additional distilled
water was added in order to obtain 1 L of the phosphating solution.

 

θ/

⋅4Η2Ο)

   

Figure 1. Performance index of the steel fiber modified by zinc phosphate at 75 ◦C for 20 min: (a) ppen
circuit voltage, (b) polarization curve, (c) XRD identification, and (d) SEM morphology.

During the treatment of steel fiber by zinc phosphate solution, the oil and rust on the steel fiber
was firstly removed, and it was then treated with the zinc phosphate solution. Each process was
performed separately and in turn. In particular, in the process regarding the oil and rust removal from
the steel fiber, the steel fiber was treated in accordance with the following procedures: (a) polished,
(b) soaked in 10% NaOH solution at 50 ◦C in water-bath for 10 min, (c) soaked in acetone for 2 min and
then distilled water for another 2 min before being dried, (d) soaked in 25% H2SO4 solution at 60 ◦C
in water bath for 5 min, (e) repeat the third step, (f) soaked in 25% H3PO4 at ambient temperature
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for 5 min, and (g) soaked in 6% citric acid solution for 2 min before being dried. According to the
results of previous experiments, the steel fiber was phosphatized at 75 ◦C for 20 min to obtain better
performance. The performance index of the steel fiber modified by zinc phosphate at 75 ◦C for 20 min
is shown in Figure 1. The open circuit voltage and polarization curve (Figure 1a,b) indicates that
steel fiber modified by zinc phosphate presents better corrosion resistance than the non-treated one.
Moreover, the coated layer of the steel fiber modified by zinc phosphate mainly contains a hopeite
phase ((Zn3(PO4)2·4H2O), Figure 1c) with irregular structures (Figure 1d), as well as an Fe phase
(substrate).

Electrochemical tests were performed on the plain steel fiber and zinc phosphate modified steel
fiber. During the electrochemical test, the samples were suspended in 3.5 wt.% NaCl solution at a scan
rate of 0.01 mV/s from −0.2~0.67 V using an EG and G237 electrochemical workstation. The corrosion
potential (Ecorr), corrosion currency density (Icorr), polarization resistance (Rp), corrosion rate, porosity of
the coating layer (P), and corrosion protection efficiency (Pe) for the prepared steel fiber phosphatized
at 75 ◦C for 20 min and that of plain steel fiber were determined by the Tafel extrapolation method [27]
and are shown in Table 2.

Table 2. The results of potentiodynamic corrosion tests.

No. Ecorr (mV) Icorr (μA/cm2) Rp × 103 (Ω·cm2) Corrosion Rate (g/m2h) P (%) Pe (%)

SFa −805 ± 5.3 31.998 ± 1.2 3.06 ± 0.87 0.333 - -
ZPP-SFb −641 ± 5.2 8.721 ± 1.0 60.2 ± 3.2 0.091 1.53 72.7

SFa is plain steel fiber. ZPP-SFb is zinc phosphate modified steel fiber.

Concrete specimens with a water to binder ratio of 0.46 and 1% volume of steel fiber (in relation
to the total volume of concrete) were prepared according to the “Test method for steel fiber reinforced
concrete (CECS 1389, China standard)”. The detailed mixing proportions are presented in Table 3.

Table 3. Mixing proportions of the concrete.

Mixing Proportions of the Concrete (kg/m3)
Volume of Steel Fiber

Portland Cement Fly Ash Water Sand Gravel

526 130 305 808 987 1%

The concrete specimens with sizes of 100 mm × 100 mm × 400 mm were treated 30 times with
chloride ion solution cycles. For each cycle, the specimens were immersed in 6% NaCl solution for 12 h
at 20 ◦C and then dried for another 12 h. After the chloride ion corrosion test, the concrete specimens
were tested for various tests. Microstructures of the corresponding specimens were observed by SEM
(S-4800, Hitachi, Tokyo, Japan).

Crushed concrete specimens (5 mm in diameter) that contained interfacial transition zones
between the steel fiber and cement matrix were chosen for micro-hardness measurement (FM-700
micro-hardness tester, Tokyo, Japan, FUTURE-TECH). Each sample was polished to obtain a smooth
fracture surface before the micro-hardness measurement, to ensure its accuracy. Micro-hardness data
were recorded from the substrate of the cement matrix at various points around 100 μm away.

The interfacial bond strength between the steel fiber and the cement substrate was measured
according to the “Test method for steel fiber reinforced concrete (CECS 1389, China standard)”. For the
micro-hardness and interfacial bond strength tests, three samples (with the same type of steel fiber and
under the same environment) were tested.
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3. Results and Discussion

3.1. Bond Strength

Two forces exist in the process of pulling out steel fiber from the cement matrix. Cohesive force
plays a key role between the fiber and cement matrix before the arrival of a peak load, and when the
fiber de-bonds from the cement matrix, friction between the fiber and the cement matrix becomes the
main working factor. A diagram showing the steel fiber pull-out from the cement matrix is shown in
Figure 2.

 
Figure 2. Pull-out test for the steel fiber from the cement matrix.

Generally, the load displacement curve produced by fiber pull-out is divided into three stages.
In the first stage, the interface between the steel fiber and concrete is elastic, which is referred to
as linear loading. In the second stage, the steel fiber slips from the concrete and gradually loses its
stability, which is referred to as non-linear loading. In the third stage, the steel fiber is de-bonded from
the concrete matrix, and the steel fiber is pulled out of the concrete matrix, which is referred to as
non-linear unloading. The mathematical expression of bond strength between steel fiber and concrete
matrix is given in Equation (1).

f f u =
F f u

nu f l f e
(1)

where ffu denotes the interfacial bond strength of steel fiber and concrete (MPa), Ffu is the maximum
load when steel fiber is pulled out (N), n is the embedded quantity of steel fiber, uf is the perimeter of
the steel fiber cross-section (mm), and lfe is the embedded length of the steel fiber (mm).

The toughening effect of steel fiber on concrete is mainly due to the large amount of work required
when the fiber is pulled out from the matrix. Therefore, the bond strength between the steel fiber and
matrix determines its toughening effect on the concrete. The mechanical properties of the steel fiber in
the test were obtained by calculation, as presented in Table 4.

Table 4 shows that the corrosion environment has a great influence on the interfacial bond
performance of plain steel fiber (without treatment) reinforced concrete. The average bond strength of
the interface between steel fiber and concrete obviously decreased after corrosion, as well as the work
carried out when the fiber was pulled out. The average bond strength of the interface between the
steel fiber and cement was 15.4% lower than that of phosphatized steel fiber, and 15.0% less work was
required when the fiber was pulled out. It can be seen that the corrosion resistance of steel fiber has
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been greatly improved after phosphating treatment. This can ensure improvement in the corrosion
resistance and bond strength of the interface after initiation of corrosion.

Table 4. Bond strength of the interface between the steel fiber and concrete matrix.

Environment Type of Fiber
Embedded Depth of
the Steel Fiber/mm

Average Value of
Maximum Pull-Out

Load/N

Average Interfacial
Bond Strength/MPa

Work Done When the
Fiber Is Pulled

Out/N·m

Corroded
SF 16 1218.56 6.35 0.60

ZPP-SF 16 1407.81 7.33 0.69

Uncorroded
SF 16 1243.03 6.47 0.61

ZPP-SF 16 1323.76 6.89 0.65

SF is plain steel fiber. ZPP-SF is zinc phosphate modified steel fiber.

To further study the influence of phosphatized steel fiber on the interfacial bond strength of
concrete specimens under different corrosion environments, the relationship between the load and
displacement of the steel fiber reinforced concrete specimens in different corrosion environments before
and after phosphating was plotted by recording and taking the average value of each type of data
(Figure 3).

  
(a) (b) 

Figure 3. The relationship between load and displacement of the samples under different environments
in the pull-out test: (a) NaCl solution and (b) without corrosion.

By comparing the load displacement curve of steel fiber reinforced concrete modified by zinc
phosphate and plain steel fiber reinforced concrete, it can be seen that the ultimate load strength of steel
fiber reinforced concrete modified by zinc phosphate was significantly higher than that of plain steel
fiber reinforced concrete in a chloride corrosion environment. The difference in ultimate load between
steel fiber reinforced concrete modified by zinc phosphate and plain steel fiber reinforced concrete
was not significant in the environment without corrosion. The displacement of steel fiber reinforced
concrete modified by zinc phosphate, however, shifted around 0.6 mm towards the right compared to
plain steel fiber reinforced concrete, as well as withstanding higher load. This demonstrates that the
steel fiber modified by zinc phosphate has good interfacial adhesion.

3.2. Micro-Hardness

For steel fiber concrete, the interface layer is a contact layer between the fibers and the concrete
matrix. The micro-hardness value of the interface layer is an intuitive response to the performance of
the interface area. It can reflect the interface effect between the steel fiber and concrete matrix and
the size of the interface area. The sample corroded by NaCl solution was polished and leveled and
then observed by a micro-hardness tester. The micro-hardness values from the tests are presented in
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Figure 4. The comparison of the interface between steel fiber and concrete modified by zinc phosphate
in a chloride corrosion environment and non-corrosion environment is shown in Figure 5.

Figure 4. Micro-hardness of the interface layer between ZPP-SFRC (zinc phosphate modified steel
fiber reinforced concrete) and SFRC (steel fiber reinforced concrete) under different environments:
(a) without corrosion and (b) with NaCl corrosion.

 
Figure 5. Micro-hardness of interface layer between zinc phosphate modified fiber and concrete matrix.
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It can be seen from Figure 4 that phosphating treatment decreases the thickness of the interface
layer between the steel fiber and concrete by 20 μm, as well as increasing its micro-hardness by around
20 HV in both corroded and uncorroded environments. With regards to the plain steel fiber reinforced
concrete, the presence of a corroded environment increases the thickness of the interface layer by 20 μm
and decreases the micro-hardness by 15 HV, compared to that under the uncorroded environment.
However, the thickness of the interface layer of the steel fiber reinforced concrete modified by zinc
phosphate did not change much and remained at around 40 μm. In the process of steel fiber extending
to the concrete matrix, the micro-hardness value decreased initially and then increased and finally
tended to be stable. There was a minimum value of micro-hardness curve, and the weak valley was the
most vulnerable part of the structure. Compared with the micro-hardness value of the weakest point
of the interface, the micro-hardness of the weakest point of the sample increased, regardless of whether
it was corroded by NaCl solution or not after phosphating, especially for the sample after corrosion.
The micro-hardness value of the weakest point of the interface of plain steel fiber reinforced concrete
after NaCl corrosion was 54.257 MPa, while this value was 83.654 MPa for the steel fiber reinforced
concrete modified by zinc phosphate, which increased by 54.2%. The results show that the interface
structure between the steel fiber and concrete matrix can be effectively improved by zinc phosphate
modification. It can decrease the thickness of the interface layer, improve the hardness of the interface
layer, reduce the influence of chloride corrosion on the interface layer of steel fiber reinforced concrete,
and finally improve the interface performance.

It was found that the micro-hardness of the interface between the steel fiber reinforced concrete
modified by zinc phosphate and that corroded by NaCl solution are similar. The change in the range
of micro-hardness was around 1%. This shows that the corrosion of the NaCl solution has little effect
on the interface layer between the steel fiber and concrete matrix modified by zinc phosphate, which is
due to the good corrosion resistance of the zinc phosphate layer, which can resist chloride corrosion
and bond well with the concrete matrix.

3.3. SEM-EDS Analysis

The microstructure of the concrete matrix after the pull-out of the fiber is presented in Figure 6.
The interface area adjacent to the steel fiber for the SFRC (Figure 6a) was slightly different from that of
ZPP-SFRC (Figure 6b), which tends to be a porous structure with small pores rather than a simple,
dense, and smooth structure with calcium silicate hydrate (C–S–H) gel. This could be attributed to
the different properties of the plain steel fiber and zinc phosphate modified fiber in the vicinity of
their surfaces. In the process of hydration, the cement hydrates well as a result of the fact that more
water was absorbed by the zinc phosphate modified fiber in the vicinity of their surfaces, thus forming
a denser and smoother structure (Figure 6b). After NaCl corrosion, the structure of the steel fiber
concrete without phosphating treatment has quite a high number of large pores (Figure 6c). However,
the micro-morphology of steel fiber reinforced concrete modified by zinc phosphate did not change
much and only a low quantity of small pores appeared (Figure 6d). This may be due to the excellent
corrosion resistance and surface roughness of zinc phosphate modified steel fiber. The excellent
corrosion resistance of the zinc phosphate modified steel fiber could prevent the growth of rust crystals
on its surface, which could mitigate the expansion by the rust crystal formation; thus, the cracks on the
concrete proceed very slowly and the corrosion resistance of the steel fiber concrete is improved.

A mercury pressure intrusion test can be used to analyze the pore structure of concrete. Figure 7
is a comparison of mercury intrusion before and after NaCl solution corrosion between zinc phosphate
modified steel fiber concrete and plain steel fiber concrete. After NaCl corrosion, the cumulative
mercury intrusion of steel fiber reinforced concrete is higher than that of zinc phosphate modified steel
fiber. It shows that the porosity of steel fiber reinforced concrete is higher than that of zinc phosphate
modified steel fiber.
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Figure 6. Microstructures of the matrix from SFRC and ZPP-SFRC before and after corrosion: (a,b)
before corrosion, (c,d) after corrosion.

 
Figure 7. Mercury intrusion of ZPP-SFRC and SFRC.

The three-dimensional and plane morphology of the steel fiber that pulled out from the concrete
was observed by Atomic Force Microscope (AFM, Figure 8). The surface of plain steel fiber is relatively
flat, with little fluctuation, as compared to zinc phosphate modified steel fiber. However, the overall
thickness of zinc phosphate modified steel fiber is relatively higher, the surface undulation has an
obviously cone-shaped structure, and the particles are closely arranged due to the existence of the zinc
phosphate coating.
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Figure 8. Morphology of plain steel fiber and zinc phosphate modified steel fiber: (a) 2D morphology
of plain steel fiber, (b) 3D morphology of plain steel fiber, (c) 2D morphology of phosphatized steel
fiber, and (d) 3D morphology of zinc phosphate modified steel fiber.

Figure 9 shows the micrographs of plain steel fiber and zinc phosphate modified steel fiber taken
out from the crushed concrete before and after corrosion. The internal pH of concrete was around
12.5–13.5 in the alkaline environment, in which steel fiber forms a passive film on its surface to protect
itself. The micrograph of the steel fiber from the concrete without corrosion (Figure 9a) indicated
that the surface of the steel fiber was relatively clean and there was almost no cement hydration
product attached to it. The content of Ca was only 5.53% and that of Fe was 84.14%, indicating that the
bond strength between steel fiber and concrete matrix was weak. There was almost no cohesiveness
between hydration products and steel fiber, where the bond strength of the interface region mostly
came from the cohesive force between the fiber and the matrix. The micrograph of the surface of the
plain steel fiber (Figure 9b) was uneven due to NaCl corrosion, and there was a small amount of cement
hydration product attached to the fiber due to the rougher surface. The content of Ca increased to
9.91%, Si increased to 4.41%, and Fe decreased to 76.53%.

It can be seen from the micrograph of the zinc phosphate modified steel fiber before and after
the corrosion (Figure 9c,d) that, although there were microcracks on the surface of the phosphatized
steel fiber after the corrosion, the overall surface morphology did not change significantly. The surface
of steel fiber tended to be rough due to the existence of zinc phosphate coating. The surface of zinc
phosphate modified steel fiber mainly contains O, Si, P, Ca, Fe, Zn elements (Table 5), indicating that the
phosphating treatment of steel fiber has a great influence on the composition of elements in the interface
area. In the samples without NaCl corrosion, the content of Ca element in zinc phosphate modified
steel fiber increased by 385.35%, and the content of Fe element decreased by 80.21%, compared to the

76



Materials 2020, 13, 3636

plain steel fiber. The same phenomenon can be found in the samples with NaCl corrosion: the content
of Ca element in zinc phosphate modified steel fiber increased by 261.76%, and the content of Fe
element decreased by 87.55%. The results show that the interface layer between phosphatized steel
fiber and concrete matrix does not only contain conventional hydration products such as C–S–H and
Ca(OH)2. Studies [14] have shown that phosphatized steel fiber can contribute to the formation of
hydroxyapatite (Ca5(PO4)3(OH)) and calcium phosphate (CaHPO4·2H2O) in concrete. These products
can fill the pores of the interface layer between the steel fiber and concrete matrix, which is also an
important factor to improve the interface adhesion of the steel fiber and concrete matrix. In the mixing
process of concrete, the passivation reaction does not occur on the steel fibers, but a more complex
reaction takes place with water and concrete particles due to the presence of the zinc phosphate coating.
This reduces the anisotropy between different materials, reduces the thickness of the interface layer,
and improves the strength of the weakest point of the interface layer. When bearing the external load,
the cracks can be prevented to some extent due to the increase in the bond strength of the interface.
When cracks occur, the surface roughness of the phosphatized steel fiber can increase the work needed
to pull out the fiber, achieving a toughening effect.

  
(a) (b) 

  
(c) (d) 

Figure 9. Micrograph of steel fiber pulled out from the concrete: (a) before corrosion, plain steel fiber;
(b) before corrosion, zinc phosphate modified steel fiber; (c) after corrosion, plain steel fiber; (d) after
corrosion, zinc phosphate modified steel fiber.
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Table 5. EDS of two kinds of steel fiber pulled out from the concrete before and after corrosion.

Types of Fiber Environment
Elements

O Al Si P Ca Fe Zn

Plain
a 5.58 1.28 1.84 - 5.53 84.14 -
b 8.54 0.61 4.41 - 9.91 76.53 -

Zinc phosphate treatment a 22.65 2.43 7.5 5.86 26.84 16.65 17.07
b 23.83 1.87 6.86 9.76 35.85 9.53 12.3

a Without corrosion, b NaCl solution.

4. Conclusions

This paper provides a method to improve the chloride ion corrosion resistance of steel fiber
reinforced concrete. Interfacial bond strength, micro-hardness, and micro-morphology properties of
the concrete were respectively analyzed. The main findings are as follows:

(1) Phosphating treatment on steel fiber can increase the maximum load during the steel fiber pull-out
of concrete in the presence of chloride ions. Furthermore, the bond strength between the steel
fiber and concrete matrix is improved. The average bond strength of steel fiber reinforced concrete
modified by zinc phosphate increased by 15.4% under the attack of chloride ion.

(2) Phosphating treatment decreases the thickness of the interface layer between steel fiber and
concrete by 20 μm, as well as increasing its micro-hardness by around 20 HV, in both corroded and
uncorroded environments. With regard to the plain steel fiber reinforced concrete, the presence of
a corroded environment increases the thickness of the interface layer by 20 μm and decreases the
micro-hardness by 15 HV, compared to that under an uncorroded environment. However, NaCl has
little effect on the thickness and micro-hardness of the interface between steel fiber and concrete
matrix in the steel fiber reinforced concrete modified by zinc phosphate.

(3) The overall surface morphology did not change much for the zinc phosphate modified steel fiber
before and after corrosion, regardless of whether there were minor microcracks on the surface of
the phosphatized steel fiber after corrosion.

(4) The steel fiber reinforced concrete modified by zinc phosphate shows good resistance to chloride
ion corrosion.
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Abstract: This article describes the comparative analysis of tests on bond strength of hot-dip galva-
nized and black steel to concrete with and without chlorides. The bond effect was evaluated with
six research methods: strength, electrochemical (measurements of potential, EIS and LPR), optical,
and 3D scanning. The tests were conducted within a long period of 18 months on 48 test elements
reinforced with smooth rebars φ8 mm from steel grade S235JR+AR and ribbed rebars φ8 mm and
φ16 mm from steel grade B500SP. The main strength tests on the reinforcement bond to concrete
were used to compare forces pulling out galvanized and black steel rebars from concrete. This
comparative analysis was performed after 28, 180, and 540 days from the preparation of the elements.
The electrochemical tests were performed to evaluate corrosion of steel rebars in concrete, particularly
in chloride contaminated concrete. The behaviour of concrete elements while pulling out the rebar
was observed using the system of digital cameras during the optical tests. As regards 3D scanning of
ribbed rebars φ8 mm and φ16 mm, this method allowed the detailed identification of their complex
geometry in terms of determining the polarization area to evaluate the corrosion rate of reinforcement
in concrete. The test results indicated that the presence of zinc coating on rebars had an impact on
the parameters of anchorage. In the case of ribbed rebars of 16 mm in diameter, the maximum values
of adhesive stress and bond stiffness were reduced over time when compared to black steel rebars.
Moreover, it was noticed that the stiffness of rebar anchorage in chloride contaminated concrete was
considerably higher than in concrete without chlorides.

Keywords: concrete; reinforcing steel; bond strength; zinc coating; HDG; corrosion; chlorides;
pullout; EIS; LPR; optical measurements; 3D scanning

1. Introduction

The bond strength of reinforcing steel to concrete is a key element that determines the
desired behaviour of a reinforced concrete composite. The effects observed at the interface
between steel and concrete have been generally thoroughly investigated and clearly de-
scribed [1–5]. However, introducing a galvanized concrete element to the reinforcement
causes some disturbances at the metal-concrete interface. The standard explanation with
reference to the mechanical aspects should also include electrochemical issues [6–8]. Three
fundamental processes are generally involved in transmitting stress from the rebar to
concrete. They are: chemical adhesion, friction between steel and concrete, and mechanical
interaction occurring between the reinforcement and the cover [1,9]. Two first processes
play an important role for bond strength between the smooth rebars. On the other hand, the
mechanical interaction has a fundamental significance for the bond strength with respect
to ribbed steel [10]. Thus, the bond stress for smooth steel rebars was only from one-third
to one-half of stresses determined for the ribbed rebars [11].

Description of the contact between the rebar and concrete from the electrochemical
point of view always requires with analysis of the bond between the metal and liquid filling
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concrete pores [12–15]. In the case of black steel, the highly alkaline pH of the pore solution
(pH > 12.5) leads to the formation of an undesirable passive layer [16–18], whose presence
is neglected in the analyses of the adhesion effect. Considering the hot-dip galvanized steel,
the high pH of the pore solution creates a direct risk of partial dissolution of zinc coating,
particularly for highly alkaline cements [19–21]. The products from zinc corrosion penetrate
into concrete pores that have direct contact with the rebar. Additionally, the presence of
chlorides in concrete, which is regarded as a corrosive factor, accelerates the destruction of
zinc coating [22]. However, the limit level of chlorides is more favourable to galvanized
steel than the black one [23–25]. It is also worth mentioning that the volume of products
obtained from chlorine induced corrosion of zinc is lower compared to black steel [26]. It
leads to a situation in which lower tensile stresses are noticed at the same level of chloride
concentrations in the immediate vicinity of the rebar. Consequently, the formation of
micro-cracks and the gradual breaking of concrete cover are slowed down [27–29]. All
of the above electrochemical aspects of the contact between concrete and galvanized or
black steel rebars have a considerable effect on the bond, particularly in the presence of
chlorides [12,30].

The failure of adhesion related to friction and chemical adhesion is observed dur-
ing the pull-out of the rebar from concrete under certain loading [31]. The continuity of
deformations of concrete and reinforcing steel is interrupted. Thus, the so called original ad-
hesion disappears and the working phase 1 of the anchored reinforcement is completed [9].
The value of movements in this phase was ca. 1 mm [32]. At the same time, the secondary
bond is observed for the ribbed rebars. It is based on transmitting the force from the rebar
through its ribs to concrete. The described effect happens because of the two following
reasons: necking of the reinforcement caused by increasing stresses and exceeded local
pressure of ribs to concrete. Going beyond the maximum pressure values results in the
formation of diagonal cracks running from the ribs. Consequently, one small crack is
running from each rib of the anchored rebar under correspondingly high stresses and at
reduced deformations of the reinforcement cover [32,33]. This level of loading is known
as the working phase 2. A further increase in stresses in the rebar leads to the working
phase 3 of the anchored rebar. In this phase concrete is spalling under the ribbed area and
slipping of the reinforcement is increasing with reference to the surrounding concrete [34].
Therefore, further loading usually causes breaking of concrete cover. So, the broken cover
does not function as the closed concrete ring, but as the concrete cantilever. A certain shift
of the rebar in the concrete duct corresponds to each working phase [35]. This movement is
related to adhesive stress fb generated on the rebar surface [1]. The value fb is the highest
at the end of the loading phase 3, that is, at the moment of cover cracking.

The values of individual components of stress f b and f⊥ depend on the angle at which
the reaction under the ribs is induced. The value of this angle is variable and within
the range of 45–80◦ [33], depending on the force value exerted on the rebar [36] and the
anchorage section. The angle value is not affected by ribbing of reinforcing steel provided
that the rib grade exceeds 45◦ [37]. It can be explained by the deposition of spalling concrete
under the ribs which results in the formation of the area inclined at ca. 45◦ with reference
to the axis of the reinforcement [31,34]. It should be emphasized that hot-dip galvanization
usually generates a thicker layer of zinc in the ribbed area, which can slightly affect the
inclination of the ribs [38]. Then, a small change in the stress values f b can be noticed
compared to the rebar without zinc coating. The component f⊥ can be considered as the
hydrostatic pressure acting on the concrete cover from the inside. The analyses of effects
observed in the concrete cover are described in the papers, inter alia [31,39].

Many tests have been recently conducted on the effect of corrosion in reinforcement
on the maximum values of adhesive stresses. The tests performed on anchored rebars
of 12 mm and 16 mm in diameter indicate that bond was increasing at the beginning of
the corrosion process [40]. Similar tests on anchored rebars subjected to corrosion for
17 months, which led to the development of cracks of 0.7 mm in width, did not reveal any
reduced resistance of anchorage [41]. However, the tests [3] demonstrated the presence
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of internal cracks of 0.03–0.04 mm in width which were caused by corrosion. They were
found to have a significant impact (from 44% to 54%) on reducing the resistance of bond
stresses. The investigated anchorages of rebars of 12 mm in diameter indicate that the
corrosion at the weight loss of the rebar at the level of 0.5–0.6% caused an increase in bond
by 50–60%. On the other hand, the corrosion at the weight loss of the rebar at the level of
ca. 1.5% reduced the adhesive resistance by ca. 40% [42]. The corrosion of stirrups was
found to have an important effect on the reduced values of adhesive stress. Consequently,
greater and adverse effects on the concrete cover were observed [43,44].

