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Abstract

The deterioration of concrete over time is the result of various mechanical,
physical, chemical and biological processes, with the corrosion of reinforce-
ment being the most serious problem of durability of reinforced concrete
structures. Over the last 50 years, a tremendous effort has been spent by the
international scientific community with laboratory research and experimental
field studies in order to increase the resistance of concrete over corrosion.
This paper presents an experimental study of the corrosion behavior of 5 dif-
ferent concrete mix designs. The compositions were developed as per the lat-
est concrete regulations and International Standards which are as follows:
conventional concrete C30/37, conventional concrete with corrosion inhibi-
tor as an additive, conventional concrete with surface spray sealant, fine ag-
gregate concrete and self-compacting concrete. Their behavior against corro-
sion was determined via the following tests: water absorption test, water per-
meability test, mercury intrusion porosimetry, rapid chloride penetration test
(RCPT), and accelerated carbonation test. The experimental results showed
that the corrosion systems examined in the study provide anti-corrosion pro-
tection on steel rebars against corrosion comparing with the reference group.
Also, an inversely proportional relationship of the water/cement ratio of a
composition with its corrosion behavior was observed. Smaller w/c values
(0.4 instead of 0.5) lead to better anti-corrosion resistance. In addition, an
analogous relationship between the cement content of a composition and its
corrosion behavior was observed.

DOI: 10.4236/msce.2020.84005 Apr. 24, 2020 64

Journal of Materials Science and Chemical Engineering


https://www.scirp.org/journal/msce
https://doi.org/10.4236/msce.2020.84005
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/msce.2020.84005
http://creativecommons.org/licenses/by/4.0/

L. Karavokyros et al.

Keywords

Reinforced Concrete, Carbonation, Corrosion Inhibitor, Mercury Intrusion
Porosimetry, Chloride Ion

1. Introduction

In recent years, there have been intense problems of unsatisfactory results in
structural durability, with corrosion of reinforcement being the most important
problem in reinforced concrete structures. The chloride-induced steel corrosion
in reinforced concrete structures (RCS) in marine environments is of major
concern. In general, the high alkalinity of concrete pore solutions leads to a pro-
tective passive film on the steel surface which delays corrosion initiation. How-
ever, when the content of chloride ions at the steel-concrete interface reaches the
chloride threshold level, steel starts to corrode and corrosion products are gen-
erated gradually on the steel surface, ultimately leading to premature cracking
and spalling of RCSs [1]. The most widely used protective methods for the effec-
tive protection of the steel reinforcement in concrete structures, are the follow-
ing: cathodic protection, organic coatings, corrosion inhibitors and mineral ad-
ditives such as pozzolans, silica fume etc. [2]. Corrosion inhibitors are organic or
inorganic salts used as admixtures in concrete production in order to protect the
steel rebars from the corrosion; on the other hand, the inhibitors improve the
chloride penetration resistance of concrete. A corrosion inhibitor can be defined
as “a chemical compound” added in adequate amounts to concrete which pre-
vents or delays the corrosion of embedded steel and has no adverse effect on its
physical/mechanical properties. It is worth noting that these types of admixtures
increase the consistency of the passive layer on the steel surface, creating a bar-
rier film on the steel, blocking the ingress of chlorides and increasing the degree
of chloride binding capacity of the concrete; the oxygen ingress can be also pre-
vented using the corrosion inhibitors [2] [3]. In previous work, it has been
proved that the organic coatings can also be used for the protection of the steel
reinforcement, as they consist of a barrier between the porous concrete structure
and the corrosive environment and so they are widely used in concrete struc-
tures for corrosion protection [4]. In this paper, the main objective is the expe-
rimental study of different utilization of corrosion inhibitors, either as an addi-
tive or as a spray and the possibility of protection that a corrosion inhibitor can
provide. Also, a comparison was made between compositions with lower w/c ra-
tio as well as increased cement content with the reference composition. To de-
termine the degree of protection of the corrosion inhibitor by different applica-
tion modes (additive, spray) as well as the effect of the different components of
the specimens, several cube and cylindrical specimens were manufactured to be
tested in the laboratory tests to evaluate their anti-corrosion behavior. These

samples’ degree of protection was determined via the following tests: water ab-
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sorption test, water permeability test, mercury intrusion porosimetry, rapid
chloride penetration test (RCPT), and accelerated carbonation test.