According to the comparison in the paper [6], the analyses of bond strength of gal-
vanized steel to concrete, which have been published in recent 100 years, usually focus
on short-term tests, e.g., after 28 days of concrete hardening and cover a relatively small
number of specimens. However, the problem of the effect of increasing strength of concrete,
and the long-term impact of chlorides on the bond of galvanized reinforcement to concrete,
have still not been fully examined. Hardly any published papers on testing bond strength
of hot-dip galvanized reinforcing steel grade B500SP and S235JR+AR to concrete can be
found. In particular, no long-term tests have been so far conducted to analyse how the
development of corrosion of galvanized and black steel rebars affected the anchorage
stiffness in concrete. Therefore, the tests were also performed to broaden this knowledge.

2. Materials

These tests included the test elements as shown in Figure 1, which were composed of
steel rebars 1 embedded in rectangular concrete blocks 2 with dimensions of 150 mm ×
150 mm × 130 mm. To reduce the reinforcement contact with concrete to 70 mm in length,
a polyurethane foam sleeve 3 with mineral filler was inserted at the section of 60 mm to
segmentally separate steel from concrete. In total, 48 test elements were prepared from the
reference concrete [45]. Concrete mix with water-cement ratio w/c = 0.45 contained cement
CEM I 42.5-SR3/NA, sand, and aggregates with grains of 2–8 mm in diameter. The 1 m3 of
the concrete mix was made up of 489 kg of cement and 1669 kg of aggregates. For 12 test
elements, 3% CaCl2 by cement weight was added to the concrete mix to initiate corrosion.
The compressive strength of concrete was determined by testing 18 cylindrical specimens
with a diameter of 150 mm and a height of 300 mm. After 28 days of concrete hardening,
the average strength f cm was determined from 6 cylindrical specimens and amounted to
38.22 MPa, after 180 days—47.70 MPa, and after 540 days—50.16 MPa. The detailed results
are shown in Table A1, Appendix A.

 

Figure 1. The test element used to test bond of galvanized and black steel to concrete with or without
chlorides: 1—steel rebar, 2—concrete specimen, 3—a 10 mm thick sleeve made of polyurethane foam
with mineral filler (dimensions in millimetres).

The test elements were reinforced with ribbed and smooth rebars made of steel grade
B500SP and S235JR+AR, respectively. Both steel grades are classified as low-carbon steel
whose chemical composition is shown in Table 1.
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Table 1. Maximum content of elements in the chemical composition of two tested steel grades B500SP
and S235JR+AR.

Steel Grade C Mn Si P S Cu N

B500SP 0.24% 1.65% 0.60% 0.06% 0.06% 0.85% 0.01%
S235JR+AR 0.17% 1.40% – 0.045% 0.045% – 0.009%

Figure 2 presents the “stress f –strain ε” graphs for experimentally determined ductility
of all types of rebars subjected to the tests. The tests were performed on 18 specimens
of reinforcement, six of each steel grade and diameter. Each group of six reinforcement
specimens contained two rebars that were a part of the test elements-after their pull-out
from concrete. The typical yield strength f yk for all test specimens of steel was within the
range of 400–600 MPa, which is recommended by Eurocode [46]. The ductility index of this
type of steel can be generally attributed to class C [46] that implies the typical strain εuk
≥ 7.5% corresponding to the maximum force. Numerical values for strength and tensile
behaviour of rebars subjected to the tests are listed in Table A2, Appendix A. They were
determined using the analysis of graphs shown in Figure 2.

 

Figure 2. Stress f –strain ε relationship for six types of rebars tested: smooth and ribbed, galvanized, and black steel, with a
diameter φ8 mm and φ16 mm, composed of two steel grades; solid lines—the rebars tested after pulling out the specimens
from concrete (1p, 4p, 7p, 10p, 13p, 16p), dashed lines—the rebars that were not used in the test elements (2, 3, 5, 6, 8, 9, 11,
12, 14, 15, 17, 18).

The reinforcement used in the specimens was composed of 12 rebars with a diameter
φ8 made of smooth steel S235JR+AR, 12 rebars with a diameter of φ8 and 24 rebars with a
diameter of φ16—made of ribbed steel B500SP. Half of 48 rebars were galvanized in molten
zinc at a temperature of ca. 450 ◦C prior to setting them in concrete. Zinc bath for 120 s
produced a zinc coating of ca. 100 μm in thickness. The detailed analysis of the quality
of the zinc coating on ribbed rebars of the same batch and made of steel grade B500SP is
presented in the paper [38]. It also includes the effects of chloride-induced degradation of
the coating.

3. Methods

The tests were conducted in three stages using six research methods: (1) strength
tests on rebar bond to concrete, (2) optical tests and (3) 3D scanning. Moreover, three
types of electrochemical tests were performed: (4) the measurements of potential, (5)
Electrochemical Impedance Spectroscopy (EIS), and (6) Linear Polarization Resistance
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(LPR) technique. Differences in the specimens, conducted stages and the applied research
methods are schematically presented in Figure 3. The specimens were numbered from 1
to 24. The independent numbering was applied to the test elements, in which black steel
rebars were anchored (letter B) and to those with the galvanized rebars (letter G). The test
elements with added CaCl2, were marked with a symbol containing Cl.

 

Figure 3. Graphical representation of three test stages of the tests conducted on different types of the test elements with five
research methods.
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The selected ribbed rebars with a diameter of φ8 mm and φ16 mm were subjected
to 3D scanning prior to the preparation of the test elements. The first stage of the tests
comprised an analysis of the electrode process at the interface between reinforcing steel and
concrete, which was conducted with the electrochemical methods after 3, 10, and 25 days
from the preparation of the specimens. On the last day (day 28) of concrete curing in the
specimens, a series of 24 measurements of the pull-out force acting on rebars began. The
strength was measured for 12 test elements φ8 mm with smooth and ribbed rebars and
12 test elements φ16 mm with ribbed rebars, while six of them were embedded in concrete
with chlorides. Half of the 24 rebars were hot-dip galvanized.

The second stage of the tests began 180 days (~6 months) from the preparation of the
test elements. This stage included 18 elements: 12 elements φ8 with smooth and ribbed
rebars, and six elements φ16 mm with ribbed rebars. All of them were placed in concrete
without chlorides. Similarly to the specimens from stage 1, half of the rebars were protected
with zinc coating. During the 2nd stage, the main tests on measuring the forces pulling out
the rebars from concrete were performed simultaneously with the optical measurements
of displacement of points painted on lateral surfaces of the specimens. Due to the limited
access to the measuring equipment of the Aramis system, the optical measurements were
only performed on rebars φ16 mm at this test stage.

The 3rd stage began 540 days (~18 months) from setting the test elements in concrete.
The forces pulling out the rebars from concrete were measured in other six specimens:
three of them reinforced with galvanized ribbed rebars and three others reinforced with
black steel ribbed rebars, φ16 mm, embedded in concrete with chlorides. The optical
measurements using the Aramis camera system were performed in the same way as in
stage 2.

3.1. Strength Tests—Measuring the Force Pulling Out the Rebar from Concrete

The test stand for testing the force pulling out the rebars from concrete is shown in
Figure 4a, and its diagram is illustrated in Figure 4b. The test element is placed between
holders of the stand.

 

Figure 4. The test stand for testing the force pulling out the rebars from concrete: (a) view of the test machine from the
Labortech company (Opava, Czech Republic) during the tests, (b) a diagram of the test system; 1—a bottom holder of the
test machine, 2—a top holder of the test machine, 3—a concrete specimen being a part of the test element, 4—a rebar placed
between holders and pulled out from the concrete specimen, 5—steel slab transmitting force to the concrete specimen,
6—equalizing washer made of HDF (high-density fibreboard), 7—convergent self-clamping grips of the top holder of the
test machine.
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The tests were performed with the Labortech test machine. The HDF (high-density
fibreboard) equalizing washer 6 was placed on the concrete specimen 3. Then, the steel
slab 5, transmitting uniformly the force to the concrete specimen 3, was placed on the HDF
washer. In this system the steel rebar 4 protruding from the concrete specimen passed
through the bottom holder 1 of the test machine, and then was inserted into the top holder
2 with the convergent self-clamping grips 7.

The forces pulling rebars out of concrete were measured by controlling an increment
of the force over time. The force increment was constant during the 1st stage of the tests,
that is, after 28 days of concrete hardening in the specimens. It was equal to 1 kN/s for
a diameter φ16 mm and 0.5 kN/s for φ8 mm. Stage 2 of the tests was conducted after
180 days from the day of preparing the test elements. At this stage the force increment
was increased over time. However, the measurements were interrupted when the ultimate
force reached ca. 70% of the value obtained in the stage 1. The reason for that was the
introduction of the Aramis system for optical measurements. The force increment was
continued after changing the recording frequency of the cameras.

3.2. Optical Tests—Measuring Displacements of Points with the Aramis Camera System

The Aramis camera system from the company GOM (Braunschweig, Germany) was
additionally used to provide more detailed information on the pull-out force (Figure 5a).
The system was based on the Digital Image Correlation technique. The optical measure-
ments are non-contact and are insensitive to the behaviour of materials. The system was
composed of two 6 Mpx cameras (GOM, Braunschweig, Germany) equipped with 24 mm
lenses to measure the test area of 120 mm × 150 mm and 90 mm in depth. The scanned
area facilitates the analysis of data collected both from the whole area and the selected
points. At a time before the measurements, the surface of concrete specimen 1 was painted
white, and then sprayed with graphite paint (Figure 5b) to cover ca. 50% of the surface.
Then, a plate 3 with glued permanent measuring points was fixed to the rebar 2. The
measurements were taken for displacements of the bar 3 with respect to the bottom edge of
the concrete element, from which the rebar was pulled out.

 

Figure 5. The Aramis system of cameras from the GOM company used on stage 2 and 3 of testing the force pulling out
the rebar from concrete: (a) view of the whole test stand, (b) view during measurements of the concrete specimen with
a spot sprayed graphite paint; 1—concrete specimen, 2—a steel rebar pulled out from concrete in the specimen, 3—a bar
with glued permanent measuring points, 4—the top holder of the test machine, 5—the bottom holder of the test machine,
6—wood beams to support the concrete specimen after the rebar pullout, 7—cameras recording the measurement.

87



Materials 2021, 14, 747

3.3. Electrochemical Testing of Corrosion of Concrete Reinforcement

The density of corrosion current was measured for the reinforcement in concrete
specimens using a three-electrode arrangement illustrated in Figure 6. Both ends of the
steel rebar 1 protruding from the concrete specimen 2 served as the working electrode. The
counter electrode 3 made of stainless-steel sheet was placed on a wet felt pad 4. A third
electrode was the reference electrode 5 (Cl−/AgCl,Ag) that was stabilised in the ballast
guide 6. All three electrodes were connected to the potentiostat 7 (Gamry Instruments,
Warminster, PA, USA)—the Reference 600 model from the Gamry company.

 

Figure 6. The test set-up used for the polarization tests of corrosion rate in concrete reinforcement: 1—
steel rebar, 2—concrete specimen, 3—counter electrode made of stainless steel sheet, 4—felt pad, 5—
reference electrode Cl−/AgCl,Ag, 6—ballast with a guide for the reference electrode, 7—potentiostat.

The electrochemical tests on polarization were conducted on a part of the specimens
using in the first place the electrochemical impedance spectroscopy (EIS) technique. The
samples were stored at ca. 20 ± 2 ◦C and a relative humidity of 50 ± 10%. Prior to
beginning polarization tests on a given day, the top surface of the concrete sample was
immersed in tap water to the depth up to 30 ± 1 mm for ca. 15 min to ensure better
conductivity of concrete cover in the tested reinforcement during measurements. When
the specimens were taken from water, they were connected to the potentiostat. Changes
of the gradually stabilising potential were observed using the reference electrode. When
changes in the potential were at the level of 0.1 mV/s, the EIS technique was used to
perform the tests on the steel reinforcement in concrete. The measurements were taken
in the potentiostatic mode at the fixed range of frequencies of 0.01 Hz–100 kHz and a
disturbing sinusoidal signal was applied at the potential amplitude of 10 mV over the
corrosion potential. After completing the impedance measurements, the changes in the
potential of the reinforcing steel in concrete were again observed. The potentiodynamic
measurements using the LPR technique were taken when the potential was stabilized at the
level of 0.1 mV/s. The reinforcement was polarized at a rate of 1 mV/s within the defined
range of potential changes from –150 mV to +50 mV against the corrosion potential.

3.4. 3D Scanning of Ribbed Rebars

The detailed representation of the complex geometry of ribbed rebars embedded
in the concrete specimens was mapped in detail using the laser scanner Model Maker
MMDx100 from the Nikon Metrology company (Leuven, Belgium). The scanning head
MMDx100 based on the ESP3 technology emits a laser beam of 100 mm in width at the
declared accuracy of 20 μm. Scanning of the steel ribbed rebars was supported with the
7-axis measurement arm MCAx20 from the Nikon Metrology company (Leuven, Belgium).
Its measurement range is 2.0 m, the measurement accuracy of a point is 0.023 mm, and the
spatial accuracy is 0.033 mm.
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4. Results

4.1. Effects of 3D Scanning of Ribbed Rebars

Figure 7 present 3D images of typical fragments of ribbed rebars with a diameter
φ8 mm and φ16 mm. They were scanned using the scanner (Nikon Metrology, Leuven,
Belgium) specified in point 3.4. The obtained point cloud data were processed with the
Focus software from the Nikon Metrology company (Leuven, Belgium). The surface of
ribbed rebars was calculated using the Alibre Design software from the Datacomp company
(Crakow, Poland). The calculated surface area of the ribbed rebar at the interface between
reinforcing steel and the concrete specimen over a distance of 70 mm was equal to 20.10 cm2

for the rebar diameter φ8 mm, and 40.21 cm2 for the rebar φ16 mm.

 

Figure 7. 3D scanning of typical fragments of ribbed rebars made of steel grade B500SP: (a) a rebar with a diameter of
8 mm, (b) a rebar with a diameter of 16 mm; 1 and 3—rebars φ8 mm and φ16 mm stabilised prior to 3D scanning, 2 and
4 —represented geometry of rebars φ8 mm and φ16 mm based on point cloud data.

The obtained detailed information on the complex geometry of typical fragments of
ribbed rebars of both diameters (φ8 mm and φ16 mm) were used in described, further in
this paper, tests to determine the polarized area of the reinforcement part being in contact
with concrete from the specimen. This information was regarded as the required one to
determine the density of corrosion current during the polarization tests using the EIS and
LPR techniques.

4.2. Test Results for Corrosion Potential of Rebars in Concrete

Figure 8 illustrates the results for the average measurements of the corrosion potential
Ecorr for galvanized and black reinforcing steel in 24 specimens subjected to the tests. The
tests referred to the first series of the specimens, that is, B01–B12-Cl and G01–G12-Cl. The
potential was measured as a preliminary element of the measurement procedure, which
was required prior to the polarization tests concerning corrosion rate of reinforcement
corrosion conducted with the LPR technique. The potential value Ecorr was read only when
its variability was stabilised at the level of 0.1 mV/s. The potential values expressed as [V]
and measured against the reference electrode Cl−/AgCl,Ag are presented in the tabular
form in Figure 8a below the bar charts.

The potential was measured each time for three specimens of the same type, and the
calculated arithmetic means were inserted into the tables in Figure 8a. The measurements
of Ecorr were repeated three times, that is, on days 3, 10, and 25 after setting the specimens
in concrete. Each of three measuring series was marked with a different colour as seen in
Figure 8a to facilitate the analysis of obtained results. Moreover, the specimen sketches
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denoted with the rebar types and specimen symbols are illustrated in Figure 8b to connect
the obtained results with particular types of specimens.

The measurement results presented in the form of bar charts demonstrate a clear
difference between the potentials Ecorr for galvanized and black steel. The potential
of galvanized rebars was lower by 159–512 m than rebars without the protective coat
placed in the same concrete. This can be attributed to zinc’s position against iron in the
electrochemical series of metals. The potential drop was observed along with concrete
hardening. It means that the most negative potentials were generally found for the last
measurement series on day 25 from setting the specimens in concrete. The specimens
G10-Cl–G12-Cl with galvanized rebars in concrete with chlorides were the exception. A
reverse trend was observed for them.

 

Figure 8. The results from electrochemical tests on reinforcing steel in concrete on days 3, 10, and 25 from setting the
specimens in concrete: (a) corrosion potential Ecorr averaging from three specimens (b) the test elements with galvanized
and black reinforcing steel (smooth φ8 mm and ribbed φ8 and φ16 mm) in concrete with and without chlorides.

4.3. Impedance Results for Reinforcing Steel in Concrete

Figure 9 illustrates the results for impedance measurements taken for 12 specimens
with ribbed rebars φ16 mm. Types of the test specimens are schematically presented in
Figure 9(a1). The measurements with the EIS technique, similarly to the measurements
of potential, were taken in 3 measurement series on days 3, 10, and 25 from the day of
preparing the specimens. For better clarity of the presented results, different colours were
attributed to the impedance spectra describing four types of the specimens: blue—the
specimen with a black steel rebar in concrete without chlorides, green—the specimen with
galvanized rebar in concrete without chlorides, red—the specimen with a black steel rebar
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in concrete with chlorides, violet—the specimen with the galvanized rebar in concrete
with chlorides.

 

Figure 9. Impedance results on the Nyquist plot for ribbed rebars φ16 mm embedded in the concrete specimens: (a) the
measurements on day 3 of concrete hardening in the specimens, (a1) 4 types of the elements tested with EIS, the colour of
concrete paver outline corresponded to the colours of impedance spectra, (b) the measurements on day 10 after setting the
specimens in concrete, (b1) equivalent electrical circuit for analysing the spectra of steel in concrete with chlorides, (c) the
measurements on day 25 after setting the specimens in concrete, (c1) equivalent electrical circuit for analysing the spectra of
steel in concrete without chlorides.

The impedance spectra in the complex Zre–Zim plane are illustrated in Figure 9a–c.
Their analysis shows that the impedance spectra for galvanized and black steel rebars
in concrete with chlorides had considerably lower frequencies compared to the corre-
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sponding spectra for concrete without chlorides which indicated lower impedance of the
described system. Low values of the impedance modulus in relation to flattened semi-
circles (Figure 9a, specimens G10-Cl–G12-Cl) or shallow curves (Figure 9a–c, specimens
B10-Cl–B12-Cl and Figure 9b,c, specimens G10-Cl–G12-Cl) within a low-frequency range
can indicate the corrosion risk for steel in concrete. The impedance spectra for galvanized
and black steel rebars in concrete without chlorides, on the other hand, show a few-fold
higher impedance of the system. Two clear fragments can be observed for each spectrum.
A curve or a small fragment of the flattened semi-circle was noticed on the left side of the
characteristic inflection point of spectra, which was the closest to the horizontal axis of the
real impedance. This part of the spectrum with high frequencies described the electrochem-
ical properties of concrete and high-alkali liquid filling its pores. A considerably larger
curve or a bigger fragment of the flattened semi-circle was noticed on the right side of the
characteristic inflection point of spectra. This part with low frequencies was typical for
the passivation of steel in concrete. A flattened shape of the semi-circle could indicate the
initiation of gradual depassivation of metal.

The above qualitative analysis of experimentally determined 36 spectra was verified
with the quantitative analysis based on adjusting theoretical spectra to corresponding
electrical equivalent circuits illustrated in Figure 9(b1,c1). The spectra typical for galvanized
and black steel rebars in concrete without chlorides were modelled using the modified
Randles circuit (Figure 9(c1)), in which capacity was replaced with the constant phase
element (CPE). Considering the spectra of rebars in concrete with chlorides, they were
modelled using the circuit presented in Figure 9(b1) because the second time constant
was noticed in the range of low frequencies. It should be mentioned that both equivalent
electrical circuits were selected regarding only the analysis of low-frequency parts of
spectra which were typical for electrochemical properties of metal in concrete. In both
circuits (Figure 9(b1,c1)), the resistance Rc specified the impedance of the whole concrete,
the resistance Rt specified the charge transfer resistance through the metal-pore solution
interface, and the CPE0 characterized the pseudo-capacity of a double layer on steel. For
the scheme illustrated in Figure 9(b1), the resistance Rf and the CPEf specified the resistance
and the pseudo-capacity of the forming layer of corrosion products of iron or zinc, which
locally limited the access of oxygen to metal surface.

The detailed results for adjusting individual electrochemical parameters of both elec-
trical equivalent circuits using the Simplex method are presented in Table A4, Appendix B.
The charge transfer resistance Rt, which was a key parameter, was used to calculate the
density of corrosion current icorr = B/Rt from the Stern-Geary equation. The parameter
B was determined from the slope coefficients of linear sections of the polarization curves
(anodic ba and cathodic bc) obtained during the potentiodynamic tests conducted with the
LPR technique described in point 4.4.

4.4. Potentiodynamic Results from Testing Polarization of Reinforcing Steel in Concrete

The potentiodynamic results from the LPR tests for the steel reinforcement in concrete
performed after 3, 10, and 25 days from setting the specimens in concrete are shown
in Figure 10. Contrary to the impedance tests specified in point 4.3, the direct current
polarization measurements were taken for all 24 specimens as part of test stage 1—cf.
Figure 3 A total of 72 polarization curves were obtained due to three measurement series
taken within a few days at an interval of several days. By determining the polarization
resistance Rp for each curve and the slope coefficient of a straight section of the anodic ba
and cathodic curves, the corrosion current density icorr = B/R, where the parameter B = ba
bc/2.303 (ba + bc), was calculated from the Stern-Geary equation. The densities of corrosion
current averaged each time from three specimens are shown as a bar graph in Figure 10a.
Different colours were attributed to individual measurement series for better clarity of the
presented results. Additionally, the averaged densities of corrosion current icorr expressed
as [μA/cm2], are presented in the tabular form below the bar graph. Figure 10b shows
sketches of all types of specimens tested with the LPR technique. They contain information
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on rebar diameter and steel grade, the presence or absence of the zinc coating and number
and letter symbols.

The analysis of corrosion current densities presented that the following values icorr =
0.05–0.13 μA/cm2 were obtained from all three measurement cycles for the specimens
with black ribbed rebars φ8 mm and φ16 mm. This could indicate passivation. For the
specimens made of smooth steel rebars φ8 mm, an increase in icorr = 0.49 μA/cm2 was
observed within two consecutive measurement cycles apart from the first one. This increase
was not entirely explicable; however, it could suggest partial decomposition of the passive
layer on metal. The expected increased values icorr = 0.36–0.63 μA/cm2, indicating the
development of corrosion, were found for unprotected ribbed reinforcing steel φ16 mm
without zinc protection, which was set in concrete with aggressive chloride ions. In the
case of the similar specimens but with the galvanized rebar, a dramatic rise in densities
of the corrosion current up to icorr = 9.23 μA/cm2 was noticed during the 1st cycle of
measurements. This value was gradually falling in consecutive measurements to icorr =
2.91 μA/cm2 on day 10, finally reaching the value icorr = 0.67 μA/cm2 on day 25. It should
be emphasized that very close range of corrosion current densities was obtained from the
EIS tests, which had been conducted on a part of the specimens prior to the LPR tests. The
observed effect of a rapid rise in the density of corrosion current can be attributed to the
cumulative impact of chloride ions due to corrosion and high pH of pore solution, which
caused partial dilution of the zinc coating at the initial stage of concrete setting. The values
of corrosion current density for other specimens with galvanized rebars in concrete without
chlorides ranged from 0.05 to 0.42 μA/cm2. These values usually did not exceed icorr =
0.20 μA/cm2 indicating no signs of corrosion.

  

Figure 10. The results from electrochemical tests on reinforcing steel in concrete on days 3, 10, and 25 from setting the
specimens in concrete: (a) corrosion current density icorr determined with the LPR technique, (b) the test elements with
galvanized and black reinforcing steel (smooth φ8 mm and ribbed φ8 and φ16 mm) in concrete with and without chlorides.
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4.5. Results from Optical Measurements

The optical measurements with the Aramis camera system were additionally taken to
provide new and detailed information on the strength tests. Their main objective was to
record the displacements of points on the surface of the loaded tests element while pulling
out the rebars from concrete causing the specimen failure. These measurements were used
to catch the moment of fracture and crack formations in the test element, in which the
reinforcement was anchored. Finding the connection between the force N acting on the
rebar and its displacements s against the specimen was very important information used
to determine the anchorage stiffness of rebar in concrete. Figure 11 presents the reference
images of the surface of concrete specimens (containing chlorides) during the pull-out of
ribbed rebars φ16 mm after 540 days from their preparation. A visible brown scattered grid
3 of displaced points is shown in Figure 11a. This image was captured during the pull-out
of the black steel rebar. The pull-out of the galvanized rebar is presented in Figure 11c,
where the very condensed brown grid 5 of the displaced points can be noticed. This grid
changes into the asymmetrical crack 6 (bursting) of concrete 2 as presented in Figure 11d
which illustrates the moment of rapid failure. Similarly, the moment of rapid cracking 4
of the specimen 1 is presented in Figure 11b. The crack symmetry can be related to the
scattered, but almost centrally located, brown grid 3 of the displaced points that is shown
in Figure 11a.

 

Figure 11. The analysis of the surface of concrete specimens with chlorides during the pull-out of
ribbed rebars φ16 mm after 540 days from their preparation, which was conducted using the Aramis
system: (a) surface of the specimen 1 (with a black steel rebar) and hardly visible dispersed brown
grid 3 of displaced points sprayed with graphite paint, (b) the moment of rapid cracking 4 of concrete
in the specimen 1 in the grid zone 3, (c) surface of the specimen 2 (with the galvanized rebar) and very
clear condensed brown grid 5 of displaced points, (d) the moment of rapid asymmetrical cracking 6
of concrete in the specimen 2 in the grid zone 5; 7—plate with permanent measuring points glued to
the pulled out rebar.
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Figure 12 presents the results from measuring the rebar shift s [mm] from the concrete
block caused by an increment of the pull-out force F [kN]. The measured shift was recorded
using the Aramis camera system, whose software interacted with the control system for an
increase in force of the strength machine. Due to the limited access to the Aramis system,
the tests were reduced to galvanized and black steel ribbed rebars φ16 mm, embedded
in concrete with and without chlorides. The elements without chlorides were tested after
180 days from the day of their preparation, and the elements containing chlorides were
tested after 540 days.