2. Materials and Methods
2.1. Materials

The tested concrete compositions were selected following the limitations set by
the latest concrete technology regulations and are the following: conventional
concrete (cc) of quality C30/37 (titled CCl1), cc with additional corrosion inhi-
bitor 4% w/w of cement (titled CC2), cc with surface sprayed sealant (titled
CC3), self-compacting concrete (titled SCC) and fine aggregate concrete (titled
FAC) with the absence of large coarse aggregate (dmax < 16 mm). All concrete
compositions were prepared in a ready-mix concrete plant. The mix designs that
were examined can be divided into two groups based on their composition. The
first group consists of the first 3 concrete compositions (CC1, CC2, CC3) that
are based on the C30/37 quality mix design and the second group (FAC, SCC)
consists of the compositions with finer mix arrangements (absence of coarse ag-
gregate, Dmax < 16 mm), as well as lower w/c and higher cement content (kg/m’).
A commercial AMA (amino alcohol) based corrosion inhibitor is used. As the
main component of an AMA-based inhibitor, amino alcohol rapidly migrates
into concrete in the gas phase or liquid phase. When it reaches the surface of the
steel bar, it forms a hydrophobic monomolecular layer by physical or chemical
adsorption. The molecule isolates chloride ion, oxygen, and water and protects
the reinforcement [5] [6]. The surface inhibitor was applied in two hands coat-
ings on all sides of the specimens according to the manufacturer’s recommended
dose (200 g/m?). The two comparative states studied are as follows: one in terms
of the effect of corrosion inhibitors on the concrete (CC1, CC2, CC3) and one in
the mixture proportions of the compositions (CC1, FAC, SCC).

2.2. Mixture and Preparation of Concrete Specimens

Five groups of specimens were constructed and each one of them consisted of 14
cube specimens with an edge of a 100 mm and 2 cylindrical specimens with a
height of 100 mm and a diameter of 50 mm for a total of 70 cube and 10 cylin-
drical specimens. The specimens were cured under a temperature of 20°C = 3°C
and a relative humidity RH > 90% for 28 days. The mixture proportions ratio
(cement:water:sand:fine aggregate:coarse aggregate) were as follows (by weight):
- reference concrete (CC) = 1:0.5:3:3:2.8.

- SCC=1:0.40:2.1:2.1:1.1.

- fine aggregate concrete (FAC) = 1:0.48:2.5:3.2:1.2.

The mixture proportions of concrete specimens that were used are given in
the following table (Table 1). Sand with fineness modulus of 2.40 and fine gravel
(4 - 8 mm) were used as fine aggregates. Gravel (>8 mm) was used as coarse ag-
gregate, respectively. The binding material of the concrete specimens is Ordinary

Portland Cement.
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Table 1. Mixture proportions of produced concretes.

(kg/m®) CCl1 cC2 CC3 FAC SCC
Cement 330 330 330 400 500
water 165 165 165 200 200
w/c ratio 0.5 0.5 0.5 0.5 0.4
Fine Agg. 975 975 975 1260 1050
Coarse Agg. 930 930 930 495 570
Super/zer 2 2 2 3.5 5.5
Inhibitor - 13.2 - - -
Slump (cm) 3 4 3 5 60 (flow)
Fc, 28 (Mpa) 45.3 43.1 45.1 52.5 56

Subsequently, a detailed description of the methods used in this paper to eva-
luate the properties of the compositions associated with their anti-corrosion be-

havior is presented.

2.3. Capillary Water Absorption

Chloride in concrete moves in three pathways: diffusion, capillary absorption,
and penetration. Diffusion is caused by the concentration gradient in concrete’s
pores. Capillary absorption is caused by the capillary pressure of the fluid’s sur-
face. In penetration, the transport of water is governed by factors like pore con-
nectivity and pore size distribution, other than water accessible porosity, indi-
cating that pozzolanic reaction can refine the capillary pores for water [7]. The
results of the capillary absorption test showed that the inhibitor can prevent
chloride penetration in concrete by suppressing capillary absorption. However,
the proportion of the macropores and capillaries increases the water/cement ra-
tio increases. The pore-blocking effect may weaken, and the effect of chloride re-
sistance may decrease for the same dosage of inhibitor. Studies show that the in-
hibitor Dimethylethanolamine (AMA) can replace the chloride ion on the sur-
face of a rebar and form a stable layer [8] [9]. However, the actual concentration
of AMA that reaches the depth of steel bars is relatively low. In many cases, a
continuous film cannot be formed. The method used to determine the water ab-
sorption of the tested compositions was conducted according to the ASTM
C1543 standard [10]. After curing for 28 days, 3 cube specimens of each group
with a height of 100 mm were placed in an oven for 72 hours to remove the
moisture. On removal, each specimen was cooled for 24 hours in the dry airtight
vessel. The mass of each specimen was recorded immediately after the cooling
process. All specimens were completely immersed in a tank for 30 min with its
longitudinal axis horizontal and at a depth at which there is 25 mm of water
above the top of the specimen. Upon removal, each specimen was cleaned to
remove the bulk of the surface and dried with a cloth as rapidly as possible until
all free water was removed from the surface. Then the mass was determined by