 

Figure 12. The relationship between the pull-out force F [kN] and the shift s [mm] during the pull-out of the galvanized and
black steel rebar from concrete. This relationship, based on the Aramis system, was determined for rebars φ16 mm from
steel grade B500SP—the tests performed after 180 and 540 days.

The test results shown as curves in Figure 12 indicate the paths F(s) for the load range
F = 0–60 kN were quasi-linear for each test element. A further increase in load, that is, for
F > 60 kN, the elements containing chlorides B23-Cl, B24-Cl, G22-Cl, G24-Cl maintained
their straight-line relationship F(s). On the other hand, the curves representing the elements
(B19, B21, G20, G21) without chlorides in concrete had a clear drop in the slope F(s).

4.6. Results from Measuring the Force Pulling Out Rebars from Concrete

All 48 test elements were damaged. Figure 13 shows the reference images of the
damaged test elements after pulling out the ribbed rebars with a diameter of 16 mm. It can
be seen that breaking of the concrete specimens was both symmetrical and asymmetrical
into two (Figure 13a,b), and even four parts (Figure 13c).

The bar graphs presented in Figure 14 compare values of the forces pulling out the
rebars from concrete. The pull-out forces were averaged each time from three specimens.
The notations Fmax,G and Fmax,B were used to differentiate the pull-out forces acting on
the galvanized and black steel rebars, respectively. The values of the pull-out forces Fmax
determined for all 48 specimens are shown in Table A3, Appendix A. Different colours
were attributed to determined forces to simplify the analysis of test results shown in
Figure 14a: test stage 1—after 28 days from preparing the specimens (green), test stage
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2—after 180 days (blue), and tests stage 3—after 540 days (yellow). Additionally, the
sketches shown in Figure 14b representing the specimens with black steel reinforcement
are in dark grey, and the ones with galvanized rebars are in light grey. To differentiate the
results obtained for smooth steel (S235JR+AR) and ribbed steel, (B500SP), the grades and
numbers of individual specimens are next to the specimen outlines.

 

Figure 13. Images of typical failure of concrete specimens after pulling out the ribbed rebars of
16 mm in diameter: (a) uniform breaking of the specimen into two parts, (b) inclined breaking of the
specimen into two parts, (c) breaking of the specimen into four parts; 1—concrete specimen with the
pulled-out reinforcement, 2—cracked location in the specimen, 3—wooden beams supporting the
concrete specimens after pulling out the rebar.

The highest values of the pull-out forces (73.11–110.17 kN) were determined as ex-
pected for the ribbed rebars φ16 mm, and the lowest values (7.99–19.69 kN) for the smooth
rebars φ8 mm. Except for the ribbed rebars φ8 mm, an increase in the pull-out force was
noticed after 180 or 540 days. The greatest rise expressed in percentage was found for the
smooth rebars φ8 mm. Considering the mean pull-out forces acting on the same specimens,
the values obtained for galvanized rebars were generally lower compared to black steel
rebars. Other results were obtained for smooth steel φ8 mm after 180 from setting the
specimens in concrete and ribbed steel φ16 mm after 28 days from setting the specimens
in concrete. A significant rise in the pull-out forces acting on the ribbed rebars φ16 mm
after 540 days from preparing the specimens with chloride ions should be noted. These
ions were aggressive for the reinforcement, so the specimens were very deteriorated due
to corrosion.

Figure 15 presents the images of five ribbed rebars φ16 mm after pulling out from
the concrete block specimens. Black steel 1 and galvanized 2 rebars were embedded in
concrete with chlorides of 3% concentration of the cement weight for the period of 540 days.
It is important that the test elements with chlorides were stored within the last year in a
closed chamber over a layer of water to provide the conditions which would intensify the
development of reinforcement corrosion due to high relative humidity. Fragments of the
rebar in the foreground were embedded in concrete specimens. Two edge rebars 4 were
protected by zinc coating, on which the products of zinc corrosion in silver colour were not
particularly distinguished. Three middle black steel rebars 3 had clear signs of plentifully
deposited rusty products of iron corrosion.
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Figure 14. Mean values of the pull-out forces acting on galvanized and black steel (smooth φ8 mm
and ribbed φ8 mm and φ16 mm) in the concrete specimens with and without chlorides after 28, 180,
and 540 days from their preparation: (a) bar chart and corresponding values from the table, (b) the
test elements; Fmax,B—the pull-out force acting on black steel rebars averaged from three specimens,
Fmax,G—the pull-out force acting on galvanized rebars averaged from three specimens.

 

Figure 15. View of ribbed rebars φ16 mm made of steel grade B500SP pulled out from concrete after
540 days: 1—black steel rebars, 2—galvanized rebars, 3—severely corroded fragments of black steel
rebars in the area of their embedment in concrete, 4—fragments of galvanized rebars embedded
in concrete.
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5. Discussion

5.1. Causes of Failure of Test Elements

Two types of damage to the test elements were observed during the strength tests. The
first type consisted in pulling out the anchored rebar from the concrete specimen without
breaking the cover. In that case the concrete, in which the rebar was anchored, remained
whole when the ultimate resistance of the element was exceeded. All elements reinforced
with rebars of 8 mm in diameter were damaged in the above way. This failure occurred
for the rebars made of both steel grades S235JR+AR and B500SP. Breaking of the concrete
element, in which the rebar was anchored, was the second observed type of failure. It
referred to all elements reinforced with rebars φ16 (B500SP). It should be emphasized that
none of these elements were destroyed by the rupture of the anchored rebar.

The described types of failure of the elements are in line with the observations often
described in the literature. Considering the smooth rebars, their failure was caused by
pulling out the rebar from concrete, in which the rebar was anchored. The anchorage of
ribbed rebars was also destroyed by pulling out the rebars from concrete providing that
the reinforcement cover had adequate thickness [47]. In a situation like this, concrete was
subjected to shear stress through ribs which was noticed for the rebars of 8 mm in diameter,
where the cover thickness was 8.9φ. The cover failure occurred in the case of the rebars of
16 mm in diameter, where the cover thickness was 4.2φ.

To conduct a further analysis on resistance of the test elements, it is required to identify
those specimens, for which the resistance failure appeared with the considerable plastic
strain of the anchored reinforcement. As shown in point 2, six rebars of each diameter and
steel grade were tested and the values of yielding force Fy were determined (Table A2,
Appendix A). Assuming that Fy was a random variable with the standard distribution at
the unknown standard deviation, then at the α significance level the Fy value was within
the interval:

p
(

Fy,mean − tα
s√
n
< Fy < Fy,mean + tα

s√
n

)
= 1 − α (1)

where Fy,mean—mean value of yielding force, n—number of specimens, tα—variable with
the t—student distribution for n − 1 degrees of freedom, s—the value estimating the
standard deviation for samples according to the following relationship

s =

√
1

n − 1

n

∑
i=1

(
Fy,mean − Fy,i

)2. (2)

The further analyses were performed using α = 0.02, for which tα = 3.3649 at the
t—student distribution for n − 1 degrees of freedom [48]. Based on the statistical analysis
of the rebars presented in Table A3 (Appendix A), the values Fy for corresponding rebars
were found to be within the following ranges with the probability of 1 − α = 0.98: φ8
(S235JR+AR) from 19.56 kN to 22.26 kN, φ8 (B500SP) from 21.91 kN to 28.75 kN and φ16
(B500SP) from 107.52 kN to 120.52 kN (Table 2).

Table 2. The results from a statistical analysis for the forces Fy yielding the test rebars.

Rebar Diameter
(Steel Grade) (mm)

Fy,mean

(KN)

Fy,mean−tα
s√
n

(KN)

Fy,mean+tα
s√
n

(KN)

S
(kN)

φ8 (S235JR+AR) 20.92 19.56 22.26 0.98
φ8 (B500SP) 25.33 21.91 28.75 2.49
φ16 (B500SP) 114.20 107.52 120.52 4.86

In this context specifying a higher significance level, e.g., 0.05, would exclude the
yielding forces that were experimentally determined, from the above ranges. Thus, a higher
confidence level would lead to a contradiction. Knowing the upper and lower confidence
limits for the forces Fy, the direct cause of the anchorage failure could be specified. The
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failure caused by plastic strain occurred when the pull-out force F reached the value Fmax
higher than the lower confidence limit for Fy, that is:

Fmax(
Fy,mean − tα s√

n

) > 1 (3)

If the sign of inequality in the relationship (3) was opposite, it means the element
failure could be attributed to the exceeded critical stress of bond between rebars and
concrete. However, if the following relationship would be satisfied

Fmax(
Fy,mean + tα s√

n

) > 1 (4)

then the failure of an element would be observed at stresses greater than the yield strength.
The values of the adequate quotients (3) and (4) are shown in Table A3, Appendix A.

It follows that the relationship (4) was not satisfied for any element. Thus, the resistance of
any element did not exceed the value corresponding to the force yielding the reinforcement.
However, the relationship (3) was satisfied for some elements which means yielding of the
reinforcement occurred. These values are indicated with the superscript letter (y) in Table 3.

Table 3. The superscript letter (y) specifying the mean pull-out forces Fmax,B (the reinforcement without coating) and Fmax,G

(the galvanized reinforcement) accompanied by yielding of the rebars.

Time of Test
(Day)

Fmax,B

(kN)
Fmax,G

(kN)
Fmax,B

(kN)
Fmax,G

(kN)
Fmax,B

(kN)
Fmax,G

(kN)
Fmax,B

(kN)
Fmax,G

(kN)

28 8.86 7.99 25.75 (y) 22.48 (y) 93.67 88.94 73.11 75.57
180 19.60 (y) 19.69 (y) 22.09 (y) 20.39 110.46 (y) 92.83
540 110.17 (y) 103.78

Rebar (steel grade) φ8 (S235JR+AR)
smooth steel

φ8 (B500SP)
ribbed steel

φ16 (B500SP)
ribbed steel

φ16 (B500SP)
ribbed steel + Cl

5.2. Effect of Selected Parameters on Maximum Bond Stresses

Assuming that the uniform distribution of anchorage stress f b was observed over the
anchorage length lb, the stress values could be determined from the equilibrium state of
the rebar

fb =
F

lbu
(5)

where lb = 70 mm, u—rebar circumference. The maximum values of these stresses (f b,max)
at the resistance loss are compared in Table 4. The superscript letter (y) written for the
selected values means that the failure force acting on the test element was accompanied by
the strain that is associated with yielding of the rebars.

Table 4. Adhesive stresses f b,max of reinforcing steel to concrete at the loss of the specimen resistance.

Time of Test
(Day)

f b,max,B

(MPa)
f b,max,G

(MPa)
f b,max,B

(MPa)
f b,max,G

(MPa)
f b,max,B

(MPa)
f b,max,G

(MPa)
f b,max,B

(MPa)
f b,max,G

(MPa)

28 5.04 4.54 14.64 (y) 12.78 (y) 26.62 25.82 20.78 21.48
180 11.40 (y) 19.69 (y) 12.56 (y) 11.59 31.39 (y) 26.38
540 31.30 (y) 29.49

Rebar (steel grade) φ8 (S235JR+AR)
smooth steel

φ8 (B500SP)
ribbed steel

φ16 (B500SP)
ribbed steel

φ16 (B500SP)
ribbed steel + Cl

To analyse the obtained results, the bond stress f b,y,mean was determined in the first
place which corresponded to the mean force Fy,mean yielding the reinforcement. The values
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f b,y,mean were: 11.89 MPa for the rebars φ8 S235JR+AR, 14.40 MPa for the reinforcement
φ8, B500SP, and 32.46 MPa for the rebars φ8, B500SP (Table 5).

Table 5. The adhesive stress values f b,y corresponding to the mean force Fy yielding the reinforcement and the confidence
intervals at the significance level of 0.02 corresponding to these stresses.

Rebar Diameter
(Steel Grade) (mm)

f b,y,mean

(MPa)
Minimum Value of Confidence Interval

(MPa)
Maximum Value of Confidence Interval

(MPa)

φ8 (S235JR+AR) 11.89 11.12 12.65
φ8 (B500SP) 14.40 12.45 16.34
φ16 (B500SP) 32.46 30.56 34.25

It should be pointed out that the value f b,y,mean for the rebar of 16 mm in diameter
made of steel B500SP was more than twice the corresponding value for the same steel
grade, but the diameter of 8 mm. This result was in line with the predictions because
the value of adhesive stress f b,y corresponding to stress f y for the reinforcement could be
expressed using the rearranged expression (5):

fb,y = φ
fy

4lb
(6)

Assuming that the stress f b,y, as Fy, was the random variable, the corresponding
confidence intervals at the significance level of 0.02 are additionally presented in Table 5.

The value f b,y was the highest possible value of stress f b, which could be generated at
the side wall of the rebar in concrete. It can be attributed to the mechanism of transmitting
the force from the reinforcement to concrete. In the case of smooth rebars, where stresses f b
were caused by adhesion, the yielding force exerted on the rebar resulted in a rapid drop
of its diameter, and consequently the adhesion force was eliminated due to the produced
stresses perpendicular to the rebar axis. However, the force Fy initiated so significant
deformation of anchored ribbed rebar that it could not be transmitted to concrete.

Table 6 contains the values expressed in percentage and determined from the equation:

fb,max

fb,y,mean
·100% (7)

Table 6. Typical parameters determined from the graphs in Figure 12, based on the analysis of the relationship between the
pull-out force F [kN] and shifts s [mm] of rebars: 0.9 Fmax and Fmax—90% and 100% respectively, of the maximum pull-out
force, s (60 kN), s (0.9 Fmax) and s (Fmax)—shift s of the rebar from the concrete specimen for the force of 60 kN, 90% Fmax

and Fmax, k (0–60 kN) and k [(0.9–1.0) Fmax]—stiffness k of the adhesive bond between the rebar and concrete for the force
values within the range of 0–60 kN and 90–100% of the force Fmax.

Specimens
0.9 Fmax

(kN)
Fmax

(kN)
s (60 kN)

(mm)
s (0.9 Fmax)

(mm)
s (Fmax)
(mm)

k (0–60 kN)
(kN/mm)

k (0.9–1.0) Fmax

(kN/mm)

B19 92.12 102.35 0.30 0.64 1.07 197.70 23.54
B21 107.36 119.29 0.31 1.27 1.96 193.70 17.32
G20 83.68 92.97 0.36 0.66 1.49 166.32 11.22
G21 85.43 94.92 0.36 0.72 1.37 166.34 14.57

B23-Cl 97.97 108.86 0.31 0.59 0.69 194.72 104.23
B24-Cl 100.27 111.41 0.37 0.66 0.75 164.07 130.32
G22-Cl 89.82 99.8 0.30 0.57 0.67 200.00 96.04
G24-Cl 94.17 104.63 0.37 0.49 0.56 167.07 171.85

In this table f b,max was considered the random variable. It means that the value
determined from the Equation (7) takes 100% if fb is within the adequate confidence level
specified in Table 5. Graphical presentation of the results of calculations quotient (7) is
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illustrated in Figure 16. The impact of variable parameters of the test elements on the
values f b,max was determined from the analysis of the values presented in Figure 16.

  

Figure 16. The percentage values determined from the relationship (7) based on the assumption that the parameter f b of
adhesive stresses is the random variable: (a) quotient f b,max/f b,y,mean expressed as [%], (b) the test elements.

Galvanization of smooth rebars at the beginning, that is, after 28 days from the day
of their preparation, practically had no effect on the values f b,max that could be found at
the rebar surface. For the galvanized smooth rebars, the values f b,max were lower by 4.2%
compared to black steel smooth rebars. Similar observations were made for the ribbed
rebars φ16 mm embedded in concrete without chlorides. The values f b,max for galvanized
rebars were lower by 2.5% than in the case of black steel rebars. Considering the rebars in
concrete with chlorides, the reverse relationship was found. The values f b,max were greater
by 2.2% after 28 days. In the case of ribbed rebars of 8 mm in diameter, the galvanization
had no effect on the value f b,max after 28 days because the adhesive stresses in both cases
reached the value f b,y.

The values f b,max were increasing with the age of the test specimens which could be
interpreted as a consequence of the increased strength of concrete. However, this increment
was lower for the galvanized rebars with a diameter of 16 mm. The tests on the elements
conducted after 180 days demonstrated that the value f b,max for the galvanized elements
was lower by 18.7% compared to the black steel elements. A similar effect was observed
for the elements with chlorides tested after 540 days. In that case, the value f b,max was
lower by 9.1% which was not favourable to galvanized steel. A similar adverse effect of
galvanization on the value f b was found for the ribbed rebars of 8 mm in diameter that
were tested after 180 days. In this case the values f b for the galvanized rebars were lower
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by 9.3% compared to the black steel rebars. On the other hand, the value f b determined
for these rebars after 180 days was lower than after 28 days which was contrary to the
expectations. It could indicate a serious drop in the resistance of anchorage of galvanized
rebars over time. It should be mentioned that it was a single observation which could not
be generalized.

The test results lead to the conclusions that chlorides in concrete had an impact on
the values f b,max. Thus, f b,max could be directly compared with the values determined
after 28 days of concrete hardening. In the case of black steel rebars of 16 mm in diameter,
chlorides reduced f b,max by 18%. This effect was not so significant for the galvanized rebars
as the values were reduced by 13.3%. The results determined after 540 days were likely to
confirm the observations that the values fb lower by 9.1% were found in the test elements
with Cl. The value f b,max was also affected by the process of galvanization.

5.3. Evaluation of Anchorage Stiffness of Rebars in Concrete

As described in point 4.5, the rebar shift s against the concrete specimen was recorded
during the tests performed on the test elements containing the anchored rebars with a
diameter of 16 mm and the measurements taken for the pull-out force F. These results
are presented in the form of graphs in Figure 12. The relationships F(s) showed that
these graphs were linear for a gradually increasing force F within the range of 0–60 kN.
However, the shape of the graph F(s) was changing in the final stage of loading. For the
elements without chlorides (B19, B21, G20, G21), a slope of the relationship F(s) was clearly
decreasing. In the case of the elements containing chlorides (B23-Cl, B24-Cl, G22-Cl, G24-
Cl), a slope of the curve with a quasi-linear shape was approximately constant throughout
the whole loading cycle. Two phases were identified for each path of the relationship F(s)
for the quantitative description of the above observations. The first phase included the
loading range from 0 to 60 kN. The second phase was specified as the load contributing
from 90% to 100% of the force Fmax. Then, the shift values s were read from Table 6 for
typical loading levels. The values of stiffness k of the adhesive bond between the rebar
and concrete were determined for both phases. They were considered as a quotient of an
increment in loading ΔF and the corresponding increase in shift Δs.

k =
ΔF
Δs

(8)

The calculated stiffness values are shown in Table 6 and illustrated in Figure 17. The bar
chart in Figure 17a confirms the observations based on the analysis of the relationship F(s).

All the elements had significant stiffness values during the first phase of loading. The
tests performed after 180 days demonstrated higher stiffness k during the first loading
phase for the specimens with no chlorides and with black steel elements (197.7 kN/mm
and 193.7 kN/mm) compared to the stiffness of galvanized rebars (166.34 kN/mm and
193.7 kN/mm). The stiffness of the elements was significantly reduced in the final load-
ing phase. However, higher values were still noticed for the anchorage made of black
steel (23.54 kN/mm and 17.32 kN/mm) compared to the anchorage of galvanized rebars
(11.22 kN/mm and 14.57 kN/mm).

The elements with chlorides that were tested after 540 days demonstrated other
stiffness values. Their initial stiffness within the loading range from 0 kN to 60 kN was
164.07–200.00 kN/m. In the final loading phase that covered from 90% to 100% Fmax, the
stiffness slightly dropped to the level of 96.04–17.85 kN/m. The obtained results cannot
be used to prove conclusively that galvanization of the rebars affects the stiffness of their
anchorage in concrete after 540 days from the day of the preparation of these elements.
However, the chlorides clearly demonstrated their impact on the stiffness in the final
phase of loading. Chloride-induced corrosion of the reinforcement increased the anchorage
stiffness in that phase by an order of magnitude.
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Figure 17. Anchorage stiffness of ribbed (galvanized and black steel) rebars φ16 mm in concrete (with and without chlorides)
determined for two loading phases: phase 1—0–60 kN, phase 2—(0.9–1.0) Fmax: (a) stiffness of the test elements, (b) the
test elements.

According to the authors, the concrete age had no significant impact on the differences
determined for observed stiffness values in the final phase of loading. The mean strength
of concrete f cm in the test elements at the age of 180 days was 47.70 MPa, and 50.16 MPa in
the case of the test elements at the age of 540 days (Table A1, Appendix A). The modulus
of concrete stiffness, estimated on the basis of the standard relationship [EC2],

Ecm(t) =
(

fcm(t)
fcm

)0.3
·Ecm (9)

increased from 35.15 GPa to 35.69 GPa (Table A1, Appendix A). This means that the
products of chloride-induced corrosion, depositing in concrete pores in the immediate
vicinity of the rebars, had a noticeable impact on the increased stiffness of the test bond.

6. Conclusions

The following conclusions can be drawn from testing the effect of the bond of hot-dip
galvanized rebars made of steel grade B500SP and S235JR+AR to concrete and from the
effects caused by chloride-induced corrosion of the reinforcement.

• The failure of all elements with ribbed rebars φ8 mm (B500SP) was accompanied by
yielding of the reinforcement regardless of the age of the test elements. The presence
of zinc coating on the rebars was not significant for the failure.

• Yielding of the elements reinforced with smooth rebars φ8 mm (S235JR+AR) was no-
ticed only in the second stage of the tests, that is, after 180 days from their preparation.
This observation also refers to the anchorage of galvanized and black steel rebars.

• Yielding of the reinforcement was not found in the case of failure of any test element
containing galvanized ribbed rebars φ16 mm (B500SP). This fact could not be at-
tributed to the age of the test elements or traces of products from zinc corrosion found
after the pull-out of the rebars. This means that the zinc coating on the reinforcement
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inhibited the full use of mechanical properties of the rebars φ16 mm made of steel
grade B500SP.

• In the case of the elements with the anchored black steel ribbed rebars φ16 mm
(B500SP), yielding was observed only for the elements at the age of 180 and 540 days.

• Generally, zinc coating reduced the stiffness of anchorage of ribbed rebars φ16 mm
(B500SP) This stiffness was reduced even by 15% when the pull-out force was within
the range of 0–60 kN.

• However, the chloride-induced corrosion clearly demonstrated its impact on the
anchorage stiffness in the final phase of loading. For the same content of chlorides in
concrete, the development of corrosion of black steel was considerably more intensive
and was related to greater volume of corrosion products on the rebar surface. The
products from the corrosion of iron and zinc deposited in concrete pores and filled
voids, which caused an increase in the anchorage stiffness in that phase by as much as
one order of magnitude.
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Appendix A

Table A1. Compressive strength of concrete in the test elements determined by testing cylindrical
specimens with a diameter of 150 mm and a height of 300 mm after 28, 180, and 540 days from setting
them in concrete.

Time (Day) f ci (MPa) f cm (MPa) Ecm (GPa)

28 31.89
28 43.09
28 40.92
28 33.95 38.22 32.9
28 33.05
28 46.42

180 58.49
180 40.99
180 41.75
180 51.85 47.70 39.7
180 53.00
180 40.14
540 54.64
540 55.03
540 52.43
540 41.54 50.16 42.2
540 42.24
540 55.06
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Table A2. Strength characteristic for all types of the test rebars used in the tests, determined from the graphs of “stress
σ–strain ε” illustrated in Figure 2: Fy—the force corresponding to yield strength of steel f y, Fy,mean—the force corresponding
to yield strength of steel f y averaged from six values εu—steel strains at the maximum force, Ft—the force corresponding to
tensile strength of steel f t.

Rebar Diameter
(Steel Grade)

Type of Steel Rebar
Fy

(kN)
Fy,mean

(kN)
εu

(%)
Ft

(kN)
Ft/Fy

φ8 (S235JR+AR) black smooth 20.02 15 24.24 1.21
φ8 (S235JR+AR) black smooth 19.87 15 23.89 1.20
φ8 (S235JR+AR) black smooth after pull-out 20.22 14 24.45 1.21
φ8 (S235JR+AR) galvanized smooth 21.58 20.92 18 25.35 1.17
φ8 (S235JR+AR) galvanized smooth 22.08 13 25.85 1.17
φ8 (S235JR+AR) galvanized smooth after pull-out 21.73 17 26.41 1.22
φ8 (B500SP) black ribbed 23.89 18 29.98 1.25
φ8 (B500SP) black ribbed 23.99 19 29.78 1.24
φ8 (B500SP) black ribbed after pull-out 25.70 8 31.29 1.22
φ8 (B500SP) galvanized ribbed 29.02 25.33 15 32.95 1.14
φ8 (B500SP) galvanized ribbed 22.18 12 26.21 1.18
φ8 (B500SP) galvanized ribbed after pull-out 27.21 17 31.24 1.15
φ16 (B500SP) black ribbed 116.78 11 139.49 1.19
φ16 (B500SP) black ribbed 116.98 11 139.90 1.20
φ16 (B500SP) black ribbed after pull-out 115.17 10 138.29 1.20
φ16 (B500SP) galvanized ribbed 107.74 114.20 4 117.38 1.09
φ16 (B500SP) galvanized ribbed 108.74 6 122.21 1.12
φ16 (B500SP) galvanized ribbed after pull-out 119.80 11 141.10 1.18

Table A3. The values of the pull-out force F acting on galvanized and black steel rebars in concrete with and without
chlorides on day 28, 180, and 540 from the day of their setting in concrete. Fy,mean—the force corresponding to yield strength
of steel f y averaged from six values. n—number of the specimens (n = 6), tα—variable with the t-student distribution for
n − 1 degrees of freedom, s—the value estimating the standard deviation for samples according to the relationship (2), FB

and FG—the value of the pull-out force acting on galvanized and black steel rebars averaged from three measurements.