an electronic balance to identify the amount of water absorbed. The measured
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absorption of each specimen is calculated as the increase in mass resulting from
immersion expressed as a percentage of the mass of the dry specimen. A correc-
tion factor according to the surface to volume ratio of the specimen shall be ob-
tained using the following formula (Equation (1)):

volume(mma)

correction factor =

(1)

surface area(mm2 ) x12.5

2.4. Water Permeability

The method used to determine the water permeability of the tested compositions
was conducted according to EN12390. Factors that are known to affect chloride
ion penetration include w/c ratio, the presence of polymeric admixtures, sample
age, air-void system, aggregate type, degree of consolidation and type of curing.
All groups’ specimens were tested at 28 days. In each case, the specimen was
placed in the apparatus and a water pressure of 500 kPa was applied for 72 hrs
(Figure 1). During the test, the appearance of the surfaces of the test specimen
not exposed to the water pressure was observed periodically to note the presence

of water.

Packing v T/@M%

: Scalig ring —____

Screwed on plate —__ E .
i 7
Screw-threaded rod ———+F{| //% }?

Water under pressure T

Figure 1. (a) photo of the apparatus for determining the penetration of water, (b) side view
and overview of the apparatus.
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After the pressure was applied for the specified time, the specimen was re-
moved from the apparatus. The face on which the water pressure was applied
was wiped to remove excess of water. The specimen was then split in half, per-
pendicularly to the face on which the water pressure was applied. When splitting
the specimen, and during the examination, the face of the specimen exposed to
the water pressure was placed on the bottom as dictated [11]. As soon as the split
face has dried to such an extent that the water penetration front could be seen,
the water front on the specimen was marked. The maximum depth of penetra-
tion under the test area was then measured and recorded to the nearest millime-
ter. The penetration depth was determined by the following equation:
D, +D,+---+D,

R —

P 2)

where Pis the average depth, D, is the depth of testing specimens in mm, and n

is the number of testing specimens.

2.5. Rapid Chloride Permeability Test (RCPT)

The chloride permeability test was conducted according to the ASTM C1202
standard (EN 13396). The rapid chloride permeability test is commonly used to
evaluate the resistance of concrete to chloride ions ingress owing to its simplicity
and rapidity the ASTM C1202 test provides an indication of concrete resistance
to the penetration of chloride ions. The more permeable is the concrete, the
more negative ions will migrate through the specimen, and a higher current will
be measured. The correlations between the results of this test (charged passed)
and the long-term chloride penetrability of concrete established by ASTM C1202
are presented in Table 2 [12].

All specimens were demolded at 24 h and moist cured at 23°C and 95% RH
for 28 days. Concrete disks of 100 mm in diameter and 50 mm in thickness were
sliced from the top portion of 100 mm x 200 mm cylinders for the RCPT. Two
samples were prepared for each mixture. Samples were preconditioned accord-
ing to the ASTM C 1202 standard procedure. The anolyte solution (NaOH)
concentration was at 0.3 N and the concentration of the catholyte solution
(NaCl) was 3% as per the ASTM C 1202 guidelines (Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens). According to the
ASTM C 1202, a 60 V DC was applied for 6 hours or until high temperature of

Table 2. Chloride ion penetrability based on charge passed (ASTM C1202).

Rapid Chloride Permeability Charge Passed as per

Chloride Penetration ASTM C1202 (Coulombs)

High >4000
Moderate 2000 - 4000

Low 1000 - 2000
Very Low 100 - 1000
Negligible <100
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Figure 2. Left: apparatus for mercury intrusion porosimetry testing; Right: sample for
testing.

solutions is observed. The PROOVFE'’it apparatus by German Instruments was
used to evaluate the resistance of concrete to the ingress of chloride ions by de-
termining the total electrical charge that passes through a saturated concrete
specimen by applying an electrical potential across the specimen. This is known
as the “Coulomb Test” or the “Rapid Chloride Permeability Test”.