Time
(Day)

Specimen No.
Rebar Diameter

(Steel Grade) (mm)
Fmax

(kN)
F

(Fy,mean−tα
s√
n )

F
(Fy,mean+tα

s√
n )

Fmax,B

Fmax,G (kN)

28 B01 φ8 (S235JR+AR) 8.47 0.43 0.38
28 B02 φ8 (S235JR+AR) 6.11 0.31 0.27 8.86
28 B03 φ8 (S235JR+AR) 12.01 0.61 0.54
28 G01 φ8 (S235JR+AR) 7.67 0.39 0.34
28 G02 φ8 (S235JR+AR) 7.51 0.38 0.34 7.99
28 G03 φ8 (S235JR+AR) 8.79 0.45 0.39
28 B04 φ8 (B500SP) 26.75 1.22 0.93
28 B05 φ8 (B500SP) 25.99 1.19 0.90 25.75
28 B06 φ8 (B500SP) 24.51 1.12 0.85
28 G04 φ8 (B500SP) 22.61 1.03 0.79
28 G05 φ8 (B500SP) 21.56 0.98 0.75 22.48
28 G06 φ8 (B500SP) 23.27 1.06 0.81
28 B07 φ16 (B500SP) 85.13 0.79 0.70
28 B08 φ16 (B500SP) 98.54 0.92 0.82 93.67
28 B09 φ16 (B500SP) 97.39 0.91 0.81
28 G07 φ16 (B500SP) 87.44 0.81 0.72
28 G08 φ16 (B500SP) 90.88 0.85 0.75 88.94
28 G09 φ16 (B500SP) 88.49 0.82 0.73
28 B10-Cl φ16 (B500SP) 67.33 0.63 0.56
28 B11-Cl φ16 (B500SP) 73.08 0.68 0.60 73.11
28 B12-Cl φ16 (B500SP) 78.91 0.73 0.65
28 G10-Cl φ16 (B500SP) 73.27 0.68 0.61
28 G11-Cl φ16 (B500SP) 75.26 0.70 0.62 75.57
28 G12-Cl φ16 (B500SP) 78.18 0.73 0.65
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Table A3. Cont.

Time
(Day)

Specimen No.
Rebar Diameter

(Steel Grade) (mm)
Fmax

(kN)
F

(Fy,mean−tα
s√
n )

F
(Fy,mean+tα

s√
n )

Fmax,B

Fmax,G (kN)

180 B13 φ8 (S235JR+AR) 20.25 1.04 0.91
180 B14 φ8 (S235JR+AR) 19.03 0.97 0.85 19.60
180 B15 φ8 (S235JR+AR) 19.51 1.00 0.88
180 G13 φ8 (S235JR+AR) 18.81 0.96 0.84
180 G14 φ8 (S235JR+AR) 20.11 1.03 0.90 19.69
180 G15 φ8 (S235JR+AR) 20.15 1.03 0.90
180 B16 φ8 (B500SP) 21.41 0.98 0.74
180 B17 φ8 (B500SP) 22.38 1.02 0.78 22.09
180 B18 φ8 (B500SP) 22.48 1.03 0.78
180 G16 φ8 (B500SP) 20.39 0.93 0.71
180 G17 φ8 (B500SP) 19.74 0.90 0.69 20.39
180 G18 φ8 (B500SP) 21.04 0.96 0.73
180 B19 φ16 (B500SP) 102.35 0.95 0.85
180 B20 φ16 (B500SP) 109.74 1.02 0.91 110.46
180 B21 φ16 (B500SP) 119.29 1.11 0.99
180 G19 φ16 (B500SP) 90.61 0.84 0.75
180 G20 φ16 (B500SP) 92.97 0.86 0.77 92.83
180 G21 φ16 (B500SP) 94.92 0.88 0.79
540 B22-Cl φ16 (B500SP) 109.87 1.02 0.91
540 B23-Cl φ16 (B500SP) 108.85 1.01 0.90 110.07
540 B24-Cl φ16 (B500SP) 111.48 1.04 0.92
540 G22-Cl φ16 (B500SP) 99.80 0.93 0.83
540 G23-Cl φ16 (B500SP) 106.91 0.99 0.88 103.78
540 G24-Cl φ16 (B500SP) 104.63 0.97 0.87

Appendix B

Table A4. Comparison of the results from analysing the impedance spectra of galvanized and black steel rebars φ 16 mm,
made of steel grade B500SP, embedded in concrete with and without chlorides. The tests were conducted on days 1, 7, and
28 after setting the specimens in concrete.

Specimen
No.

Δt
(Day)

EAg|AgCl

(V)
Rc

(Ω)
Rf

(Ω)

CPEf Rt

(Ω)

CPE0 icorrYf (Fsα− 1) αf Y0 (Fsα−1) α0

B07 3 −0.097 444 2.50 × 104 1.18 × 10−2 0.715 0.01
B08 3 −0.173 276 1.07 × 104 4.05 × 10−3 0.587 0.02
B09 3 −0.175 290 8.68 × 104 6.54 × 10−3 0.524 0.00
G07 3 −0.333 171 1.75 × 103 1.70 × 10−3 0.655 0.24
G08 3 −0.292 170 2.32 × 103 1.35 × 10−3 0.672 0.21
G09 3 −0.302 174 2.01 × 103 1.46 × 10−3 0.664 0.23

B10-Cl 3 −0.354 26 28 9.34 × 10−3 0.551 2.30 × 103 4.62 × 10−2 0.625 0.06
B11-Cl 3 −0.378 24 1 7.86 × 10 0.029 1.13 × 103 6.86 × 10−3 0.588 0.24
B12-Cl 3 −0.379 23 11 1.19 × 10−2 0.526 8.88 × 103 2.32 × 10−2 0.612 0.01
G10-Cl 3 −0.857 27 3 5.28 × 10−1 0.099 3.41 × 101 2.23 × 10−2 0.461 9.95
G11-Cl 3 −0.880 36 1 5.88 × 10−3 0.671 3.44 × 101 1.43 × 10−2 0.527 9.48
G12-Cl 3 −0.872 29 33 1.48 × 10−2 0.619 3.28 × 101 1.78 × 10−2 0.521 9.90

B07 10 −0.166 701 9.71 × 103 6.63 × 10−3 0.572 0.02
B08 10 −0.238 646 6.42 × 103 3.70 × 10−3 0.634 0.03
B09 10 −0.207 596 9.32 × 103 3.70 × 10−3 0.598 0.02
G07 10 −0.629 538 5.06 × 103 1.69 × 10−3 0.566 0.06
G08 10 −0.752 663 1.68 × 103 1.80 × 10−3 0.602 0.23
G09 10 −0.713 648 4.45 × 103 1.89 × 10−3 0.614 0.09

B10-Cl 10 −0.430 257 127 1.22 × 10−2 0.278 4.43 × 102 1.53 × 10−1 0.962 0.58
B11-Cl 10 −0.853 229 4949 3.04 × 10−4 0.653 2.01 × 103 4.63 × 10−5 0.460 0.38
B12-Cl 10 −0.427 130 151 1.01 × 10−3 0.049 1.06 × 103 1.80 × 10−2 0.406 0.24
G10-Cl 10 −0.686 325 89 3.71 × 10−2 0.256 8.62 × 101 1.65 × 10−1 0.873 2.85
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Table A4. Cont.

Specimen
No.

Δt
(Day)

EAg|AgCl

(V)
Rc

(Ω)
Rf

(Ω)

CPEf Rt

(Ω)

CPE0 icorrYf (Fsα− 1) αf Y0 (Fsα−1) α0

G11-Cl 10 −0.778 21 2463 6.03 × 10−2 0.328 1.10 × 102 5.43 × 10−4 0.029 2.46
G12-Cl 10 −0.830 269 14 1.60 × 10−1 0.744 5.91 × 101 1.45 × 10−2 0.504 3.29

B07 25 −0.215 1066 1.40 × 105 5.29 × 10−3 0.456 0.01
B08 25 −0.259 901 4.79 × 10+3 3.76 × 10−3 0.564 0.04
B09 25 −0.238 1237 1.81 × 104 5.81 × 10−3 0.496 0.01
G07 25 −0.684 838 3.88 × 103 1.58 × 10−3 0.541 0.06
G08 25 −0.723 1011 3.28 × 103 1.67 × 10−3 0.577 0.07
G09 25 −0.617 997 3.08 × 103 1.97 × 10−3 0.507 0.08

B10-Cl 25 −0.388 400 6261 1.24 × 10−2 0.276 9.73 × 101 7.80 × 10−5 0.776 1.78
B11-Cl 25 −0.421 372 323 5.34 × 10−3 0.325 9.50 × 101 4.15 × 10−5 1.000 1.87
B12-Cl 25 −0.396 391 12 4.00 × 10−4 0.746 3.89 × 102 1.92 × 10−2 0.506 0.40
G10-Cl 25 −0.644 402 94 4.73 × 10−3 0.402 1.79 × 102 3.20 × 10−3 0.000 1.38
G11-Cl 25 −0.745 229 72750 6.30 × 10−3 0.064 1.88 × 102 1.19 × 10−4 0.833 1.23
G12-Cl 25 −0.429 304 1065 2.05 × 10−4 0.397 5.13 × 102 6.29 × 10−4 0.563 0.52
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Abstract: Corrosion of steel reinforcement is the major factor that limits the durability and service-
ability performance of reinforced concrete structures. Impressed current cathodic protection (ICCP) is
a widely used method to protect steel reinforcements against corrosion. This research aimed to study
the effect of cathodic protection on reinforced concrete with fly ash using electrochemical noise (EN).
Two types of reinforced concrete mixtures were manufactured; 100% Ordinary Portland Cement
(OCP) and replacing 15% of cement using fly ash (OCPFA). The specimens were under-designed pro-
tected conditions (−1000 ≤ E ≤ −850 mV vs. Ag/AgCl) and cathodic overprotection (E < −1000 mV
vs. Ag/AgCl) by impressed current, and specimens concrete were immersed in a 3.5 wt.% sodium
chloride (NaCl) Solution. The analysis of electrochemical noise-time series showed that the mixtures
microstructure influenced the corrosion process. Transients of uniform corrosion were observed in
the specimens elaborated with (OPC), unlike those elaborated with (OPCFA). This phenomenon
marked the difference in the concrete matrix’s hydration products, preventing Cl− ions flow and
showing passive current and potential transients in most specimens.

Keywords: electrochemical noise; fly ash; concrete; cathodic protection; microstructure

1. Introduction

In the construction industry, corrosion of steel reinforcement is one of the main
issues. It is considered the leading cause of the premature deterioration of reinforced
concrete structures [1–3]. The most predominant factors affecting the steel bars can be
physical, mechanical, biological, or chemical [4,5]. Corrosion is the most frequent and
relevant deterioration suffered by reinforced concrete structures, particularly in structures
located in an aggressive marine environment [6,7]. Corrosion of reinforcement in the
marine environment usually occurs because aggressive agents such as chloride ions are an
electrochemical process [8,9].

The cement industry is one of the two largest producers of carbon dioxide (CO2),
generating between 5–8% CO2 total emissions to the environment. In the future, the
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CO2 emissions are predicted around 10–15% [2,10]. The supplementary cementitious
materials (SCM) are employed to reduce CO2 emissions and replace, in a portion, Portland
cement [2,11–15].

New alkali-activated materials have been employed in place of OPC with a different
type of ashes. The employ of different ashes showed good results increasing the durability
of concrete. OPC has been replaced by ashes as slags furnace ash (SFA), metakaolin (MK),
and fly ash (FA), among others [16–18]. SCM as sugar cane bagasse ash (SCBA) and rice
husks ash (RHA) has been studied in the last 20 years to develop a better solution for
reinforced structure [19–22]. Diverse research has been reported on the corrosion behavior
of SCM and the structural, mechanical, chemical and structural properties [23–25]. The
employ of SCM is an eco-friendly and cost-effective solution due to the natural properties
of these materials [8,26]. An essential factor of SCM materials is their faster cure time in
comparison with OPC.

Another critical factor of these SCM is that they cure faster than OPC, making them
even more suitable for precast components.

Corrosion of reinforcing steel is the leading cause of deterioration in concrete. When
steel corrodes, the resulting rust occupies a greater volume than the steel. The action of Cl−
ions are considered the most critical factor influencing the corrosion intensity of reinforced
concrete [27–29]. The Cl− ion causes the breakdown of the steel’s normal passive condition
in concrete and corrosion development. An efficient method to control steel reinforcement
corrosion in concrete structures is the impressed current cathodic protection (ICCP). ICCP
is an efficient method to stop or control the steel reinforcement’s corrosion in concrete
structures. ICCP is known for active or passive steel conditions; it is necessary to have
specific conditions for both pH and potential in the electrochemical system [27–33]. On the
other hand, studies reported that the fly ash particles react with the calcium hydroxide,
generating hydration products that strongly affect decreasing the concretes porosity. Also,
mechanical properties are increased when using these ashes and blast furnace slag, given
the increasing volume of C-S-H gel [32].

Electrochemical noise (EN) technique for corrosion applications has allowed many
advances in recent years interesting for corrosion science. A particular advantage of EN
measurements is detecting and analyzing the early stages of localized corrosion.

Electrochemical noise describes the spontaneous low-level potential and current
fluctuations occurring during a corrosion process. During the corrosion process, predomi-
nantly electrochemical cathodic and anodic reactions can cause small transients in electrical
charges on the electrode. These transients manifest in potential and current noise exploited
in a corrosion map [34,35]. The rupture and re-passivation of passive films are associated
with the stochastic process (anodic and cathodic transients), as well as the formation and
pitting propagation are related to the deterministic process [36,37].

Transients are linked to anodic and cathodic reactions because of stochastic processes
(rupture and re-passivation of the passive film) and deterministic processes (formation
and propagation of pitting) [36,37]. The time-series of potential or current provides helpful
information about the corrosion process.

Ma, et al. [38,39] indicate that EN data is influenced by the measurement mode, the
surface area of the working electrodes, the electrolytic resistance and the symmetry of the
electrode system. Xia, et al. [40] mention several mathematical methods and parameters
that can analyze EN data to identify corrosion form and corrosion rates. They are classified
into three groups: the time domain, the frequency domain, and the time-frequency domain.
The statistical analysis it includes parameters as noise resistance (Rn), Skewness, Kurtosis,
localization index (LI) Chaos analysis, Recurrence quantification analysis and Fractal
analysis. The Fast Fourier Transform includes power spectral density, noise impedance, etc;
and time-frequency domains method; have the analysis Hilbert-Huang transform, Discrete
Wavelet transform, Stockwell transform and others) [41–47]. LI, skewness, and kurtosis
values have been related to different corrosion types and the asymmetry of the distribution
of EN data [47–52].

110



Materials 2021, 14, 2438

This research aimed to study the Effect of cathodic protection on reinforced concrete
with fly ash using electrochemical noise. Two types of reinforced concrete mixtures were
elaborated: 100% Ordinary Portland Cement (OCP) and replacing 15% of cement using
fly ash (OCPFA). The specimens were under-designed protected conditions (−1000 ≤ E
≤ −850 mV vs. Ag/AgCl) and cathodic overprotection (E < −1000 mV vs. Ag/AgCl) by
impressed current, and specimens concrete were immersed in a 3.5 wt.% sodium chloride
(NaCl) Solution. This concentration was used to simulate an aggressive environment that
contains chlorides where civil works can be built based on reinforced concrete.

2. Materials and Methods

2.1. Reinforced Concrete Specimens

This research were designed for eigth specimens: OCP and FA concretes mixtures
according to NMX-C-414-ONNCCE [53] of 30 MPa at 28 days. The Fly Ash (FA)—Class F
type addition was according to ASTM C618-94a [54], obtained from a coal-fired power plant
in Coahuila, Mexico. The Research group has tested supplementary materials as a partial
substitute cement and has found good results with fly ash [2,12,19,22,23,27]. Therefore, in
this study Fly Ash was used as a partial substitute for OPC with a replacement percentage
of 15%. Table 1 shows the chemical composition of both materials used obtained by X-ray
fluorescence (XRF) analysis provided by the supplier.

Table 1. Chemical composition of OPC and FA obtained by XRF.

Material
Compounds (wt.%)

CaO SiO2 Al2O3 Fe2O3 MgO SO4
2− Na2O K2O MnO TiO2

Ordinary
Portland

Cement (CPC)
65.31 18.47 4.13 3.80 1.42 4.64 0.46 1.13 0.19 0.29

Fly Ash (FA) 3.26 57.3 28.14 5.21 0.56 0.32 0.51 1.52 - 1.21

The dosage of concrete mixtures was carried out according to the method of ACI
211.1 [55]. This method is based on the physical properties of coarse and fine aggregates,
see Table 2.

Table 2. Dosage of conventional concrete and sustainable concrete, (kg/m3 of concrete, ratio
w/c = 0.66).

Mixture
Fly Ash
kg/m3

Aggregate
Coarse kg/m3

Aggregate Fine
kg/m3

Cement
kg/m3

Water
kg/m3

OPC - 1049 781 310 205
OPCFA 46.5 1049 781 263.5 205

The OPC and FA mixtures were made with a ratio of water/cement of 0.66. The
specimens were cylindrical with dimensions of 15 high by 7.5 cm in diameter [53]. In all
the specimens, AISI 1018 Carbon Steel bars were embedded. The steel bars dimensions
were 9.5 mm in diameter and 10.5 cm in length. The curing of all specimens was carried
out by immersion in water for 28 days, according to NMX-C-159 standard [56].

2.2. System of Protection and Cathodic Overprotection

After the curing step, the specimens of both mixtures were immersed in a 3.5 wt.%
NaCl solution and an impressed current cathodic protection system were induced. Anode,
1
4 in. graphite bars with 0.635 cm. in diameter and a length of 15 cm. were used. The
capacity of the employed rectifier was 20 V/10 A. Four of the specimens were treated
to a potential protection criterion (−1000 mV ≤ E ≤ −850 mV vs. Ag/AgCl), and the
rest of them with overprotection (E < −1000 mV vs. Ag/AgCl) [7]. The protection and
overprotection levels were consistently maintained by an experimental system, as shown
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in Figure 1. The nomenclature used considers the following: 2–3 = months of exposure,
FA = Fly ash, P = Protected, OP = overprotected.

Figure 1. Experimental system to maintain the specimens under protection and cathodic overprotection.

2.3. Electrochemical Noise Test

The electrochemical noise (EN) technique was used to evaluate 100% Ordinary Port-
land Cement (OCP) and the other with replacing 15% of cement using fly ash (OCPFA),
immersed in 3.5 wt.% in NaCl solutions. The EN measurements were carried out us-
ing ACM Instruments (Manchester, UK)—Gill-AC potentiostat/galvanostat/ZRA (Zero
Resistance Ammeter).

The EN experiments were carried out in based to ASTM G199-09 standard to determine
the noise resistance (Rn) and corrosion rate. To each experiment was employed two
nominally identical specimens as the working electrodes (WE1 and WE2) and a saturated
calomel electrode as the reference electrode (RE) [51,57]. The electrochemical current noise
(ECN) was measured with a galvanic coupling current between two identical working
electrodes. The electrochemical potential noise (EPN) was measured linking one of the
working electrodes and the reference electrode. The current and potential electrochemical
noise was monitored concerning each electrode’s electrolyte combination under open-
circuit conditions. 1024 data points were obtained with a scanning rate of 1 data per second.
The current and potential electrochemical noise was monitored concerning each electrode’s
electrolyte combination under open-circuit conditions. 1024 data points were obtained
with a scanning rate of 1 data per second [51,52].

DC trend signal was removed from the original EN signal by the polynomial method,
from signal without DC statistical data (Rn, Kurtosis, and skewness) was obtained from
the signal without DC. For PSD (power spectral density) analysis, a Hann window was
applied before being transformed to the FFT frequency domain (fast Fourier transform).
Data analysis was processed with a program made in MATLAB 2018a software (Math
Works, Natick, MA, USA).

2.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM, Jeol JSM 5610LV, Tokyo, Japan) was as well
utilized for concrete surface morphology analyzed to different magnifications, operating at
20 kV, WD = 10 mm. The chemical composition of these concrete specimens was obtained
by energy dispersive X-ray spectroscopy (EDS, EDAX, Tokyo, Japan).
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3. Results

3.1. Microstructure of OPC and OPCFA by Scanning Electron Microscopy.

Figure 2 shows the microstructure of specimens made with the mixture of OPC. In the
2OPC specimen (Figure 2a), it is possible to visualize the hydration products in the form of
cotton. However, the elemental analysis by X-ray dispersive energy spectroscopy (EDS)
shows that the Ca/Si ratio is 2.24, which is within the range of a concrete porous [58,59].

 

Figure 2. SEM surface morphology micrographs and elemental analysis by X-ray dispersive energy spectroscopy (EDS)
of specimens made with the OPC mixture: (a) 2OPC-P Ca/Si = 2.24, (b) 2OPC-OP Ca/Si = 1.86, (c) 3OPC-P Ca/Si = 2.23,
(d) 3OPC-OP Ca/Si = 3.25.

The specimen 2OPC-OP (Figure 2b) shows that the concrete obtained higher hydration
than protected. The hydration occurs because the Ca/Si ratio is 1.86, which is in the range
of well-hydrated concrete. According to the EDS analysis, a higher amount of hydrated
calcium silicates (C-S-H gel) [27,32,60].

For specimens with three months of exposure (Figure 2c,d), it is observed that the mi-
crostructure of the concrete is more porous than those exposed to two months. Porous could
be attributed to Ca/Si ratios in intervals of 2.23 and 3.25, which is typical of porous concrete.
With very few hydration products (C-S-H gel) shown by the images and reinforced by the
EDS analysis.

Figure 3 shows the microstructure of the specimens made with the mixture with
OPCFA. In Figure 3a,b, the microstructure of the specimen was exposed to two months
under protection and overprotection conditions. The 2OPCFA-P specimen shows an
appreciable amount of hydration products (C-S-H gel). According to the EDS analysis,
the Ca/Si ratio is within a hydrated concrete range with a value of 1.78. As for specimen
2OPCFA-OP, it is observed that the Ca/Si ratio increased to a value of 2.45, indicating
greater porosity but with fewer hydration products in this specimen. In the specimens
at three months of exposure with both protective conditions, they show the effects of fly
ash particles, generating more hydration products. In Figure 3c,d reinforced by the EDS
analysis with the Ca/Si ratios results, which tends to decrease with time in this type of
mixtures, depending on the hydration time and the amount of fly ash in the mixture.
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Figure 3. SEM surface morphology micrographs and elemental analysis by X-ray dispersive energy spectroscopy (EDS)
of specimens made with the OPCFA mixture: (a) 2OPCFA-P Ca/Si = 1.78, (b) 2OPCFA-OP Ca/Si = 2.45, (c) 3OPCFA-P
Ca/Si = 1.44, (d) 3OPCFA-OP Ca/Si = 1.40.

3.2. Electrochemical Noise

EN signal is composed of random, stationary, and DC variables. It is necessary to
separate DC from random and stationary components to analyze EN data because DC
creates false frequencies and interferes in visual, statistical, and PSD analysis. In this way,
when DC is removed, corrosion data presented at low frequencies are conserved [51]. EN
can be represented by Equation (1) [43–45]:

x(t) = mt + st + Yt (1)

where x(t) is the EN time series, mt, is the DC component, st is the random component,
and Yt is a stationary component. The latter two are the functions that define the corrosion
system [36]. The polynomial method, as defined in Equation (2), defines noise signal (xn)
and polynomial of “n” grade (po) at n-th term (ai) in “n” time to obtain a signal without
trend (yn) [33,42–44]:

yn = xn −
po

∑
i=0

aini (2)

Figure 4 shows the EN signal for specimens subjected to cathodic protection current.
The EPN signal of OPC-P samples exposure two months (Figure 4a,b) presents potential
transients of 3 × 10−4 V maximum. Low potentials are associated with high stability
produced by oxidation-reduction events. The ECN signal corroborated it with low ampli-
tude transients and fluctuations of ×10−7 (A/cm2) order. The behavior of EPN and ECN
signals is related to the uniform corrosion process. In the case of FA samples, the potential
transients show individual events of low frequency. On the other hand, OPC-P samples
presented a higher instability associated with the passive layer’s break. When concrete
contains FA and the passive layer is broken, it will be regenerated easier than samples with
only OPC.
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Figure 4. Electrochemical noise-time series for specimens subjected to Impressed current cathodic protection of reinforced
concrete mixtures (OPC-P and OPCFA-P). (a,b) ENP, 2 and 3 months, (c,d) ENC, 2 and 3 months.

The sample of OPC-P exposed three months (Figure 4c,d) presented similar behaviors
in EPN and ECN signals, associated with uniform corrosion. However, the sample with FA
presented current values of ×10−10 (A/cm2) amplitude. The low current value indicates
passivation in the sample after three months of exposure [13]. The decrease of current
demand suggests that the passive layers become more stable with the exposure. Also, at
three months, EPN and ECN signals did not present the anodic transients that samples
with two months of exposure presented.

Figure 5 shows the EN signal of samples subjected to cathodic overprotection current.
For overprotected samples, the current and potential values are low frequencies and
amplitudes. However, the variation of fluctuations is high, associated with an unstable
system. The FA samples showed the same behavior, with low amplitude and signals but
with high variations; this could provoke the system’s instability. Also, samples with the
only OPC presented higher current demand indicating a higher corrosion kinetic. The
sample 2OPCFA-OP presented potential and current transients of very short frequencies
and very low amplitudes. This behavior was presented due to stable passivation and ionic
diffusion through this passive film.

The three months samples with OPC presented potential and current transients char-
acteristic of unstable uniform corrosion, with low frequency and low amplitude behaviors.
However, the decrease of frequency presented at two months of exposure is related to a
higher harmful activity. The samples with FA presented lower current demand related to
lower corrosion kinetic and suggest a passivity phenomenon.
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Figure 5. Electrochemical noise-time series for specimens subjected to Impressed current cathodic protection of reinforced
concrete mixtures (OPC-OP and OPCFA-OP). (a,b) ENP, 2 and 3 months, (c,d) ENC, 2 and 3 months.

3.2.1. Statistical Analysis

Electrochemical noise resistance (Rn) is determined by standard deviation from time
series values. These statistical values give corrosion kinetics information. Cottis and
Turgoose [50] found a relationship between the increase of variance and standard deviation
with an increase in corrosion rate. The standard deviation (S) of the current or potential is
calculated using the relationship.

σx =

√
x2 =

√√√√ 1
N

N

∑
i=1

(x1 − x)2 (3)

where x1 is the transient ECN or transient EPN, x the average ECN or average EPN, and n
is the number of pints in the recording.

Noise resistance (Rn) is defined as the ratio of the standard deviation of potential to
the standard deviation of current: (Equation (4)).

Rn =
σv

σI
∗ A (4)

Rn and Rp are equivalent to the Stern–Geary equation (Equation (5) can be applied as
an analog relation to determining corrosion. Rp is expressed in Ω·cm2, icorr is the corrosion
current density, and B in V. is a constant resulting from a combination of the anodic and
cathodic Tafel slopes. Recommended values of B are 0.026 and 0.052 V for active and
passive systems, respectively [61].

Rn =
B

icorr
=

babc

2.303 (ba + bc)·icorr
(5)
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Some authors related the EN signal to statistical analysis with the metal surface to the
corrosion process [51]. The Ir.m.s is obtained by Equation (6), where X is the average of EN
data, n the data number, and σ the standard deviation:

r.m.s =
√

Xn2 + σ2 (6)

The localization index (LI) is defined as the ratio of the standard deviation of ECN, σi,
and Ir.m.s (root mean square of the noise current) (Equation (7)).

LI =
σi

Ir.m.s
(7)

Values obtained can be associated with the system is corrosion type [51,52,62]. This
research will take more parameters to determine the corrosion type (Table 3).

Table 3. Correlation between LI and type of corrosion expected [60].

Corrosion Type LI (Value Range)

Localized 1.0–0.1

Mixed 0.1–0.01

Uniform 0.01–0.001

This research employed Kurtosis and skewness to try to define the corrosion type.
Localization index (LI) was not considered because Mansfeld and Sun [63] in 1995 con-
cluded that LI can present limitations and should be used with discretion. In 2001, Reid
and Eden [64] developed a patent where they identified corrosion type based on statistical
moments with skewness and Kurtosis (Equations (8) and (9)), which are the 3rd and 4th
statistical moments [51,63,64]:

skewness =
1
N

N

∑
i=1

(xi − x)3

σ3 (8)

kurtosis =
1
N

N

∑
i=1

(xi − x)4

σ4 (9)

Statistical calculations have a standard error (SE) that generates uncertainty in the
results. The following Equation can be provided, where N is the number of data studied [65].
Hence, when the data number is significant, the standard error will be lower than when
the data number is high.

SE =

√
24
N

(10)

SE is 0.153; values obtained will take SE as a parameter of uncertainty. Corrosion type
determined by Kurtosis and skewness is shown in Table 4:

Table 4. Corrosion types evaluated by Kurtosis and skewness [65].

Corrosion Type
Potential Current

Skewness Kurtosis Skewness Kurtosis

Uniform <±1 <3 <±1 <3
Pitting <−2 >>3 >±2 >>3

Transgranular (SCC) 4 20 −4 20
Intergranular (SCC #1) −6.6 18 to 114 1.5 to 3.2 6.4 to 15.6
Intergranular (SCC #2) −2 to −6 5 to 45 3 to 6 10 to 60
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Kurtosis and skewness were applied to the ECN signal to determine the corrosion
mechanism based on corrosion kinetic. Table 5 shows Rn, icorr, skewness, and Kurtosis
from EN signal filtered with a 9th-grade polynomial to remove DC signal. For protected
samples, LI indicates values near to 1; this value is related to a disordered system and high
variation of standard deviation. For that reason, it is essential to analyze with more precise
methods as Skewness and Kurtosis in potential. Employing skewness and analyze the
protected samples presented uniform corrosion.

Table 5. EN statistical parameters of specimens subjected to Impressed current cathodic protection of reinforced concrete
mixtures (OPC-P/OP and OPCFA-P/OP).

Sample
Rn

(Ω·cm2)
icorr

(mA/cm2)
LI Corrosion

Type
Skewness

(Pot)
Corrosion

Type
Kurtosis

(Pot)
Corrosion

Type

Protected

2OPCFA-P 2779.05 0.0095557 1 Localized −0.82 Uniform 6.7 Pitting
2OPC-P 826.78 0.31447 1 Localized −0.65 Uniform 2.96 Pitting

3OPCFA-P 383777.68 0.0000677 1 Localized 0.19 Uniform 2.89 Uniform
3OPC-P 1830.34 0.0142 1 Localized 0.38 Uniform 2.81 Uniform

Overprotected

2OPCFA-OP 404.08 0.0643422 0.49 Localized −1.77 Pitting 14.24 Pitting
2OPC-OP 296.74 0.876967 0.93 Localized 0.46 Uniform 3.11 Pitting

3OPCFA-OP 177951.805 0.0001461 1 Localized 0.09 Uniform 2.93 Uniform
3OPC-OP 493.7 0.0526635 1 Localized 1.9 Pitting 14 Pitting

The overprotected samples presented high values of LI, skewness, and Kurtosis. High
LI, skewness, and Kurtosis values are associated with the high current variation with low
current and potential values; any variation can change the results. The samples with FA
presented minor variation; this could be attributed to a passive process.

3.2.2. Power Spectral Density PSD Analysis

For Power spectral density PSD analysis, it is necessary to transform the time-domain
EN to frequency-domain by applying FFT. There is a correlation with EN signal (with a
polynomial filter applied), after which spectral density is calculated with Equations (11)
and (12) [66,67].

Rxx(m) =
1
N

N−m−1

∑
n=0

x(n)·x(n + m), when values are from 0 < m < N (11)

ψx(k) =
γ·tm

N
·

N

∑
n=1

(xn − xn)·e−2πkn2
N (12)

For PSD interpretation, it is necessary to evaluate the slope and the frequency zero
limits (ψ0). The cut frequency indicates the slope begins. The slope could be helpful
to find the corrosion mechanism [49]. The slope is defined by βx and is represented by
Equation (13):

logΨx = −βx log f (13)

The frequency zero limits (ψ0) give material dissolution information because PSD is
related to the total energy present in the system [37]. It is essential to clarify that material
dissolution is only present in the current PSD [48,65,68]. The following table was proposed
by Mansfeld et al. [69] in 1998 to determine the corrosion phenomena occurring on the
material surface; this table is adapted to decibels (see Table 6) [70].
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Table 6. β intervals to indicate the type of corrosion [70].

Corrosion Type
dB(V)·Decade−1 dB(A)·Decade−1

Minimum Maximum Minimum Maximum

Uniform 0 −7 0 −7
Pitting −20 −25 −7 −14
Passive −15 −25 −1 1

Figure 6 shows the PSD results; Figure 6a,b presents PSD for EPN and ECN. Samples
have values of slope in potential related to uniform corrosion (see Table 7). The ψ0 values
showed that 2OPC-P presents a faster degradation related to a high corrosion kinetic. With
samples exposed three months, the behavior is the same that the exposed two months.
Also, samples exposed three months showed higher ψ0 values indicating that the materials
will be dissolved faster (see Figure 6c,d).

 

Figure 6. Power spectral density (PSD) for specimens subjected to Impressed current cathodic protection of reinforced
concrete mixtures (OPC-P and OPCFA-P). (a,b) Potential, 2 and 3 months, (c,d) Current, 2 and 3 months.

Table 7. Parameters obtained by PSD for reinforced concrete mixtures (OPC-P/OP and OPCFA-
P/OP).

Sample ψ0 (dBi) B (dB [V])

2OPCFA-P −143.716496 −7
2OPC-P −64.8956506 −8

3OPCFA-P −146.383815 −12
3OPC-P −113.95617 −2

2OPCF-OP −118.723889 −2
2OPC-OP −122.621082 −3

3OPCFA-OP −123.658499 −23
3OPC-OP −81.2552579 −8

The overprotected samples exposed two months presented slops related to uniform
corrosion (Figure 7a,b). 2OPC-OP presents fluctuations at high frequencies even in current
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or potential; this indicates instability in the processes. The samples exposed for three
months present values related to uniform corrosion. Only the sample with FA presented a
passivation system’s slope value (−23 dB(V)). The material dissolution is higher for OPC
samples, and FA mixed showed higher resistance to degradation. Also, overprotected
samples present a higher ψ0 value, indicating higher corrosion kinetic (see Table 7). Values
of Rn and ψ0 presented relation, with a high Rn a low ψ0 corresponds. Type and corro-
sion mechanisms presented some uncertainty for slope analysis in PSD [67,70]. For that
reason, slope values present limitations to determine the type of corrosion in reinforced
concrete mixtures.

 

Figure 7. Power spectral density (PSD) for specimens subjected to Impressed current cathodic protection of reinforced
concrete mixtures (OPC-OP and OPCFA-OP). (a,b) ENP, 2 and 3 months, (c,d) ENC, 2 and 3 months.

4. Discussion

The concrete microstructure for the OPC mixture shows high values in the Ca/Si
ratio, being porous concrete. Except for the specimen 2OPCO-P with a ratio of 1.86,
the microstructure does not differ in the corrosion process since four specimens indicate
uniform corrosion. This behavior indicates that the oxide layer was formed after two
months of the steel surface and was maintained both exposure times. Corrosion can
be caused because Cl− ion diffuses more quickly through the mixtures microstructure,
regardless of protection current and cathodic overprotection. Specimens with FA have a
different behavior due to their microstructure and there Ca/Si ratio. FA’s Ca/Si ratio shows
a better hydrated and less porous concrete, which prevents Cl− ions. Koleva et al. mention
that for a high Ca/Si ratio in values of 2.19–2.95, they counteract the positive aspects of a
low porosity in the concrete matrix.

The results showed the benefits of employ SCM with OPC. Rubi [71] comments that it
is possible to tailor cement with specific properties from the mechanical point of view and
durability and chemical stability in highly aggressive environments.

Li and Hou [72,73] study the influence of fly ash in complex cement pastes. The results
of Liu and Hou showed that the addition of fly ash means a decrease in the cement content
when using cementitious materials, which leads to a decrease in the content of Ca(OH)2 in
complex pastes. The cure time of these materials indicates that the crystal of Ca(OH)2 still
exists in complex binder pastes at the age of 360 days. With the extension of the curing ages,
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a large amount of low CaO/SiO2 ratio of C-S-H gel is generated, which causes complex
binder pastes to gradually compact.

Fly ash is a pozzolanic material. It is a finely divided amorphous alumino-silicate with
varying amounts of calcium. Calcium mixed with Portland cement and water will react
with the calcium hydroxide The hydration of Portland cement releases various calcium-
silicate hydrates (C-S-H) and calcium-aluminate hydrates. These pozzolanic reactions are
beneficial to the concrete. Pozzolanic reactions increase the quantity of the cementitious
binder phase (C-S-H). To a lesser extent, calcium-aluminate hydrates improve the long-term
strength and reduce the system’s permeability [74–76].

The fly ash is calcium content is perhaps the best indicator of how the fly ash will
behave in concrete [77]. However, other compounds such as alkalis (Na2O and K2O),
carbon, and sulfate (SO3) can also affect fly ash performance.

Electrochemical noise transients are related to different types of corrosion processes.
The pitting process consists of high insensitivity transients with a high repetition rate.
If the behavior is mixed, there are transients and oscillations of short amplitude. The
uniform process is related to oscillations of low amplitude from the pattern noise. EPN and
ECN signals of specimens subjected to cathodic protection current is related to uniform
corrosion process show transients low frequency. OPC-P samples presented a higher
instability associated with the break of the passive layer. When concrete contains FA and
the passive layer is broken, it will be regenerated easier than OPC samples. The EN signal
for overprotected samples at 2 and 3 months has current and potential values with low
frequencies and amplitudes. Variation of fluctuations is high, associated with an unstable
system. Samples with FA presented lower current demand related to lower corrosion
kinetic and suggest a passivity phenomenon.

It has been determined that Rn is indeed equivalent to the polarization resistance [43].
Therefore, the 1/Rn values are proportional to the corrosion rate according to Ohm’s law
and the Stern-Geary Equation [61]. The Rn in OPC samples at 2 and 3 months have low
values, which indicates a higher corrosion rate. The overprotection FA samples at three
months have high Rn values, representing a better behavior in the corrosion kinetics.

In [78], a study about Steel bars embedded in concrete without fly ash and fly ash
(the content of 20%) was tested under complete immersion in a 3.5 wt.% NaCl solution.
Monitoring of OCP, LRP, and EIS was used to evaluate the steel bars corrosion behavior.
The results obtained from electrochemical tests show that partial replacement of fly ash
has enhanced corrosion resistance. Also, reduced corrosion rate due to the decrease of
permeability to chloride ions. The results obtained from electrochemical noise in OPC and
OCPFA samples with cathodic protection complement these investigations to improve the
corrosion resistance of steel.

Studies of reinforced concrete applying protection methods focus on adding corrosion
inhibitors or rehabilitating structures by electrochemical extraction of chlorine ions or
realkalination of concrete. The application of cathodic protection current to reinforced
concrete has been commonly studied by electrochemical techniques such as OCP, PP, or
EIS. However, EN is not used.

Chloride-induced localized corrosion of embedded steel has been widely known for
many years to be one of the most dangerous corrosion types in reinforced concrete [79–81].
Cathodic protection and supplementary materials such as fly ash decrease the effects
of corrosion in reinforced concrete produced in harsh environments. Koleva [82–84]
investigated the applicability and efficiency of an alternative for ICCP for reinforced
concrete based on pulse technology. In specimens made with OPC exposed in 5 wt.% NaCl
for a time of 460 days. CP pulse efficiency was evaluated using conventional monitoring
techniques (half-cell potential and polarization decay) and electrochemical techniques
(potentiodynamic polarization and electrochemical impedance spectroscopy). Recorded
parameters even suggest the pulse CP regimens better performance compared to the
conventional CP technique.
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Using impressed current cathodic protection is essential to define the protection levels
to obtain good results and differentiate the effects of cathodic protection and supplementary
materials. In this study, the protected and overprotected OPCFA samples have good
corrosion resistance. Lu et al. [85] investigated the efficacy of active and passive protection
of the the pre-corroded steel reinforcement (1%, 3%, and 6% theoretical mass losses) in
reinforced concrete (RC) columns using an externally bonded Carbon Fiber Reinforced
Polymer (CFRP) Wrap. Active protection is a novel technique used to prevent corrosion
achieved using the CFRP envelope as the anode of the ICCP. Electrochemical measurements
were OCP, LPR, and EIS. The results indicate that active protection efficiency is closely
related to the pre-corrosion of the protected specimens. Additionally, the efficiency of active
protection decreased over time, which can be attributed to the CFRP anode’s deterioration
and the CFRP/concrete interface. Passive protection was proved to be effective in all cases.

An ICCP system can promote hydrogen activity at the concrete-steel interface. The
consumption of electrons from the corrosion process, so safe CP limits, must be established
to prevent the risk of phenomena such as hydrogen-embrittlement of steel reinforcements
or the concrete-steel interface degradation [27,86–89]. These positional variations in the
cathodic current density make it difficult to maintain the same protection level throughout
the RCS. In an ICCP system with a low applied current, oxygen and potential levels may
be depleted, allowing water reduction to take place:

2H2O + 2e− → H2 + 2OH−

Moreover, the initiation of fracture can be caused by molecular hydrogen absorbed on
the steel surface.

Research with similar additions of fly ash and cathodic protection was carried out by
Garcia et al. [27]. Garcia presented results on the adhesion between concrete-steel using
the EIS test. Garcia founded that potassium, sodium, and hydrogen ion migration towards
the concrete-steel interface play an essential role in bond loss between steel and concrete
in structures under cathodic protection impressed current method. Due to a calcium
hydroxide reaction, potassium ion content is lower in concrete specimens with fly ash. In
contrast, sodium ion migration is higher in concrete containing fly ash due to the sodium
ions small size. At the overprotection level, the potassium and sodium ions migrate more
quickly than at the protection level. Hydrogen content is higher at the overprotection level
than at protection. This phenomenon is attributed to the generation of molecular hydrogen
at the overprotection level.

Garces [90] Study of the corrosion level of reinforcing steel bars embedded in Portland
cement mortars containing different fly ash types. Concluding the influence of the type of
fly ash to establish the durability of the concrete-steel system.

These results demonstrate the using supplementary cementitious materials in OPC
increases the corrosion resistance when exposed to chlorides. These results would signifi-
cantly contribute to creating a more sustainable concrete industry.

5. Conclusions

After studying the Effect of cathodic protection on reinforced concrete with fly ash
using electrochemical noise.

• SEM and EDS observations indicated that the microstructures could be observed the
hydration products (C-S-H gel) in both mixtures. Hydration influences some results
on the Ca/Si ratio obtained, showing that the OPCFA mixtures had better hydration,
indicating fewer pores in its microstructure.

• Results indicated that electrochemical noise tests have marked the difference the two
mixtures microstructure, obtaining a uniform corrosion process for the specimens
elaborated with the OPC mixture. Microstructure facilitated Cl− ions to the steel
surface. Contrary to the mixture made with OPCFA where most of the specimens
showed passivity.
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• After trend removal, EN signals conserved transients and fluctuation behavior and
gave practical corrosion information removing DC.

• EN results show that Rn and Ψ0 parameters should be considered as a counterpart to
calculate corrosion resistance of reinforced concrete mixtures.

• Overprotected samples presented less corrosion resistance than protected samples.
This behaviour could be to steel embrittlement by hydrogen adsorption.

• Samples with FA presented a higher trend to passivation than samples with OPC.
Besides, FA samples showed higher corrosion resistance.

• Statistical and PSD results showed that uniform corrosion predominates the systems.
Although current values are shallow, the variation is considerable, and complicated the
analysis for current signals, as potential is more stable than current, makes statistical
and PSD analysis easier.

• The current protection and cathodic overprotection did not indicate some tendency in
both mixtures behavior, for these exposure times exposure and ratio w/c.

• The discordance of statistical results could be related to developing a different cor-
rosion process on the surface when LI indicates localized corrosion and skewness
uniform corrosion. It suggests that localized and uniform corrosion occurs on the
surface, but uniform corrosion is the predominant system.

Author Contributions: Conceptualization, F.A.-C., J.G.-C. and C.G.-T.; methodology, I.L.-C., J.C.I.C.;
L.D.L.-L., J.O.-C., G.S.-D. and C.G-T.; data curation, F.A.-C., J.J.-M., E.M.-B., D.N.-M., J.O.-C.; formal
analysis, F.A.-C., J.G.-C., J.J.-M. and C.G-T.; writing—review and editing, F.A.-C., J.J.-M. and C.G.-T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Mexican National Council for Science and Technology
(CONACYT) of the projects CB A1-S-8882 and the Universidad Autónoma de Nuevo León (UANL).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors acknowledge The Academic Body UANL—CA-316 “Deterioration
and integrity of composite materials”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dacuan, C.N.; Abellana, V.Y. Bond Deterioration of Corroded-Damaged Reinforced Concrete Structures Exposed to Severe
Aggressive Marine Environment. Int. J. Corros. 2021, 2021, 1–13. [CrossRef]

2. Erick Maldonado-Bandala, E.; Higueredo-Moctezuma, N.; Nieves-Mendoza, D.; Gaona-Tiburcio, C.; Zambrano-Robledo, P.O.;
Hernández-Martínez, H.; Almeraya-Calderón, F. Corrosion Behavior of AISI 1018 Carbon Steel in Localized Repairs of Mortars
with Alkaline Cements and Engineered Cementitious Composites. Materials 2020, 13, 3327. [CrossRef]

3. Tapan, M.; Aboutaha, R. Effect of steel corrosion and loss of concrete cover on strength of deteriorated RC columns. Constr. Build.
Mater. 2011, 25, 2596–2603. [CrossRef]

4. Azad, A.K.; Ahmad, S.; Azher, S.A. Residual strength of corrosion-damaged reinforced concrete beams. ACI Mater. J.
2007, 104, 40–47.

5. Tondolo, F. Bond behaviour with reinforcement corrosion. Constr. Build. Mater. 2015, 93, 926–932. [CrossRef]
6. Bilcik, J.; Holly, I. Effect of reinforcement corrosion on bond behaviou. Procedia Eng. 2013, 65, 248–253. [CrossRef]
7. Ouglova, A.; Berthaud, Y.; Foct, F.; François, M.; Ragueneau, F.; Petre-Lazar, I. The influence of corrosion on bond properties

between concrete and reinforcement in concrete structure. Mater. Struct. 2008, 41, 969–980. [CrossRef]
8. Zhang, X.; Liang, X.; Wang, Z.; Huang, H.; Zhou, H. An experimental study on effect of steel corrosion on the bondslip

performance of reinforced concrete. In Proceedings of the 5th International Conference on Durability of Concrete Structures,
Shenzhen University, Shenzhen, China, 30 June–1 July 2016.

9. Mahasenan, N.; Smith, S.; Humphreys, K. The cement industry and global climate change current and potential future cement
industry CO2 emissions. In Greenhouse Gas Control Technologies, Proceedings of the 6th International Conference, Kyopto, Japan, 1–4
October 2002; Elsevier: Amsterdam, The Netherlands, 2003; pp. 995–1000.

10. Gartner, E. Industrially interesting approaches to “low-CO2” cements. Cem. Concr. Res. 2004, 34, 1489–1498. [CrossRef]

123



Materials 2021, 14, 2438

11. Wang, J.; Wu, X.L.; Wang, J.X.; Liu, C.Z.; Lai, Y.M.; Hong, Z.M.; Zheng, J.P. Hydrothermal synthesis and characterization of
alkali-activated slag–fly ash–metakaolin cementitious materials. Microporous Mesoporous Mater. 2012, 155, 186–191. [CrossRef]

12. Baltazar, M.A.; Bastidas, D.M.; Santiago, G.; Mendoza, J.M.; Gaona, C.; Bastidas, J.M.; Almeraya, F. Effect of silica fume and fly ash
admixtures on the corrosion behavior of AISI 304 embedded in concrete exposed in 3.5% NaCl solution. Materials 2019, 12, 4007.
[CrossRef]

13. Ariza-Figueroa, H.A.; Bosch, J.; Baltazar-Zamora, M.A.; Croche, R.; Santiago-Hurtado, G.; Landa-Ruiz, L.; Mendoza-Rangel, J.M.;
Bastidas, J.M.; Almeraya-Calderón, F.; Bastidas, D.M. Corrosion Behavior of AISI 304 Stainless Steelreinforcements in SCBA-SF
Ternary Ecological 3 Concrete exposed to MgSO4. Materials 2020, 13, 2412. [CrossRef]

14. Criado, M.; Bastidas, D.M.; Fajardo, S.; Fernández-Jiménez, A.; Bastidas, J.M. Corrosion behaviour of a new low-nickel stainless
steel embedded in activated fly ash mortars. Cem. Concr. Compos. 2011, 33, 644–652. [CrossRef]

15. Troconis de Rincón, O.; Montenegro, J.C.; Vera, R.; Carvajal, A.M.; De Gutiérrez, R.M.; Del Vasto, S.; Saborio, E.; Torres-Acosta, A.;
Pérez-Quiroz, J.; Martínez-Madrid, M.; et al. Reinforced Concrete Durability in Marine Environments DURACON Project:
Long-Term Exposure. Corrosion 2016, 72, 824–833. [CrossRef]

16. Santiago, G.; Baltazar, M.A.; Galván, R.; López, L.; Zapata, F.; Zambrano, P.; Gaona, C.; Almeraya, F. Electrochemical Evaluation
of Reinforcement Concrete Exposed to Soil Type SP Contaminated with Sulphates. Int. J. Electrochem. Sci. 2016, 11, 4850–4864.
[CrossRef]

17. Talha Junaid, M.; Kayali, O.; Khennane, A.; Black, J. A mix design procedure for low calcium alkali activated fly ash-based
concretes. Constr. Build. Mater. 2015, 79, 301–310. [CrossRef]

18. Habert, G.; d’Espinose de Lacaillerie, J.B.; Roussel, N. An environmental evaluation of geopolymer based concrete production:
Reviewing current research trends. J. Clean. Prod. 2011, 19, 1229–1238. [CrossRef]

19. Maldonado-Bandala, E.; Jiménez-Quero, V.; Olguin-Coca, J.; Lizarraga, L.G.; Baltazar-Zamora, M.A.; Ortiz-C, A.; Almeraya, C.F.;
Zambrano, R.P.; Gaona-Tiburcio, C. Electrochemical Characterization of Modified Concretes with Sugar Cane Bagasse Ash. Int. J.
Electrochem. Sci. 2011, 6, 4915–4926.

20. Padhi, R.; Mukharjee, B. Effect of rice husk ash on compressive strength of recycled aggregate concrete. J. Basic Appl. Eng. Res.
2017, 4, 356–359.

21. Baltazar, M.A.; Mendoza, J.M.; Croche, R.; Gaona, C.; Hernández, C.; López, L.; Olguín, F.; Almeraya, F. Corrosion behavior of
galvanized steel embedded in concrete exposed to soil type MH contaminated with chlorides. Front. Mater. 2019, 6, 6. [CrossRef]

22. Pellegrini Cervantes, J.M.; Barrios Durstewitz, P.C.; Núñez Jaquez, R.; Almeraya Calderón, F.; Rodríguez-Rodríguez, M.; Fajardo-
San-Miguel, G.; Martinez-Villafañe, A. Accelerated corrosion test in mortars of plastic consistency with replacement of rice husk
ash and nano-SiO2. Int. J. Electrochem. Sci. 2015, 10, 8630–8643.

23. Pellegrini-Cervantes, M.J.; Almeraya-Calderon, F.; Borunda-Terrazas, A.; Bautista-Margulis, R.G.; Chacón-Nava, J.G.; Fajardo-
San-Miguel, G.; Almaral-Sanchez, J.L.; Barrios-Durstewitz, C.; Martinez-Villafañe, A. Corrosion Resistance, Porosity and Strength
of lended Portland Cement Mortar Containing Rice Husk Ash and Nano-SiO2. Int. J. Electrochem. Sci. 2013, 8, 10697–10710.