2.6. Accelerated Carbonation

Carbonation is one of the major factors causing structural deterioration. Carbo-
nation is the reaction of the hydration products dissolved in the pore water with
the carbon dioxide in the air which reduces the pH of concrete pore solution
from 12.6 to less than 9 and steel passive oxide film may be destroyed and acce-
lerating uniform corrosion [13]. Carbonation-induced corrosion can increase
crack development and decrease concrete durability [14].

The 100 mm cube specimens were cast according to the five mixture propor-
tions and then preconditioned by oven drying (60°C) for 48 h to obtain a low
moisture content value. The cube specimens were placed in a carbonation cham-
ber. The concentration of CO, was maintained at 1% * 0.1%. The other condi-
tions were 55% + 5% relative humidity and 20°C + 1°C temperature as per EN
13295 [15]. At 60 and 120 days, the concrete specimens were split in the lateral
direction. A phenolphthalein solution (alcohol concentration of 1%, distilled
water concentration of 20%) was sprayed on the cross-section. The carbonation
depth of concrete was determined by the following equation:

) ATATTA G
n
where X, is the average carbonation depth, 4, is the depth of testing points, and

nis the number of testing points [16].

2.7. Mercury Intrusion Porosimetry

For the mercury intrusion porosimetry testing, small cores were carefully drilled
out, to minimize coarse aggregates inclusion, from the middle of the cube sam-
ples weighting approximately 0.8 g and sizing 5.5 mm, to determine the pore size
distribution and average porosity for the tested mixtures as shown in Figure 2
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[17]. The experiments were performed at a Quantachrome Poremaster® porosi-
meter, shown in Figure 2. For each mixture, two samples were tested to obtain
statistically representative average results. Preconditioning of samples was done
by oven drying at 60°C + 5°C until a constant mass to reduce the potential of
drying shrinkage cracks associated with higher temperatures. The apparatus had
a pressure range from sub-ambient to 413 MPa. By assuming a cylindrical geo-
metry of pores, a mercury contact angle of 140° and a surface tension of 0.471
N/m, the high-pressure limit (413 MPa) yields a pore radius of 3.6 nm, implying
intrusion of all capillary pores since the smallest size of capillary pores reported
in the literature is about 5 nm to 20 nm [18]. Most of the CSH gel pores cannot
be intruded under such pressure; however, such pores have little, if any, contri-

bution to mass transport mechanisms in the concrete matrix.

3. Results and Discussion
3.1. Capillary Water Absorption Test

The water absorption test results are shown in Figure 3. The main transporta-
tion mode of water in concrete is capillary absorption. Absorption ability mainly
depends on the microstructure. The inhibitor can block the pores (generally mi-
cropores and capillaries) of concrete and change the microstructure of concrete;
therefore, concrete resistance to water absorption is improved. However, as the
water/cement ratio is increased, the porosity of concrete is also increased. More
capillaries and macropores may exist because of the porosity of concrete.

The water absorption coefficients of the treatment group were lower com-
pared with those of the control group. The porosity of concrete was changed af-
ter the application of the inhibitor, and the pore-blocking effect improved water
resistance. Also, the decrease in water/cement ratio reduced the effect as is
clearly evident from the SCC results. It is also observed that in both of these cat-
egories (CC2, CC3, and FAC, SCC) the behavior is similar as all values are of
similar magnitude (0.22% - 0.24%).

3.2. Water Permeability Test

After the pressure was applied for the specified time, the specimen was removed

Capillary water absorption test

mCCl mCC2 CC3 EFAC mSCC
0.40%

0.35%
0.30%
0.25%

0.20%
0.15%
0.10%
0.05%
0.00%

Figure 3. Capillary water absorption test results.

WEIGHT DIFFERENCE (gr)

DOI: 10.4236/msce.2020.84005 71 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2020.84005

L. Karavokyros et al.

from the apparatus. The specimen was then split in half, perpendicularly to the
face on which the water pressure was applied and the maximum depth of pene-
tration under the test area was measured and recorded to the nearest millimeter.
The results for all tested compositions are given in Figure 4.

The inhibitor can generally block the pores and change the microstructure of
concrete; although as it is observed from Figure 4, the penetration depth of the
specimens with inhibitor (29.3 and 30.7 mm) is close to the results observed at
the reference specimen (32.7 mm). Taking into consideration the results of the
capillary water absorption test it is observed that corrosion inhibitors prevent
the penetration of the water when it uses the capillary network. However, when
water penetrates the interior of the element under pressure, the inhibitors show
an inability to contain it by presenting values similar to those of the reference
concrete. On the other hand, the two mix designs with more cement in their
compositions (FAC and SCC) exhibit improved behavior (20 and 8 mm respec-
tively). Especially in the case of SCC, it is clearly observed that lower w/c ratio
leads to a strong resistance to pressurized water as the lowest penetration depth

(8 mm) is observed.