24. Saraswathy, V.; Song, H.W. Corrosion performance of rice husk ash blended concrete. Constr. Build. Mater. 2007, 21, 1779–1784.
[CrossRef]

25. Abu Bakar, B.H.; Putrajaya, R.; Abdulaziz, H. Malaysian rice husk ash–improving the durability and corrosion resistance of
concrete: Pre-review. Concr. Res. Lett. 2010, 11, 6–13.

26. Hossain, M.M.; Karim, M.R.; Hasan, M.; Hossain, M.K.; Zain, M.F.M. Durability of mortar and concrete made up of pozzolans as
a partial replacement of cement: A review. Constr. Build. Mater. 2016, 116, 128–140. [CrossRef]

27. García, J.; Almeraya-Calderon, F.; Barrios, C.; Nuñez, R.; Lopez, M.; Rodríguez, M.; Martínez, A.; Bastidas, J.M. Effect of cathodic
protection on steel–concrete bond strength using ion migration measurements. Cem. Concr. Compos. 2012, 4, 242–247. [CrossRef]

28. Corral, H.R.; Arredondo, R.S.P.; Neri, F.M.; Gómez, S.J.M.; Almeraya, C.F.; Castorena, G.J.H.; Almaral, S.J. Sulfate attack and
reinforcement corrosion in concrete with recycled concrete aggregates and supplementary cementing materials. Int. J. Electrochem.
Sci. 2011, 6, 613–621.

29. Corral-Higuera, R.; Arredondo-Rea, P.; Neri-Flores, M.A.; Gómez-Soberón, J.M.; Almaral-Sánchez, J.L.; Castorena-González, J.C.;
Almeraya-Calderón, F. Chloride ion penetrability and Corrosion Behavior of Steel in Concrete with Sustainability Characteristics.
Int. J. Electrochem. Sci. 2011, 6, 958–970.
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Abstract: The increasing demand for reconstructions of concrete structures and the wide availability
on the market of surface protective products and systems could lead to misunderstandings in the
decision of the most effective solution. Surface protectors have become increasingly widespread
in recent years in concrete restoration interventions thanks to their properties: they are able to
protect the substrate from aggressive agents and consequently extend the useful life of the structures.
The aim of this article is first of all to present the surface protective treatments available on the
market, outlining their strengths and weaknesses. Subsequently, a characterization of seven different
commercial coatings for reinforced-concrete structures is provided, taking into account chemical
nature, fields of use and effectiveness, both in terms of physic and elastic performance and resistance
to aggressive agents that undermine the durability of the treated concrete elements.

Keywords: coatings; concrete; durability

1. Introduction

In recent years, the concept of sustainability has gained ground in the construction
sector, and a particular attention has been paid to the durability of the structures [1,2].
In fact, with the same environmental impact deriving from the production, the building
materials capable of ensuring a prolonged service life, even if characterized by a strong
environmental impact deriving from their production, could be much more sustainable
than “green” materials, whose durability is often unknown [3,4]. For this reason, one of the
main strategies toward sustainability of building materials is to increase their durability,
thus reducing the economic and environmental cost associated with repairing works or,
worse, demolition and reconstruction.

The penetration of aggressive external agents such as carbon dioxide or chlorides is
what is mainly responsible for the deterioration of reinforced-concrete structures [5–7]. For
new buildings, the durability of concrete elements can be guaranteed with proper mix
design and construction details; in the case of existing structures with durability deficiency,
these problems must be solved in a different way, such as cathodic protection/prevention,
electrochemical-based techniques, migrant corrosion inhibitors and surface treatments.
Cathodic protection/prevention is generally applied only to infrastructures; it requires
periodic inspection and proper design to avoid insufficient protection or overprotection
and related adverse side effects such as hydrogen embrittlement and stress corrosion crack-
ing [8,9]. So far, electrochemical methods used for concrete re-alkalinization or chloride
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removal have shown controversial results and are relatively expensive [10,11]. The effect of
migrant corrosion inhibitors in prolonging the service life of reinforced-concrete structures
is not fully understood even if some recent findings seem to be very promising [12,13].
On the contrary, concrete surface treatments are widely used to delay the degradation
process of reinforced-concrete structures, and their effectiveness in preventing the ingress
of aggressive external agents has been extensively confirmed since the 1980s [14–16].

The aim of this paper is to outline the main protective surface treatments by analyzing
their characteristics and to define, through a careful analysis of the properties, the selec-
tion criteria for each protective product or system in relation to the field of use and the
expected performance.

1.1. Available Surface Treatments

To date, the surface treatments can be divided in three different macrocategories, in
accordance with European Standard EN 1504-2 [17]:

(a) Polymeric and cementitious coatings
(b) Hydrophobic impregnations
(c) Pore-blocking treatments

1.1.1. Polymeric and Cementitious Coatings

The surface coatings are defined as continuous films able to act as a physical obstacle
to limit the penetration of aggressive substances into concrete elements. There are basically
two different types of surface coatings: the polymer-based and cementitious protective
coatings. The first ones promote the formation of a dense polymeric film with a thickness
of about 0.1–1 mm on the concrete surface while the second ones realize a low-permeability
cement-based layer with a thickness of about 2–10 mm.

Traditional polymeric coatings have always been widely used in the construction
sector. The main categories of polymeric coatings are epoxy resins [18–20], acrylics [21–23]
and polyurethanes [24–26], each of them with their own strengths and weaknesses as
reported in Table 1. They exert their protective ability by increasing the resistance against
aqueous solutions penetration due to a barrier effect. In particular, the low water pene-
tration of the coating can be obtained by modifying the water-polymer affinity and/or
by modifying the microstructure, morphology and crosslink density of polymer with the
aim of reducing the porosity of the coating. The main causes of failure of this coating
type lie in the partial loss of adhesion with the substrate due to osmotic pressure (i.e.,
blistering), in the formation of microcracks due to the thermal shrinkage of the coating or
crackling of the concrete and in peeling phenomena due to the penetration of aggressive
substances into defects. Furthermore, several polymer coatings are characterized by a
poor ultraviolet light (UV) resistance, and thus, their durability in outdoor environments
could be limited. Recently, several studies are showing that the use of nanoparticles in
polymers can enhance the mechanical strength, the physical properties and the protective
capability of coatings even if the high costs and few applications in real structures limit the
availability of nanocomposite-based polymer coatings on the market.

Cementitious coatings are cement-based mortars manufactured with a huge number
of polymers (such as epoxy, polyurethane or acrylate) able to improve the mechanical
properties (such as tensile strength, adhesion and resilience), the chemical resistance and
the impermeability of cement mortars. The protective effects of cementitious coatings on
concrete structures can be summarized as follow:

(a) The use of polymers strongly reduces the microcracks formation in the coatings,
reducing the penetration of aggressive substances;

(b) The pore structure of polymer-containing cementitious mortars is finer than that of tra-
ditional cement-based composites, further improving the impermeability of coatings;

(c) The low-elastic modulus of the cementitious coatings enhances their crack-bridging
capability, ensuring high performances even in the presence of cracked concrete.
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Table 1. Advantages and disadvantages of different surface treatments (classification according to the authors’ experience
and by analyzing the principal products available on the European market and common best practices).

Properties Acrylic Polyurethane Epoxy Resins Cementitious Coatings

Thickness 50–300 μm 200–400 μm >400 μm 2–3 mm
“Barriers” ability Medium High Very high Variable *

Aesthetic conservation Excellent Very good Sufficient Low
Vapor permeability High Medium Low High

Crack-bridging ability Excellent Good Low Variable *
UV resistance Excellent Excellent Medium Excellent

Freeze/thaw resistance Excellent Excellent Excellent Good
Durability in continuous contact with water Low Low Excellent Excellent

Application at low temperature Good Good Low Good
Application on wet concretes Medium Low Low Excellent

* These properties vary as a function of the type and dosage of polymer used to produce the cementitious coating.

Emerging solutions for concrete protection based on alkali-activated materials and
geopolymers show rapid setting times, excellent bond strength and durability, low water
and chloride permeability and high freeze-thaw resistances. Moreover, these new coatings
also possess an electrolytic conductivity, which can allow them to act as a protective
layer for concrete and skin sensor for structural health monitoring. To date, this kind of
coating is still in the experimental phase (especially for issues related to the shrinkage
reduction), but it is extremely promising and close to being widely used on real reinforced-
concrete structures.

1.1.2. Hydrophobic Impregnation

Hydrophobic impregnations perform their task of avoiding the penetration of ag-
gressive substances in liquid phase into the concrete by increasing the contact angle (the
surface is considered hydrophobic when the contact angle is greater than 90◦ [27]) without
modifying the water vapor transport within the cementitious matrix. The most common
hydrophobic impregnation is based on silanes or siloxanes, small molecules (in the range
of 1–7 nm) able to easily penetrate in the concrete pores and reduce the surface tension
of the concrete. The characteristics of the alkyl group define the properties of the impreg-
nating agent: the greater the molecular weight of the alkali group, the greater the degree
of hydrophobicity of the treatment. By contrast, the characteristics of the alkoxy group
are directly associated with the penetration depth of the hydrophobics. These surface
treatments are very effective in limiting the ingress of aggressive aqueous solutions in the
concrete, but at the same time, the dry pores could favor the carbonation of the cement
matrix. In this way, in case of a deficiency in the surface treatment and wet environment,
the carbonated concrete could be prone to steel corrosion.

1.1.3. Pore Blocking Treatments

Impregnating coatings (i.e., pore-blocking treatments) are able to block the capillary
pores of the concrete and consequently improve the impermeability of buildings [28,29].
Generally, the treatments available on the market are based on silicates (such as lithium
silicate, sodium silicate and calcium silicate) that, in contact with the chemical constituents
of concrete, form a colloidal gel capable of blocking the pores and avoiding the penetration
of potentially harmful external agents. In addition to the abovementioned techniques,
several studies are in progress on innovative precipitations techniques involving the use of
bacteria [30,31] or dimethyl carbonate solutions [32]; however, to date, they are expensive
and difficult to control/apply, and some issues are not fully understood.

1.2. Main Properties of Surface Treatments

The choice of the ideal surface treatment strongly depends on the purpose of the work:
protection against the ingress of aggressive substances into concrete and protection against
the physicomechanical actions that occur during the service life of a structure or both. The
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following are the main properties of the surface treatments commercially available for
concrete protection.

1.2.1. Physical Parameters

First of all, it must be stated that the mechanical performance of the substrate cannot
be improved in relation to the performance of the treatment, since the latter is not able
to modify the porosity of the concrete; however, it is able to prevent the deterioration
of concrete performance. In this regard, the compressive strength is not a noteworthy
parameter in the examination of the treatments.

A more important parameter for the surface treatments is the bonding strength;
good adhesion to the substrate ensures its long-term performance and protection of con-
crete [33]. Experimental investigation [34] showed that the average bond strength of
different epoxy coatings ranges between 2.9 and 4.0 MPa, and for cementitious mortar, it
is about 0.8–1.2 MPa. The adhesion could be influenced by different aspects, such as the
utilization of a primer, the roughness and the quality of the substrate and the application
technique [35]. It is known that the adhesion property is strongly conditioned by aging
of the treatment; unfortunately, no significant number of studies have been conducted
in order to understand how much age influences the adhesion property and what the
problems related to the aging of the same are [36,37].

Another important indicator of the effectiveness of a treatment is the abrasion re-
sistance, since it is able to evaluate of the service life of surface-treated concrete under
repetitive traffic loadings [38,39]. Many of surface treatments can improve the wear resis-
tance of concrete surface. It is important to understand the mechanism according to which
the concrete is protected from abrasion since it varies by the treatment type. Dang et al. [40]
found that most organic surface coatings could improve the abrasion resistance of concrete,
especially epoxy, while methacrylate with a high molecular weight showed no protection.
A slight enhancement of abrasion resistance was observed for the concrete treated with
silanes. Franzoni et al. [41] investigated the effects of some inorganic surface treatments on
abrasion resistance and found out that sodium silicate showed the best effect because it
could form a protective layer with a remarkable thickness.

The crack-bridging ability is the property of the coatings to cover cracks formed in
the concrete substrate [42], keeping the properties intact and reducing the risk that cracks
can propagate and cause deterioration. The crack-bridging ability is closely related to the
type of protective material chosen and its elasticity characteristics: the polymer-cement
coatings have an excellent crack bridging ability, making this type of treatment suitable for
application on cracked supports; the reduced elasticity of epoxy resins and acrylic coatings
makes ineffective the crack-bridging properties, reducing the range of applications of the
latter to sound substrates only [43–45].

The resistance of the treatment against possible alterations promoted by the environ-
ment in which they are located or by the tasks they must perform is very important for
the success of a protection intervention. Research showed that temperature and ultraviolet
radiation highly affected the efficiency of surface treatments. Vries [46] studied resistance
of hydrophobic surface treatments, such as silane and siloxane, at the high temperature.
The results showed that the water absorption rate for the treated concrete increased dramat-
ically after half-an-hour storage in a 160 ◦C chamber. Levi et al. [47] found that protection
of silane, silicone and fluorinated polymer on concrete water absorption decreased by 50%
after ultraviolet aging; by contrast, the polymer-modified cementitious coatings have a
great ultraviolet light resistance, which allows for their use in direct contact with sunlight.

1.2.2. Durability Parameters

In most cases, the success of the protection is related to the durability of the concrete-
surface treatment systems [48,49]. Since many aggressive substances are transported
through water or air, the permeation characteristics of the surface concrete is an important
factor for the durability of whole concrete element [50]. Many surface coatings are able to
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reduce the ingress of water through the treated matrix. The best treatments from the point
of view of water permeability are epoxy coatings, silane with an acrylic top coat, methyl
methacrylate, and alkyl alkoxysilane [51]. Almusallam et al. [52] found that the uncoated
cement mortars absorbed water at a very rapid rate, and after 56 h, the total absorption
was about 5% by weight; after being treated with polymer emulsion, acrylic, chlorinated
rubber, polyurethane coatings, and epoxy coatings, the absorption of water decreased
to 3.3–3.4%, 0.23–1.46%, 0.76–1.04%, 0.21–1.83%, and 0.27–1.3%, respectively. Moreover,
Medeiros et al. [53,54] demonstrated that silane and siloxane have a good capability of
inhibiting water penetration as long as the water pressure was lower than 12,000 Pa. The
results indicated that hydrophobic surface treatments should only be used when the water
exposure conditions are well known. Modified cementitious mortar coating, on the other
hand, have slightly higher resistance to water penetration than the other treatments; despite
this, the modified cementitious mortar coatings are highly recommended in the protection
of structures in everlasting contact with water because, unlike other treatments, they have
a greater resistance to leaching [55,56].

In a concrete structure, chlorides can penetrate into the cement matrix and initiate
degradation phenomena due to diffusion under the influence of a concentration gradient,
migration in an electrical field or absorption due to a capillary action [57]. In most cases,
the protective treatments are able to reduce the concentration of chlorides in the substrate.
Unfortunately, both for the great variety of treatments and test methods, it is difficult to
identify the best treatment even if polymer coatings seem to exhibit the higher protection
against chloride ingress in the cementitious matrix. Almusallam et al. affirmed that the
polyurethane and acrylic coatings are able to increase the resistance against the diffusion of
chloride ions of about 10 times compared to the uncoated concrete [52]. Brenna et al. [58]
found the good behavior of polymer modifies cementitious coatings also after 17 years
of exposure, highlighting also the influence of the polymer content on the properties of
coatings. According to Coppola et al. [12], the silane-based treatment is able to significantly
reduce the penetration of chlorides into the matrix, regardless of the type of cement used.

Especially in urban or industrialized areas, the problem of carbon dioxide penetration
is relevant. Carbonation is a chemical reaction between Ca(OH)2, calcium-silicate-hydrate
(C-S-H) and CO2 to form CaCO3, silica-rich C-S-H and amorphous silica gel [59]; it is able
to destroy the passivity of the embedded reinforcement bars and to promote corrosive
phenomena [60,61]. The factors controlling carbonation are the diffusivity of CO2 and the
reactivity of CO2 with the concrete. They depend on the pore system of hardened concrete
and the exposure condition [62]. Many studies agree that acrylic coatings are the best
choice to prevent the penetration of carbon dioxide, while treatments based on silanes or
siloxanes can control the humidity of the concrete substrate but are not able to reduce the
permeability to air and consequently not even the penetration of carbon dioxide [63–65].

Although the treatments cannot fulfil the functions performed by the air-entraining
additives against the phenomena related to freezing and thawing cycles, they can contribute
to making the concrete substrate more resistant to cold climate by preventing the critical
moisture content from being reached. Both the acrylic treatments and the polymer-modified
cementitious coatings have a good behavior against the destructive phenomena induced
by the freezing and thawing cycles; by contrast, the behavior of silane-based coatings has
not yet been well defined and is debated by the scientific community: Basheer et al. [66]
stated that the silane treatment could double the number of freeze–thaw cycles at which
concrete began cracking in fresh water test; other studies show that silane-treated concrete
deteriorates more quickly than untreated concrete in laboratory accelerated freeze-thaw
tests. This type of treatment would be very effective if the concrete substrate would be
completely dry since they would not allow water to penetrate; however, in reality the
substrate is never completely dry and therefore the silane-based treatment is not able to
reduce the risk associated with freezing and thawing curls [67,68].
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2. Experimental Part

Materials and Methods

In order to provide a complete analysis able of evaluating some of the aspects previ-
ously described, 7 different commercial treatments (Table 2) have been selected and tested
in order to outline a guideline for selecting the best surface treatment in accordance with
the expected purposes. The products investigated are: a water-based acrylic protective
(A), a water-based acrylic elastomeric protective (AE), an epoxy coating (E), an epoxy-
bituminous coating (EB), an epoxy-polyurethane coating (EP), a polyurethane coating (P)
and a polymer-modified cementitious coating (PMC). The treatments were applied on a
concrete substrate manufactured in accordance with EN 1766 [69] (CEM I 42.5 R, water-
to-cement ratio 0.40, natural aggregates with maximum size 10 mm and superplasticizer
in compliance with EN 934-2 [70]). The summary of the experimental tests carried out is
reported in Table 3.

Table 2. Properties of surface treatments.

Treatment Density Solids Thickness (t)

Water-based acrylic (A) 1.54 kg/dm3 74% 200 μm
Water-based acrylic elastomeric (AE) 1.35 kg/dm3 63% 200 μm

Epoxy coating (E) 1.50 kg/dm3 84% 400 μm
Epoxy-bituminous (EB) 1.00 kg/dm3 42% 350 μm

Epoxy-polyurethane (EP) 1.30 kg/dm3 80% 300 μm
Polyurethane (P) 1.30 kg/dm3 58% 400 μm

Polymer-modified cementitious (PMC) 2.05 kg/dm3 75% 2 mm

Table 3. Details on the experimental tests carried out on coatings.

Test Standard A AE E EB EP P PMC

Pot life EN ISO 9514 [71] x x x x x x x
Adhesion to concrete EN 1542 [72] x x x x x x x

Adhesion to concrete after
freeze/thaw cycles
with deicing salts

EN 13687-1 [73] x x x x x x x

CO2 permeability EN 1062-6 [74] x x x x x x x
Water vapor permeability EN ISO 7783 [75] x x x x x x x

Capillary water absorption EN 1062-3 [76] x x x x x x x
Crack-bridging ability (static and dynamic) EN 1062-7 [77] x x x x x x x

Abrasion resistance EN ISO 5470-1 [78] x x x x x
Resistance to severe chemical attack EN 13529 [79] x x x

Resistance to negative hydraulic pressure UNI 8298-8 [80] x x x

Fire resistance EN 13501-1 [81]
and related standards x x x x x x x

UV light and moisture resistance EN 1062-11 par. 4.2 [82] x x x x x x x

3. Results

3.1. Pot Life

The pot life is defined as the maximum time during which a coating material supplied
as separate components (product A and product B or powder and water) should be used
after the components have been mixed together. This parameter was evaluated at room
temperature by taking into account the longest period of time which the consistency met
the requirements related to the laying of the coating. Results reported in Table 4 evidenced
that the average pot life at room temperature of the surface treatments is close to 1 h with
the exception of P, which is applicable for about 3 h after mixing. However, it is necessary
to point out that the pot life is strongly affected by the job-site temperature: the higher the
temperature, the shorter the pot life.
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Table 4. Pot life of coatings.

Properties A AE E EB EP P PMC

Pot life [min] 60 60 45 90 60 180 60

3.2. Adhesion

The adhesion tests were carried out on samples before and after thermal cycles in
presence of deicing salts. In particular, after the curing of concrete and the application of
the protective coating, a core drilling is carried out that affects both the substrate and the
protective one. Then, a plug is applied, and finally, at a speed of 0.05 MPa/s, the tear test
is performed on one half of samples to evaluate the adhesion and the failure type. On
the other hand, the other specimens were subjected to 50 thermal cycles (immersion in a
saturated sodium chloride solution at a temperature of −15 ± 2 ◦C for 2 h, followed by
immersion in water at a temperature of 21 ± 2 ◦C for 2 h) before the adhesion test.

Figure 1 shows the adhesion strength of the tested treatments in both the aforemen-
tioned cases. According to Garbacz [33], the results belong to the studied range; moreover,
it is possible to observe that the EP and E coatings have the best adhesion both before and
after the thermal cycles with failure on concrete substrate, acrylic and acrylic elastomeric
products are characterized by adhesion close to 3 MPa with failure on the coating/concrete
interface and EB, P and PMC show similar adhesion values with different failure mecha-
nism: the failure of epoxy-bitumen coating was on the coating/concrete interface, while
the polyurethane and polymer-modified cementitious coatings exhibited a cohesive failure.
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Figure 1. Adhesion to concrete before and after 50 freeze/thaw cycles with deicing salts.

3.3. CO2 and Water Vapor Permeability

The resistance to carbon dioxide diffusion is an important parameter in the choice of a
coating. To avoid any design errors or the impossibility of carrying out the restoration work
in a workman-like manner, it is possible to integrate the missing concrete cover thickness
by choosing a suitable protective. In light of this, EN 1504-2 [17] sets a minimum value of
resistance to carbon dioxide equal to 50 m of equivalent air thickness; most of the coatings
on the market, to operate in favor of safety, have values that are much higher than those
required by the standard for a coating. In addition to the diffusion of carbon dioxide, it is
necessary to prescribe a minimum value for the resistance offered to vapor diffusion. This
need arises from the fact that if on the back of the coating the cement matrix is saturated or
partially saturated with water, when this reaches the concrete/coating interface, it could be
transformed into water vapor due to solar radiation and thus determining the swelling or
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the detachment of the vapor-tight coat. To avoid these problems, EN 1504-2 [17] requires
for vapor diffusion values to be less than 5 m of equivalent air thickness.

The results, first of all, highlight that all the protectives tested comply with the
limits prescribed by EN 1504-2 [17] for the protection of reinforced-concrete structures.
In particular, Figure 2 evidenced that E, EP and P are impervious to carbon dioxide (Sd
CO2 greater than 300 m), epoxy-bitumen and acrylic elastomeric-based treatments have a
resistance to CO2 penetration of just over 50 m. At the same time, in this study, the E and
PMC are characterized by an Sd CO2 close to 100 m of equivalent air thickness. On the
other hand, authors want to highlight that unpublished experimental results on polymer-
modified cementitious coatings demonstrated that the Sd CO2 is strongly influenced by the
type and dosage of polymer used in manufacturing the coating. In particular, it is possible
to obtain carbon dioxide resistances up to those of polyurethane-based coatings.
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Figure 2. Resistance against CO2 permeability of coatings expressed in terms of Sd CO2 (left) and μ

CO2 (right). Sd CO2 is calculated as the product of μ CO2 and the application thickness (t).

In terms of water vapor permeability (Figure 3), the best performance is offered by the
polymer-modified cementitious coating that has the lowest values together with acrylic
coatings. To the detriment of other excellent performances, epoxy coatings can suffer from
low vapor permeability which strongly increase, in the presence of wet concretes and/or
exposure to solar radiation, the risk of detachment and blistering of the coating [83,84].

3.4. Capillary Absorption

Aggressive substances for the cement matrix are often transported by water by cap-
illary absorption. For this reason, the EN 1504-2 [17] standard limits the water capil-
lary absorption of coated concrete by setting the maximum capillary absorption of coat-
ing to 0.1 kg/m2h0.5. Results reported in Table 5 show that all the products investi-
gated meet the standard requirements. In particular, epoxy-based coats (E, EB and EP),
similarly to polyurethane products, are characterized by a negligible water absorption
(0.001–0.008 kg/m2h0.5), while A and AE treatments evidence a capillary absorption coeffi-
cient close to the standard limits of 0.1 kg/m2h0.5. By contrast, the waterproofing ability
of polymer-modified cementitious coatings are lower with respect to the epoxy-based
treatments, even if it is necessary to demonstrate that this property is also strongly affected
by the type and dosage of polymer used in manufacturing the coating. In particular, a
proper composition allows one to reach extremely low capillary absorption coefficients.
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Figure 3. Resistance against water vapor permeability of coatings expressed in terms of Sd vap (left)
and μ vap (right). Sd CO2 is calculated as the product of μ vap and the application thickness (t).

Table 5. Capillary absorption coefficient and results of abrasion test.

Surface Treatment Capillary Absorption Coefficient [kg/m2h0.5] Mass Loss at the End of Abrasion Test [g]

A 0.090 –
AE 0.090 –
E 0.001 298

EB 0.008 2874
EP 0.006 238
P 0.003 254

PMC 0.010 2949

3.5. Crack-Bridging Ability

The ability to cover the cracks that occur in the substrate to avoid the penetration of
aggressive agents turns out to be a fundamental parameter in the choice of a protective. The
graph reported in Figure 4 highlights the static crack-bridging values at a temperature of
23 ◦C in compliance with EN 1062-7 [77]. The AE and P coatings show an excellent ability to
cover cracks wider than 1.6 mm; PMC crack-bridging ability is close to 1300 μm, while EB
limits their static crack bridging at about 1 mm. By contrast, the intrinsic lack of elasticity
of epoxy and acrylic systems is evident in this test. Finally, the epoxy-polyurethane coating
is only able to bridge cracks with a width lower than 600 μm.

In addition to the static crack-bridging ability, the capability of the coatings to take
up the elongation resulting from the periodic movement of the crack sides was evaluated
for different crack widths. After 1000 cycles with a maximum crack width of 500 μm, AE
and P appear to be sound, while the A and PMC systems limit their dynamic ability to
cover cracks of about 150 μm (Figure 4). On the other hand, the epoxy nature of the other
systems (E, EP, EB) does not guarantee adequate dynamic crack-bridging ability.

3.6. Abrasion Resistance

In relation to the weight loss connected to a forced abrasion (EN 5470-1 [78]) listed in
Table 5, it is possible to note that epoxy, polyurethane and epoxy-polyurethane protective
products are more resistant to abrasion (mass loss in the range of 200–300 g at the end
of the test), while PMC and EB coatings show a weight loss that is about one order of
magnitude higher than the aforementioned systems. The reason for this strong damage
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following an abrasive tickling is to be found in the physical properties of the coatings; in
fact, as previously highlighted by the capillary absorption tests, PMC and EB are more
porous, therefore less compact and consequently more exposed to these stresses [40,41].
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Figure 4. Crack-bridging test results.

3.7. Resistance to Severe Chemical Attack

The evaluation of the resistance to make contact with chemical agents is an impor-
tant parameter closely related to the intended applications of the coating; due to these
peculiarities, some protective products have not been tested because their low resistance
against chemicals is commonly known [85]. Table 6 shows the hardness values (EN ISO
868 [86]) after the exposure to different aggressive chemical agents in accordance with
UNI 13529 [79]. Results are expressed from 0 to 100: a high shore hardness means a great
resistance to chemicals exposure. The treatment that shows greater protection against
aggressive chemicals is the EP one, since, following exposure to chemicals, it reports hard-
ness values that are on average 5% higher than the other coatings analyzed. E and MPC
coatings also guarantee good chemical resistance [87,88], even if it should be noted that
cement polymer-modified coatings show significant deterioration when exposed to acidic
environments [89]. In fact, following an exposure to 10% aqueous acetic acid and 20%
sulfuric acid, the total dissolution of the coating layer takes place.

Table 6. Resistance to chemical aggression (hardness shore D).

Chemical

E EP PMC
0

Day
3

Days
28

Days
0

Day
3

Days
28

Days
0

Day
3

Days
28

Days

All hydrocarbons 73 73 77 78 85 84 76 80 75
All alcohols and glycol ethers 74 77 75 75 80 79 – – –
Hydrogenated hydrocarbons 74 76 76 74 N.D. N.D. – – –

Aqueous solutions of organic acids up to 10% 76 74 66 81 79 69 78 N.D. N.D.
Inorganic acids up to 20% and acidic

hydrolyzing salts in aqueous solutions 76 78 75 83 82 76 78 N.D. N.D.

Inorganic bases and the alkaline hydrolyzing
salts in aqueous solutions 73 78 77 80 79 82 78 76 77

Solutions of inorganic nonoxidizing salts 76 77 77 81 84 78 82 81 82
water at the inlet of the purifier 75 76 77 81 84 78 76 77 76

N.D. = Not detectable due to severe deterioration.
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3.8. Resistance to Hydraulic Pressure

The analysis of the parameter of resistance to negative hydrostatic pressure becomes
of primary importance for waterproofing underground structures such as retaining walls.
For this purpose, not all the tested coatings are suitable; therefore, the test in compliance
with EN 8298-8 [80] was conducted only on E, EP and MPC coatings. These coatings,
following the application of different hydrostatic pressures (2, 5, 10, 50, 100, and 250 kPa
for 72 h), did not show any state of alteration connected to the permeation of pressurized
water, making them suitable for this purpose.

3.9. Fire Resistance

The fire resistance is a fundamental properties of building materials, and it was
evaluated by determining the ignitability of products by direct flame impingement and
the production of smoke and flaming droplets. Experimental results reported in Table 7
evidenced a limited resistance to fire of PMC and EB, because they contain huge number
of inflammable polymers (PMC) or oil-derived products (EB). On the other hand, acrylic
elastomeric, epoxy, epoxy-polyurethane and polyurethane coatings showed a moderate fire
resistance while acrylic product is characterized by a high resistance to flames. Moreover,
all the specimens (except EB and PMC) are characterized by a low smoke production (class
s1) and no formation of flaming droplets and particles (class d0). However, it is necessary
to outline that the fire resistance of polymer-modified cementitious coatings is strongly
influenced by the type and the dosage of the polymer used; in general, the fire resistance
class of PMC is in the range F–C (class A1 indicated the maximum fire resistance, class F
the minimum).

Table 7. Fire resistance of coatings (main results).

Surface Treatment Classification
Direct Flame Test Results

Flame Spread FIGRA * SMOGRA ** Flaming Droplets

A # A2 s1 d0 ≤150 mm within 60 s ≤120 W/s ≤30 m2/s2 No droplets
AE B s1 d0 ≤150 mm within 60 s ≤120 W/s ≤30 m2/s2 No droplets
E C s1 d0 ≤150 mm within 60 s ≤250 W/s ≤30 m2/s2 No droplets

EB E ≤150 mm within 20 s – – –
EP B s1 d0 ≤150 mm within 60 s ≤120 W/s ≤30 m2/s2 No droplets
P B s1 d0 ≤150 mm within 60 s ≤120 W/s ≤30 m2/s2 No droplets

PMC E ≤150 mm within 20 s – – –

* FIGRA (fire growth rate index) is the maximum of the quotient of heat release rate from the sample and the time of its occurrence using a
total heat release threshold in the first 600 s of 0.4 MJ (for class C) or 0.2 MJ (for class B and A2); ** SMOGRA (smoke growth rate index) is
the maximum of the quotient of smoke production rate from the sample and the time of its occurrence; # every class A2 product shall
satisfy the same criteria as for class B with the addition of non-combustibility tests in accordance with EN ISO 1182 [90].

3.10. Resistance to UV Light and Moisture

All the samples were exposed to wetting and drying cycles and UV radiation in
accordance with EN 1062-11 [82] to determine the resistance of coatings to UV light and
moisture. After more than 1000 h of exposure (about 125 wetting and drying cycles), no
cracks, detachments and flaking were found.

4. Conclusions

In light of the scientific literature review and tests performed on protective products,
the following conclusions can be drawn:

(a) Water-based acrylic and water-based acrylic elastomeric coatings are the best systems
when it is necessary to maintain the original texture and/or a specific aesthetic finish
is desired. Acrylics have an excellent resistance to CO2 penetration and a proper
water absorption; they usually do not have excellent crack-bridging capabilities and,
due to their conformation, are not suitable for withstanding mechanical stress or
contact with aggressive chemical agents. They can be used to protect concrete in
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structures not fully immersed in water or in contact with aggressive chemicals; finally,
elastomeric acrylic coatings embrace a slightly wider market share given the crack-
bridging properties that make them suitable for applications where an elasticity of
the coating is required, such as the protection of residential buildings.

(b) Polyurethane and epoxy resin-based coatings, whether they are epoxy, epoxy-polyure-
thane or epoxy-bituminous can be used to protect concrete structures subject to
continuous contact with water and aggressive chemicals. The main applications of
this family of coatings are the protection a of reinforced-concrete structures subjected
to severe environmental aggressions such as sewage collectors, purification plants
(settling and aeration tanks), and bridge decks. The limits of epoxy protectives are
the high resistance to vapor diffusion which could compromise the durability of
coatings applied on wet substrates and the reduced crack-bridging capability that
preclude their use on cracked concretes. The EB, EP and P, on the contrary, shows
good crack-bridging ability, which makes them suitable for applications where a good
ability to cover cracks is required, such as waterproofing of canals or containment
tanks.

(c) Polymer-modified cementitious coatings have excellent resistance to steam penetra-
tion and crack-bridging ability, as well as a high resistance to hydraulic pressure. They
can be applied in the protection of both new concrete structures or during restora-
tion works. The high waterproofing properties make these products suitable for the
protection of reinforced-concrete structures such as tanks, fountains, wells, flower
boxes or in any case of structures in continuous contact with water without extremely
aggressive chemical agents. Their elasticity makes these protective products suitable
for under-tile applications typical of the restoration works of projecting structures
such as terraces and balconies. Therefore, it is necessary to highlight that the main
properties of these coatings are strongly related to the type and dosage of polymer
used during their manufacturing.
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Abstract: The Microbiologically Induced Corrosion (MIC) of concrete sewer pipes is a commonly
known problem that can lead to the destruction of the system, creating multiple public health issues
and the need for costly repair investments. The present study focuses on the development of a
magnesium hydroxide coating, with optimized properties to protect concrete against MIC. The anti-
corrosion properties of the respective coating were evaluated by using short and long duration
accelerated sulfuric acid spraying tests. The coating presented satisfying adhesion ability, based on
pull-off and Scanning Electron Microscopy (SEM) analysis measurements. The surface pH of the
coated concrete was maintained at the alkaline region (i.e., >8.0) throughout the duration of all acid
spraying tests. The consumption of the coating, due to the reaction (neutralization) with sulfuric acid,
was confirmed by the respective mass and thickness measurements. The protection ability of this
coating was also evaluated by recording the formation of gypsum (i.e., the main corrosion product
of concrete) during the performed tests, by X-ray Diffraction (XRD) analysis and by the Attenuated
Total Reflectance (ATR) measurements. Finally, a long duration acid spraying test was additionally
used to evaluate the behavior of the coating, simulating better the conditions existing in a real sewer
pipe, and the obtained results showed that this coating is capable of offering prolonged protection to
the concrete substrate.

Keywords: concrete bio-corrosion; sulfuric acid corrosion control; magnesium hydroxide coating;
sewerage pipe systems; acid spraying test

1. Introduction

The good operation and efficient protection of sewerage pipeline systems, especially
against MIC, is majorly important for urbanized societies. MIC is a specific type of corrosion
mechanism that can take place usually in the larger diameter sewer pipes, constructed
mainly from concrete, expected to highly affect the concrete and reduce the lifetime of
the structure. This phenomenon has been widely studied during the last 100 years [1–5]
and the scientific community has been focusing on the application of different mitigation
techniques in order to block the collapse of the sewerage system and to prevent the costly
repair/replacement of affected sewer pipes [6].

MIC is a complex corrosion mechanism, depending on the multiple chemical and
biochemical processes which can take place in the sewer pipeline. Sulfates, along with
other substances carried within wastewater, initiate the growth of microbial communities,
which in turn cause the reduction of sulfates to hydrogen sulfide. The formed hydrogen
sulfide (gas) is released to the liquid phase (wastewater) and finally, it is emitted in the
upper (air) part of the (usually semi-filled) pipe. Then, the gas hydrogen sulfide can
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be dissolved in the humidity film located on the upper region of the pipe wall (usually
denoted as “crown”) [7,8]. As a result, the pH of the concrete’s surface becomes less alkaline,
and at the critical pH value of 9, Neutrophilic Sulfur Oxidizing Bacteria (NSOB) can be
developed, using the hydrogen sulfide to produce biogenic sulfuric acid [9,10]. As a result
the surface pH of concrete further lowers towards acidic values, until the development of
Acidophilic Sulfur Oxidizing Bacteria (ASOB) at pH value 4 [10,11]. The development of
these microorganisms onto the inner concrete pipe surface can lead to the production of
additional biogenic sulfuric acid. The extended formation of biogenic sulfuric acid is crucial
for the overall structure’s preservation and stability, because the alkaline components of
concrete are reacting with acid and being consumed, forming corrosion by-products, such as
gypsum and ettringite [8,10]. Finally, the concrete degrades further and the construction
collapses, leading (among others) to major odor and pollution problems (e.g., leaking
wastewater, polluting soil, etc.) [12,13].

The prevention methods developed so far may include the application of linings
and coatings [14–16], located onto the inner side of sewer pipes, as well as the use of
new/improved pipe materials with intrinsic anti-corrosion properties [17,18], or the ap-
propriate chemical dosing of specific agents directly in the wastewater stream [19,20].
According to the relevant literature linings and coatings present some advantages in re-
spect to other mitigation technologies. More specifically, coatings can create a barrier
between the concrete sewer and the corrosive environment, hence offering a good pro-
tection. Additionally, the application of coatings is relatively cheaper, when compared
to the replacement of destructed sewer pipes with new pipes. Finally, the environmental
concerns that the alternative protection method of chemical dosing with different reagents
may lead to, seem to be avoided when lining and coatings are used [21,22].

Certain coatings and linings have been already widely used for the protection of
concrete [15,16,23] or steel structures (such as manganese hydrate coatings) [24]. These
methods can protect the concrete surface either by blocking the interaction of substrate
with the corrosive environment, or by reacting (e.g., neutralization) with the corrosive
substances. Multiple protective coatings have been used for protection against MIC, ac-
cording to the relevant literature, such as polymer-based (epoxy, polyurethanes), inorganic
coatings (magnesium hydroxide coatings, alkali-activated materials), or cementitious coat-
ings modified with polymers [25]. All these coatings may present specific advantages and
disadvantages regarding their performance, by offering different kinds/types of protec-
tion [10]. Polymeric-based coatings isolate the concrete from the aggressive environment,
without, however, reacting to or neutralizing the biogenic produced acid. Magnesium
hydroxide coatings can neutralize the biogenic sulfuric acid, and can diminish it in the
sewerage environment; therefore, the acid cannot initiate any secondary kind of corrosion,
as compared to the polymeric-based coatings, where the acid continues to exist in the
system [26,27]. The main properties of magnesium hydroxide, when applied as corrosion
protection coating, are its ability to maintain for sufficient time the alkaline surface pH
values of concrete substrate, hence blocking the development of sulfur oxidizing bacteria,
and its ability to react (neutralize) with the produced biogenic sulfuric acid in case of
microorganisms’ development.

This study is mainly focused on a specific magnesium hydroxide (MH) slurry, which
after preliminary experiments was found to present the optimal expected properties, e.g.,
regarding the specific surface area (SSA) and the particle size distribution (PSD) [28].
The magnesium hydroxide is evaluated mainly regarding its action as protective coating
on concrete substrates, under conditions that simulate those existing in the sewer pipes.
The coating’s properties were additionally evaluated by examining the formation of gyp-
sum as the main concrete corrosion by-product. The aim of this paper was to confirm that
the initial physicochemical properties of used MH can affect and enhance the properties
of the protective coating. The originality of this research is based on the use of a long
duration acid spraying test (for four months), which is closer to the real conditions existing
in a sewer pipe, especially when compared with the accelerated tests of smaller duration.
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Moreover, the examined concrete specimens were also replaced by proper poly(methyl
methacrylate) (PMMA) substrates in order to isolate the possible side effects of concrete
presence and to study the coating’s behavior under the acidic environment conditions (i.e.,
reacting alone with sulfuric acid).

2. Materials and Methods

2.1. Substrates

As far as concrete specimens are concerned, concrete type MC (0.45) was produced,
according to the EN 1766:2017 Standard [29], conforming to the requirements of the EN
1916:2002 Standard [30], aiming the substrate to resemble the corresponding concrete mate-
rials, used for the construction of sewer pipes. The water/cement ratio was 0.45 and the pro-
portions of the used constituents were: 410 kg/m3 CEM I 42.5 R, 895 kg/m3 crushed lime-
stone sand (0–4 mm), 895 kg/m3 crushed limestone aggregates (4–8 mm), 184.5 kg/m3 tap
water and 0.5% wt. of cement poly-carboxylate based super-plasticizer. Wooden molds with
different dimensions (i.e., 200 mm × 200 mm × 20 mm and 50 mm × 50 mm × 20 mm),
depending on each test specific requirements, were used for the preparation of speci-
mens. After 24 h the concrete specimens were de-molded and cured into water for 27 days
at 20 ± 2 ◦C.

The use of concrete specimens, as substrates for the examined protective coating,
may obstruct the observation of the coating’s consumption, occurred due to the poten-
tial (neutralization) reaction of sulfuric acid with the cement (alkaline) paste of concrete.
Therefore, in this study, poly (methyl methacrylate) (PMMA) plates were alternatively
used as substrates, apart from the concrete substrates, in order to promote a clear ob-
servation of the coating reaction with the sulfuric acid. PMMA plates with dimensions
of 50 mm × 50 mm × 5 mm were cut and used for the detailed examination of coating
behavior under similar (environmental) conditions.

2.2. Surface Coatings
2.2.1. Magnesium Hydroxide Slurry

The magnesium hydroxide slurry was provided by Grecian Magnesite S.A. It was pro-
duced in the laboratory by the controlled hydration of micro-crystalline Caustic-Calcined
Magnesia (CCM), of medium purity. The MH slurry has a solids content of 57.5%, specific
gravity of 1.46 g/cm3, a viscosity of 2500 cP (R5 spindle @100 rpm), and contains 0.4% on
solids of a modified methyl cellulose as convenient adhesive material.

The main physicochemical characteristics of magnesium hydroxide solids of the slurry
are provided in Table 1. The total mass loss at 1000 ◦C (i.e., the Loss on Ignition, LOI)
corresponds to all the water and CO2 content of the respective powder.

Table 1. The main physicochemical characteristics of used slurry solids.

Nominal Chemical Composition Mg(OH)2

Content
(%)

SSA
(m2/g)

PSD (μm)

MgO
(%)

SiO2

(%)
CaO
(%)

Fe2O3

(%)
LOI (%) d50 d90

62.81 4.25 2.46 0.25 30.11 89.0 7 3.8 13.1

This magnesium hydroxide differs mainly in the MgO content, but also in the specific
surface area and in the particle size from other examined magnesium hydroxides, previ-
ously investigated [28]. The main difference regards the specific surface area, which is very
low in this case (7 m2/g) to maintain favorable slurry characteristics, such as viscosity and
workability and to allow the inclusion of cellulose. The results of the previous study [28]
indicate that the bigger particle size may lead to slower interactions with the respective
(acidic) environment. In that way, this magnesium hydroxide has finer particles, than other
examined relevant hydroxides [28]. Additionally, the purity of raw CCM used to prepare
the studied slurry, was higher, and according to previous results [28], this fact may enhance
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the preservation of alkaline pH values in the protected surface after the application of this
coating.

2.2.2. Coating Application

The thickness of relevant protective coatings, according to the literature and pre-
liminary testing, can range from few micrometers to few millimeters, depending on
the coating’s nature [23,31,32]. In this study the thickness was selected to be between
1.0–1.5 mm and was designated according to the specific amount of applied coating, i.e.,
0.0018–0.0020 g/mm2. After the application of coating onto the substrates, the specimens
were dried for 3 days under normal laboratory conditions (i.e., 21 ± 2 ◦C and relative
humidity 60 ± 10%) before further testing.

The examined coating was also evaluated for its adhesion ability onto the concrete, by
applying the pull-off bond testing method, according to the standards EN 1542:1999 [33]
and EN 13578:2003 [34]. The coating was applied on concrete specimens with dimensions of
200 mm × 200 mm × 20 mm in order to perform the respective measurements. According
to these standards, the pull-off equipment (digital pull-off strength tester, Matest) was used
in order to record the failure load, as well as the specific type of failure.

2.3. Scanning Electron Microscopy Analysis

The adhesion of coating onto the concrete surfaces was also examined by Scanning
Electron Microscopy (SEM) analysis, providing a closer examination of the respective
concrete-coating interface and of the coating’s morphology. Moreover, specific information
regarding the magnesium content, which might penetrate the concrete structure, can be
obtained by using the EDS analysis. The specimens were cut vertically in order to reveal the
interface between the concrete and the coating and were polished appropriately, creating a
flat surface for clear observation. Micrographs were obtained by using a JSM-7610F Plus,
JEOL, scanning electron microscope and the EDS analysis was performed by using the
AZtec Energy Advanced X-act System (Oxford Instruments, Oxfordside, UK).

2.4. Accelerated Spraying Tests

According to a relevant study [28] two different accelerated sulfuric acid spraying tests
were applied, so that coatings can be properly evaluated in terms of the protection they
can offer to concrete surfaces in relatively short time period. The same tests and conditions
were also used in this study in order to examine the selected magnesium hydroxide,
presenting optimized properties. In particular, the coating was firstly examined on concrete
substrates, by using a hand-held spraying device (HHD), which prayed sulfuric acid
onto the coated concrete surface. Then, the coating was examined, applied onto concrete
specimens in a custom-made spraying laboratory chamber, as described in [28]. In both
tests, the coated specimens were placed vertically in order to simulate the real pipe walls.
The laboratory chamber was constructed from poly (methyl methacrylate) and it was
equipped with nebulizers and appropriate supports placed opposite them, in order to place
the concrete specimens vertically. Additionally, the respective coating was evaluated in
the acid spraying chamber, by applying it onto the PMMA plates, in order to evaluate the
protecting properties of the coating, by eliminating the side effects of corroded concrete
substrate. Finally, the spraying chamber was also used for a longer duration acid spraying
test, so that the durability and effectiveness of this coating could be examined under more
realistic conditions, using daily a lower acid amount.

For the application of the coating onto the concrete substrate, concrete specimens with
dimensions of 50 mm × 50 mm × 20 mm were used for the acid spraying tests. Moreover,
PMMA plates with the same dimensions were also comparatively used for the respective
tests.

The surface pH values, the mass change and the existing mineralogical phases were
recorded for all performed tests. However, the thickness change of the coating was exam-
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ined only after the HHD test. The spraying tests and the measurements applied for each
case are summarized in Table 2.

Table 2. The acid spraying tests and the respective measurements.

Test Measurements

4 days hand-held device test

Surface pH
Thickness

Mass
Mineralogical phases

4 days spraying chamber test
(concrete specimens)

Surface pH
Mass

Mineralogical phases

4 days spraying chamber test
(PMMA plates)

Surface pH
Mass

Mineralogical phases

128 days spraying chamber test
Surface pH

Mass
Mineralogical phases

In all acid spraying tests a flat surface pH electrode (Extech PH100: Waterproof ExStik
pH meter, Extech Instruments, Nashua, NH, USA) was used to record the surface pH
values of specimens. The initial surface pH values were recorded for each specimen before
the beginning of acid spraying tests. The surfaces to be measured were wetted with 1 mL
of deionized water prior to the measurement.

An electronic balance Kern PCB 350–3 (350 ± 0.001 g) was used to record the mass
change of specimens daily, in order to evaluate the consumption of the coating. Firstly,
the initial weight of all uncoated concrete specimens was recorded, as well as their weight
after the application of the slurry, in order to calculate the mass of dry coatings.

A Dino Lite Digital Microscope was used to photograph the cross-section of coated
concrete specimens before and after the application of acid spraying, in order to record the
thickness change of the coating. After that, the photographs were digitized and processed
by using the microscope’s software and finally, the thickness was calculated according to
the magnification used in each picture.

The mineralogical phases were evaluated by using the X-ray diffraction analysis
(XRD), which is described in Section 2.5.

2.4.1. Stoichiometry Calculations

Sulfuric acid solutions were used in all performed tests, aiming to simulate the bio-
genic sulfuric acid produced in a sewer pipe internal wall. The sulfuric acid spraying tests
were performed to examine the total consumption of magnesium hydroxide coating at the
end of respective tests, due to the neutralization reaction between them:

Mg(OH)2 + H2SO4 → MgSO4 + 2H2O (1)

In that way, the amount of daily sprayed sulfuric acid (according to the reaction’s
stoichiometry) was calculated, based on the amount of applied coating, on the duration of
each test and on the used acidic solution concentration.

The duration of accelerated acid spraying tests was selected to be 4 days, apart
from the long duration test, which lasted 128 days. The used sulfuric acid solutions had
concentrations of 4 M, 0.2 M and 0.1 M for the HHD spraying test, the 4-day chamber test
and the 4-month chamber test, respectively. In all these experiments the same conditions
were applied for the calculation of corresponding necessary sulfuric acid amount to be
sprayed, as explained in more detail in the relevant literature [32].

147



Materials 2021, 14, 4897

The calculated stoichiometry (i.e., the moles of sulfuric acid) was divided by the
number of spraying days and the daily spraying application stoichiometry corresponded to
25% of the overall stoichiometry, regarding the respective neutralization reaction between
the coating and the sulfuric acid for the 4-day tests (i.e., the HHD spraying test and the
chamber spraying tests). The daily spraying applications were different between these two
tests, due to the different initial acid solutions concentrations used. Accordingly, the daily
spraying application stoichiometry for the longer duration test (128 days) corresponded to
the 0.78% of the overall stoichiometry of the respective reaction.

2.4.2. 4-Days Accelerated Acid Spraying Test

Two tests were used in the case of 4-days accelerated acid spraying tests, i.e., the test
where the hand-held device was used and the test where the custom-made poly (methyl
methacrylate) chamber was used. The concentration of sulfuric acid solution in the HHD
test was 4 M, in order to magnify the consumption of coating, due to the reaction with
sulfuric acid, whereas the concentration of the solution in the chamber tests was 0.2 M,
in order to approach the milder conditions commonly existing in a sewer pipe.

Coated concrete specimens were used in both tests, whereas the coated PMMA plates
were only tested in the spraying chamber test. The coating was dried after its application for
3 days under normal laboratory conditions before the sulfuric acid spraying applications.
Four coated specimens were removed daily from each acid spraying procedure and studied
in detail.

2.4.3. 4-Months Accelerated Acid Spraying Test

The long-term durability of the examined coating was evaluated by a 4-month ac-
celerated acid spraying test that was held in a custom-made poly (methyl methacrylate)
spraying chamber. The rinsing liquids were collected separately for each specimen (cham-
ber facility) in order to be further examined. The concentration of sprayed sulfuric acid
(0.1 M) was selected in this case to be lower in respect to the 4-day tests (0.2 M), in order to
simulate better the conditions existing in a sewer pipe. The longer duration test allowed
the spraying of significantly lower amount of sulfuric acid daily (according to the number
of daily spraying applications). In that way, the behavior and consumption of coating in
time can be examined.

At 8-days intervals, four specimens were removed from the chamber and tested,
regarding the surface pH values, the mass change and the mineralogical phases existing
on the surface. Moreover, the rinsing liquids were selected during the same time periods,
in order to determine the magnesium content that was rinsed/removed (either as product,
or as leaching) during the experiment. The magnesium content was determined by Flame
Atomic Absorption Spectrophotometry, using the Perkin-Elmer AAnalyst 400 instrument.
The experimental conditions, applied in the chamber, simulated the usual sewer pipe
conditions, i.e., maintaining the temperature at 20 ± 2 ◦C and 99% relative humidity.

2.5. X-ray Diffraction (XRD) Analysis and Attenuated Total Reflectance (ATR)

The recognition and quantitative determination of mineralogical phases existing on
the specimens’ surface were performed with the XRD analysis. After the spraying process,
the specimens were dried at 40 ◦C for 24 h, and then the coating and the potentially
formed by-products were scratched from the top of specimens, ground and measured.
The structural phases (mineralogical composition) of the obtained samples were analyzed
by XRD measurements, using a PW 1840 Phillips diffractometer with CuKa radiation,
step size of 0.02◦ and step time of 0.4 s, operating at 30 kV and 10 mA. The obtained
diffractograms were further quantified by following the Rietveld methodology, using the
FullProf Suite Software.

ATR was additionally used for the characterization of selected surface samples from
the longer duration test. For the ATR measurements a Cary 630 FTIR, Agilent Technologies
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and the respective software MicroLab were used. The samples were measured directly
after the XRD measurements without any prior treatment.

3. Results

3.1. Adhesion Measurements

The results of pull-off measurements can offer important information about the adhe-
sion ability of protective coatings onto an appropriate substrate. In particular, the coating’s
tensile bond strength can be calculated by using the failure load, resulting from the re-
spective measurements. Additionally, the type of failure can be determined optically,
according to the aforementioned standards [33,34] and expressed as a percentage, based
on the relevant surface area. Two concrete specimens, with 4 testing areas on each one,
were used for the evaluation of each sample coating.

According to the standards, and regarding the pull-off measurements, several types
of coating failures can be optically observed and defined, depending on the applied
coatings. However, in this study, two specific types of failure were present, i.e., the adhesion
failure between the substrate/concrete and the coating (denoted hereafter as A/B), and the
cohesion failure within the layer of coating itself (denoted hereafter as B). The results,
regarding these failure types, are usually presented as a combination between the two
aforementioned types (and as percentage).

The tensile bond strength between the applied coating and the concrete substrate,
as well as the type of failure, is presented in Table 3. The results of studied coating are
compared with the results of other relevant coatings, previously examined [28], in order to
draw useful conclusions and are commented below.

Table 3. Tensile bond strength (fh) values, the respective standard deviation (SD) and the specific
type of coatings’ failure.

fh (MPa) SD (MPa)
Type of Failure

A/B (%) 1 B (%) 2

0.30 0.025 30 70
1 Adhesion failure between the substrate and the coating layer; 2 Cohesion failure within the layer of coating.

As far as the tensile bond is concerned, the coating was found to present medium-to-
high values when compared to other relevant coatings, consisting of different magnesium
hydroxide powders [28]. The specific type of failure plays a key role in understanding the
adhesion ability of coating, when combined with the tensile bond strength. The application
of examined coating generally requires high values of the B failure type, so that in case of
coating detachment, a significant amount of coating can continue to protect the substrate.
Therefore, the calculated values, regarding the two types of failure, are considered as
satisfactory, because the coating exhibited more type-B failure (70%), than type-A/B (30%).
As a result, this coating combined the required type of failure with a satisfactory tensile
bond strength value, as compared with other relevant magnesium hydroxide coatings [28].

3.2. SEM Analysis

Figure 1 is a cross-section micrograph of the coated concrete specimen, where the
coating is presented in the upper side, whereas the concrete substrate is presented in the
lower side of the image. The adhesion ability of the coating can be verified by this figure,
because the coating seems to be firmly attached onto the concrete surface, without any voids
or cracks observed at the interface area. The concrete surface is distinct, because it presents
different roughness and porosity from the coating. The structure of concrete is denser than
the respective of coating, which seems to be rather porous. It is important to note that the
selected concrete type is of relatively low porosity. Additionally, the scratch polishing lines
are rougher on the concrete’s surface, than on the coating’s surface. The coating thickness
ranged between 0.4 and 0.7 mm, according to these observations. A closer look at the
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coating-concrete interface (Figure 1, right) confirms the good adhesion of the coating onto
the surface.

Figure 1. SEM micrograph of the coated concrete specimen at the interface region: magnification
(a) ×60, (b) ×200.

As far as the coating’s microstructure is concerned (Figure 2), the particles (magnesium
hydroxide particles, or magnesium oxide) are mainly spherical and elongated, usually
presenting a size around 1 μm. The structure is porous and loose, while the EDS analysis
showed mainly the presence of magnesium (apart from oxygen).

Figure 2. SEM micrographs regarding the structure of examined coating: magnification (a) ×500,
(b) ×3000.

The EDS analysis of the coating and of the concrete surface can provide information
regarding the potential penetration of coating constituents into the concrete structure,
which can also explain the coating’s good adhesion and create an additional protection
zone in the concrete structure. The EDS analysis of the spectrum areas (Figure 3) is
presented in Table 4. The results showed that the magnesium content in the concrete’s
structure (and in the depth of ~100 μm) is relatively small (1.41% wt.). According to
the relevant literature [28], this corresponds to the initial magnesium content of concrete.
In contrast to the previous study, this coating does not seem to penetrate the concrete
substrate. The increased calcium content of concrete surface (Spectrum 2) is attributed to
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the calcium silicate compounds of the hydrated cement paste, as well as to the limestone
(calcium carbonate) source of aggregates.

Figure 3. SEM micrograph of the coating-concrete interface, showing the respective energy-dispersive
X-ray spectroscopy (EDS) spectral areas.

Table 4. EDS spectra of the coating and of the concrete, as presented in Figure 3.

Elements
Weight %

Spectrum 1 Spectrum 2

Mg 94.16 1.41
Si 2.31 1.24
Ca 3.54 97.35

3.3. Accelerated Sulfuric Acid Spraying Tests
3.3.1. 4-Days Accelerated Acid Spraying Tests

The study of coating surface pH values during its interaction with sulfuric acid is
very important, because this is the main acquired and inherent property of magnesium
hydroxide coating, against the biogenic corrosion of concrete. The maintenance of alkaline
surface pH values can block the development of sulfur oxidizing bacteria, hence the
production of biogenic sulfuric acid and the subsequent corrosion of concrete.

The daily recordings of surface pH values, regarding the coated concrete specimens,
when sprayed during the HHD test, as well as the coated concrete specimens sprayed in
the spraying chamber are presented in Figure 4. Moreover, the surface pH values of the
coated PMMA plates are also presented in Figure 4.

In all these cases, the starting pH values of the coating, measured on the substrates’
surface, were very similar. The coating presented initial surface pH values around value
10 (day 0). Despite the differences between the tests, the application of acid spraying led
to slightly decreased surface pH values (i.e., 8.00–9.25), comparing with the initial pH
values. However, the pH values remained in the alkaline region throughout the spraying
processes, which means that the coating can block effectively the development of bacteria.
The differences of pH values between the tests found to be relatively small. More precisely,
after four days of spraying, the values measured for the specimens, sprayed under the
HHD test, were the highest, i.e., 9.25. This fact may be due to the smaller number of
spraying applications in the case of HHD test, even though a highly concentrated sulfuric
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acid solution was used, as compared with the number of spraying applications in the case
of the chamber test.

Figure 4. Surface pH values of coated concrete and PMMA specimens, during the application of
different acid spraying tests.

The respective pH values of coated PMMA plates were found to be slightly higher,
at days 1, 2, and 3 of chamber spraying test, with respect to the values of coated concrete
specimens. The comparison of surface pH values for the coating, during the chamber test,
as applied either on concrete substrates (dry coating), or on PMMA plates, indicates that
the presence of concrete substrate might also influence the measured pH values.

These values can be compared with the corresponding ones of other magnesium
hydroxide coatings, as well as of uncoated concrete specimens, which were sprayed
accordingly [28]. The examined coating exhibited satisfying surface pH values (pH > 8) in
most cases of spraying tests, although the initial pH value of it at day 0 was not the highest
among the several relevant coatings.

Moving on, mass measurements were also conducted for the coated concrete speci-
mens subjected to both tests (HHD and chamber), as well as for the coated PMMA plates
(chamber test). The results are presented as percentage, in respect to the initial coating
mass and are given in Figure 5.

Figure 5. Mass changes of the coated concrete specimens after the application of HHD spraying test,
as well as of the coated concrete and PMMA plates after the application of chamber spraying test.

According to the stoichiometry calculations, a larger consumption of the coating, at all
these cases, can be expected, because the amount of sulfuric acid that was sprayed onto
the specimens, during the 4-days tests, corresponded to the coating’s total magnesium
hydroxide amount. However, it can be assumed that the sprayed sulfuric acid can only
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react with the exposed coating surface, instead of the full coating’s mass [28], somehow
reducing the mass consumption respectively.

The mass change results indicated that the substrate affects the behavior of the coating
concerning mass change. The mass change of the coating on the concrete specimens
(chamber test) presented rather stable behavior during the spraying procedure. On the
other hand, the mass change of coating on the PMMA specimens was more intensified
during the test. In this case the mass decrease reached almost 25%, when compared to the
initial mass of the system. It seems possible that the adhesion between the coating and the
concrete can play an important role on the system’s behavior. In this respect the porosity of
concrete and of concrete surface are important parameters. On the contrary, the absence of
adhesion between the used coating and the polymer substrate (PMMA) did not contribute
to that direction.

The concentration of sprayed sulfuric acid can also play an important role, as during
the HHD test (using the higher concentration of 4 M), the mass loss was greater than in the
chamber test (using the lower sulfuric acid concentration of 0.1 M). This reasonable result
is connected to the greater consumption of coating in the case of greater acid concentration
sprayed.

It is also a fact that mass increase was not observed, as it was recorded for some other
magnesium hydroxide coatings, presenting similar characteristics [28]. This is connected to
the washing out rate of reaction (neutralization) by-products and the ease that the particular
coating behaves under the applied spraying conditions, as its behavior depends mainly on
its specific physicochemical characteristics, such as the smaller particle size and the higher
surface area in comparison with other relevant materials, previously examined [28].

The measurement of coating thickness during the HHD acid spraying test was per-
formed as another way to evaluate the coating consumption under the application of
extreme acidic conditions (high concentration of sprayed sulfuric acid). The coating thick-
ness was expected to decrease during the spraying procedure, due to its reaction with
sulfuric acid. The results presented in Figure 6 confirmed that the coating thickness is
gradually reduced, due to the coating’s consumption. In this case the thickness reduction
of studied coating was higher (−66%), than the thickness reduction of other studied rel-
evant coatings [28]. This fact indicated that the coating was more effectively consumed,
also confirming the mass change results. Additionally, the mass loss, intensified at day 4 of
the experiment, agreed with the extended decrease of thickness at the same day.

Figure 6. The evolution of thickness coating throughout the HHD spraying test.

3.3.2. 4-Months Accelerated Acid Spraying Test

The 4-months accelerated acid spraying test was performed to better simulate the
existing conditions in a sewer, as described in Section 2.4.3. The surface pH, the mass
change, and the mineralogical phases of surface were recorded. Figure 7 presents the
results of surface pH recordings of the sprayed specimens at 8-day intervals. The surface
pH values were maintained at the alkaline region throughout the long duration test and
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confirmed the ability of the coating to block the development of acidophilic sulfur oxidizing
bacteria. In that way, only the neutrophilic sulfur oxidizing bacteria might be developed
and produce a small amount of biogenic sulfuric acid. Nevertheless, based on the previous
results (Section 3.3.1), the coating can still react with the acid and protect the concrete
surface.

Figure 7. The evolution of surface pH values of coated concrete specimens, during the application of
the long-term duration acid spraying test.

The variation of pH values during the 128 days experiment were quite similar to
those obtained from the 4-day testing, considering the respective acid concentrations.
This shows that the short time tests are also reliable and both tests (long- or short-term) can
be performed to evaluate the pH behavior of this magnesium-based coating.

Moving on, the mass change results of the long duration acid spraying test are pre-
sented in Figure 8. The results are shown in respect to the initial coating mass (%) applied
on the concrete specimens. The complicated mechanisms that took place during the spray-
ing applications, led to rather controversial mass change results. Two different processes
can take place during the acid spraying test, i.e., the reaction (neutralization) of the coating
with the sprayed acid and the formation of by-products (mainly hexahydrite and gypsum).
The first process leads to mass decrease, while the second one to mass increase. It is also
important to note that both processes can take place simultaneously.

Figure 8. The evolution of mass changes of coated concrete specimens during the application of
long-term duration acid spraying test.
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According to the results, the mass of specimens increased (positive values) during the
first 80 days, with the exceptions of specimens at day 32 and day 64. Regarding the results
of day 32 specimens, there was an unregular mass decrease, with respect to the trend of the
previous and the following specimen results. However, the results are given for different
specimens each time, and this can lead to different results in some cases. Regarding the
results of day 64, there was a technical problem during the test and mass loss was observed,
due to coating detachment. After 88 days of acid spraying, mass decrease was recorded
until the end of the procedure.

These results, and especially the mass increase, differed from the respective tests of the
accelerated acid spraying tests (Figure 5), where no mass increase was observed. However,
other magnesium hydroxide coatings presented also mass increase, during the accelerated
acid spraying test, which was attributed to the formation of by-products [28]. It is a
fact that the experimental conditions of the 4-months test were different, i.e., the solution
concentration and the duration and the number of daily spraying applications. Accordingly,
these factors enabled the long-term milder condition testing, which allowed the recording
of initial increase of mass, due to the formation of by-products and the following decrease
of mass, due to the consumption/degradation of coating. Based on that, both mechanisms
took place. The possible formation of by-products was further examined using the XRD
measurements (Section 3.4.2).

The long-term acid spraying test was also conducted in a poly (methyl methacrylate)
chamber, which was modified in a way that the washouts could be collected and analyzed.
After that, the magnesium content was determined in them, and the results are presented
in Figure 9. The presence of magnesium in the rinsing liquids indicated the continuous
reaction of magnesium hydroxide with the sprayed acid or its possible leaching. The mag-
nesium content results seem to agree with the mass change results, because, in general,
when mass decrease was observed (e.g., at day 112), there was an increase of magnesium
content in the rinsing liquids. However, magnesium was detected, even when the mass
increase was recorded. This indicates that an amount of magnesium reacted and was
released in the liquid phase even at the initial sprayed days.

Figure 9. The evolution of magnesium content (mg/L) of rinsing liquids at 8-days intervals during
the application of long duration acid spraying test.

According to the above-mentioned results, the long duration test showed that the
examined coating was consumed during the experimental procedure. The by-products can
be evaluated by the following XRD results.

3.4. XRD Analysis
3.4.1. 4-Days Accelerated Acid Spraying Tests

The respective samples were examined by using XRD and the respective results are
presented as XRD diffractograms overlay. Figure 10 shows the results regarding the coated
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specimens after 4 days of each acid spraying test, i.e., the HHD test, the chamber test
using coated concrete specimens and the chamber test using PMMA plates as substrate.
Moreover, the diffractogram of the raw material, i.e., without being subjected to acid
spraying, is also presented in the same Figure for comparison reasons.

Figure 10. XRD overlay diffractograms of coated specimens after 4 days of different acid spraying
tests’ application (the raw material is also presented); B: Brucite, G: Gypsum, H: Hexahydrite.

According to these results, the main peaks of brucite (Mg(OH)2) are indicated, whereas
the peaks of other phases (i.e., lizardite (Mg3(Si2O5)(OH)4) and dolomite (Ca,Mg(CO3)2))
are not easily indicated (presenting low intensity), but they are also included in the semi-
quantitative results presented in Figure 11. The main corrosion by-products, i.e., gypsum
(CaSO4·2H2O) and hexahydrite (MgSO4(H2O)6), are indicated in Figure 10, but only for
the case of HHD test. This fact could be attributed to the different frequency of applied
spraying and the higher acid concentration, as these were the main differences between the
applied tests. The concentration of sulfuric acid during the HHD test was higher (4 M),
hence it may lead to the immediate formation of by-products, as comparing to the other
tests’ samples, where much lower sulfuric acid concentration was used; noting also that
the real conditions, existing in sewer pipe (“crown”) surface, are much milder, than the
high concentrations used during the HHD test. The lower applied concentration of acid
solution during the chamber tests, allowed the faster reaction of the coating with the acid;
hence preventing the diffusion of acid through the coating. As a result, the concrete surface
was not affected, and no corrosion products were formed in the later cases, i.e., during the
chamber tests.

It is important to note that the formed magnesium sulfate (hexahydrite) is water
soluble and can be easily washed out, due to spraying applications; hence, it cannot always
be traced. The differences between the tested specimens, when compared to the raw
(initial) material used, indicate the formation of by-products, specifically in the case of
HHD test sample. Additionally, the substrate did not seem to interfere with the found
crystallographic phases results, as no peaks of concrete phases were detected, such as
calcite or quartz.

The semi-quantified results of XRD diffractograms (Figure 11) confirm the presence
of main by-products (gypsum and hexahydrite) in the HHD test samples. It can be also
observed that brucite was in excess quantities in all accelerated tests, indicating that the
coating could offer protection to the substrate, even after the end of 4-day spraying test
procedures.
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Figure 11. The semi-quantitative results of XRD analysis, regarding the presence of crystalline phases
for the coated specimens after 4 days of each acid spraying test applications; «raw» is the coating but
without being subjected to spraying applications.

Due to the two different sources of calcium, i.e., from the concrete or from the coating,
it is not clear whether gypsum was a corrosion by-product of the substrate (concrete), or of
the coating content only. In that way, the tests using PMMA plates were also performed
to verify the origin of potential gypsum formation. Regarding the respective results of
PMMA plates, gypsum formation was not observed, concluding that the formed gypsum
during the HHD tests corresponded to the corrosion of concrete. In comparison, the results
of the chamber tests indicate that the coating can provide anti-corrosion protection to the
concrete substrate, because gypsum formation was better prevented in this case.

3.4.2. 4-Months Accelerated Acid Spraying Test

The coating was examined under sulfuric acid spraying in a spraying chamber test for
4 months, using 0.1 M sulfuric acid solution. The selected XRD diffractograms at days 0,
32, 64, 96, and 128 are presented in Figure 12. The peaks of brucite were identified, along
with the gypsum for the samples at days 96 and 128. No hexahydrite peaks were identified
in any sample. Additionally, the peaks of the other phases are rather small to be indicated,
but they were included in the respective semi-quantitative results presented in Figure 13.

The semi-quantitative XRD results of all eight-day intervals are presented in Figure 13.
The crystalline phase of brucite (coating) was found in excess until the sample of day
120. This result indicates that the coating can protect the substrate almost for the time
duration that it was theoretically calculated; noting that the total amount of sprayed acid
was calculated in order to consume the whole coating mass. Therefore, it can be expected
that gypsum would be formed, due to the consumption of protective coating and the
subsequent reaction with the exposed concrete surface before the end of this test.

The gypsum crystalline phase was identified at the sample of day 64, but at low
content (i.e., close to experimental error), although the periodic increase of gypsum was
recorded even after the 88th day. The gypsum at day 64 might be formed due to sample
weaknesses and structure deformation, creating defects and leading to the detachment of
coating.
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Figure 12. XRD overlay diffractograms of selected coated concrete specimens during the application
of the 4-months acid spraying test; G: Gypsum, B: Brucite.

Figure 13. The semi-quantitative results of XRD analysis, regarding the crystalline phases of coated
concrete specimens during the application of 4-months acid spraying test.

According to these results, the coating can practically offer long-term anti-corrosion
protection to the concrete surface. The coating protected the concrete surface for at least
the 87.5% of the calculated theoretical time without allowing the formation of significant
gypsum by-product. After day 112, the degradation of concrete is recorded, due to gypsum
formation, despite the maintained alkaline pH values.

3.5. Attenuated Total Reflectance

The ATR measurements record the vibrations of bonds of the compounds and the
respective spectra are displayed in Figure 14. The representative spectra were selected to
reveal the progress of gypsum formation. In particular, the spectra of samples at 8, 64, 80,
and 128 days are presented. The stretching of hydroxylic groups of magnesium hydroxide
bonds (brucite) is shown at the wavenumber 3694 cm−1 [35]. The peaks, due to carbonate
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ion, appear at 1459 cm−1 and 879 cm−1, which implies that carbonated species are also
present in the samples, although the relevant IR response is rather weak.

Figure 14. The evolution of ATR spectra of selected samples at 8, 64, 80 and 128 days during the long-term spraying test.

At the 128th day spectrum gypsum peaks were identified. The strong peak at
1109 cm−1 is attributed to sulphates (SO4

−2) [36]. Additionally, the band at 1683 cm−1

and 1618 cm−1 is attributed to the O-H bending vibrations of water molecules [35,37].
The sharp peaks at 667 cm−1 and 596.4 cm−1 are owed to the stretching and bending
modes of sulfate group of the gypsum [37]. Gypsum is formed and recorded at later dates
of the long-term testing, showing that the ATR measurements are in good agreement with
the aforementioned XRD results.

4. Discussion

According to the previous experimental study [28], the characteristics of magnesium
hydroxide-based coatings for the protection of concrete surfaces can determine its behavior
and effectiveness. The particle size, purity, and specific surface area of raw material (i.e.,
the initial magnesium oxide powder) and the additives used for the slurry preparation
can influence the performance of the coating. The studied magnesium hydroxide was
designed to produce a coating that can offer better anti-corrosion protection in comparison
with other relevant materials, when applied on the (internal) surface of concrete sewer
pipes. The PSD and the purity of used hydroxide were selected, according to the results of
the relevant previous study, while the SSA was selected to be low, in order to achieve the
desired (low) viscosity of the slurry, as this parameter did not seem to affect particularly
the resulting anti-corrosion properties of coating [28].

The particle size of magnesium hydroxide was selected to be relatively small in order
to enforce the interacting ability of resulting coating, based on the results of the previous
relevant research [28]. Although the studied hydroxide presents a smaller particle size than
the previous samples, the presence of hexahydrite was found to be in a smaller amount
than expected, due to washing out. Hand-held testing resulted in hexahydrite and gypsum
formation on the surface of coated specimens as a result of higher acid concentration that
was directly sprayed on this surface (Figure 11).

Another crucial property that was selected according to previous evaluation [28]
was the purity of used raw material. The magnesium hydroxide content in this case was
higher, and it added to the better preservation of alkaline surface values. According to pH
measurements, the values were maintained above pH 8.0 in all examined cases.

The slurry was applied on concrete specimens for long- and short-time evaluation
of its resistance during acid spraying, as well as on PMMA specimens for the study of
coating reaction (neutralization with sulfuric acid), but without the interference of concrete
substrate.
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The resulting surface pH of studied coating was maintained in the alkaline region
(i.e., pH > 8.0), regardless the duration of testing and the concentration of sprayed acid.
Furthermore, the coating maintained the pH to the alkaline region, when tested on both
PMMA and concrete substrates and for long period of time (128 days), by applying lower
acid concentration, as well as for shorter period of time (4 days), by applying higher
acid concentration. The latter indicates the resistance of coating to neutralization for the
aforementioned different experimental conditions.

The adhesion between the coating and the concrete surface seems to result in a system,
where the two materials can “co-operate” well and the coating protects efficiently and
effectively the concrete substrate. The respective mass change results pictured a gradual
removing of coated material and confirmed that most probably hexahydrite was washed
out, as the mass of coatings was decreased in both cases, i.e., for the concrete and PMMA
substrates.

The long-term testing revealed the behavior of coating under approximately real
conditions, existing in sewer pipes. The simulation of lower acid concentration (0.1 M)
showed that efficient protection can be achieved. The gypsum formation was prevented,
according to the XRD and ATR results. More specifically, gypsum was identified by XRD
at the 112th day of spraying and ATR verified its late formation. Therefore, the coating
can protect completely the concrete for this time period, under the applied experimental
conditions. After 112 days the gypsum formation started, accompanied with extended
brucite consumption, which indicates that the coating’s degradation leads to gypsum
formation, i.e., strong evidence that the concrete is no longer protected. The magnesium
removal from the surface and its leaching in washouts seemed to follow a nonlinear
behavior, as it was found quite intensive during the initial experimental procedure (i.e.,
10–40 days) and later (i.e., after 104 days), according to the quantification of Mg content.

The comparison of different substrates coated with the examined material revealed
the gypsum source. The XRD results of PMMA coated plates did not show any gypsum
formation. As a result, the gypsum formation does not originate from the calcium content
of coating material, but it is attributed to the corrosion of concrete surface, due to the
presence (spraying) of sulfuric acid. Additionally, it was proven that the coating’s adhesion
onto the concrete’s surface also plays an important role on the consumption of coating.

5. Conclusions

The magnesium hydroxide slurry was found to protect the concrete from MIC by
effectively maintaining alkaline surface pH values and reacting with (neutralizing) the
sprayed sulfuric acid. The results of the present study indicated that the medium particle
size of the raw magnesium hydroxide material used is optimal for the studied experimental
conditions, in order to achieve adequate interacting ability with the sprayed sulfuric acid.
Improved purity can also enhance the alkaline and anti-corrosion properties of produced
coating. Moreover, the SSA property seemed to be rather independent of the anti-corrosion
behavior of coating.

Corrosion by-product (i.e., gypsum) was only formed after spraying with higher
concentration of sulfuric acid, during the hand-held device accelerated acid spraying test
(i.e., 4 M). However, during the accelerated tests using lower sulfuric acid concentration
(i.e., closer to the conditions existing in a real sewer pipe), no production of gypsum was
observed. The long duration (accelerated) acid spraying test indicated that the respective
coating can protect the concrete substrate, by reacting (consuming) with sulfuric acid,
under conditions that can simulate the sewer pipe environment.

To sum up, the improved properties of magnesium hydroxide raw material can
enhance the anti-corrosion behavior of produced coating and preserve effectively the
properties of concrete substrate, even during long-term test procedures, and as a result also
when used in actual sewer pipes.
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