3.3. Chloride Permeability Test

As described, the ASTM C1202 (EN 13396) test provides an indication of con-
crete resistance to the penetration of chloride. The correlations between the re-
sults of this test (charged passed) and the long-term chloride penetrability of
concrete established by ASTM C1202 are presented in Table 2. The RCPT re-
sults for all tested compositions, are shown in Figure 5. The test lasted for 6 h or
until solutions reached a high temperature of 80°C, which was defined as an up-
per limit to avoid damage of test cell compartments [12]. Figure 5 shows that
the ultimate recorded passing charges ranged from 2204 to 2532 Coulombs,
which correspond to moderate chloride penetrability, according to the ASTM
C1202 (Table 2).

From Figure 5, it is observed that the electrical resistivity for mixtures with

corrosion protection (CC2, CC3) increased, resulting in lower passing charges

WATER PERMEABILITY TEST

35 mCC1 mCC2 mCC3 mFAC m SCC

30

25
20
15
10
0 -

Figure 4. Water Permeability results for each tested composition.

PENETRATION DEPTH (mm)

(6]
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Chloride permeability test

mCC1l mCC2 mCC3 mFAC mSCC
3000

2500

2000
1500
1000

0

Figure 5. RCPT results for each tested composition.

charge passed (Coulomb)

wv
o
o

but not to a great extent. The same behavior is observed at the FAC and SCC as
charge passed values are to the same extent as in CC2 and CC3 and therefore
have similar electrical resistivity. Finally, it is observed that all charge values ob-
tained from the RCPT test are between 2000 and 4000 Coulombs and so the

chloride penetration depth to all tested compositions are classified as moderate.

3.4. Accelerated Carbonation Test

All tested cube specimens remained in the carbonation chamber under the pre-
viously described conditions for 60 and 120 days. After these ages, they were
removed from the chamber and spitted in two pieces. The depth of carbonation
at every age was estimated as the mean value of the carbonation depth measured
in two cubic specimens. The carbonation depth of the concrete specimens
treated with the inhibitor as an additive-CC2 (6.1 mm, 6.9 mm) or in sprayed
form-CC3 (4.1 mm, 5.2 mm) was lower than that of the control specimens-CCl1
(8.8 mm, 10.1 mm) as shown in Figure 6.

The concrete specimens treated with inhibitor displayed effective carbonation
resistance in both 60 and 120 days. Therefore, the inhibitor positively affected
the carbonation resistance of the concrete specimens. To some extent, the
pore-blocking property of the AMA-based inhibitor applied on the surface of
concrete suppressed the spread of CO, in concrete. However, this effect was rela-
tively reduced to those specimens with a lower w/c ratio (SCC). Finally, the
greatest resistance behavior was observed in specimens with the surface applied
corrosion inhibitor (CC3) as well as in Self Compacting Concrete (SCC) as they

showed the lowest values in both ages.

3.5. Mercury Intrusion Porosimetry

Mercury intrusion experiments were performed at a Quantachrome Poremaster®
porosimeter. The equivalent pore radius r is computed according to the capillary
pressure Washburn equation (Equation (4)):
r— 2y xC0S®

P

c

(4)
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Accelerated Carbonation Test

35.0
30.0
25.0
20.0
15.0
10.0

Penetration Depth (mm)

5.0
0.0

mCC1 mCC2 wmCC3 m®mFAC mSCC

Figure 6. Accelerated carbonation depth results for each tested composition (60 and 120
days in chamber).

Table 3. Results obtained for mercury porosimetry for tested compositions.

Sample Bulk density  Skeletal density Intrapal:ticle Total intruded volume
(g/cc) (g/cc) Porosity (cc/g)
CC1 2.2997 2.5308 8.79% 0.0397
CcC2 2.2257 2.4628 9.25% 0.0433
FAC 2.4287 2.5510 7.24% 0.0197
SCC 2.3335 2.4750 8.70% 0.0437

where P, is the capillary pressure (Pa), y the interfacial tension (N/m), (Jgur =
0.471 N/m), r is the pore radius, and ® the wetting angle (®y,,;, = 140°).
Concrete specimens were taken from the middle of the sample weighting ap-
proximately 0.8 g and sizing 5-5 mm was used for all the experiments omitting
aggregates, and measured without any treatment [17] [19]. Table 3 summarizes
results obtained for mercury porosimetry for all tested samples.

It is observed from the table above, that sample from CC3 composition was
not included in the test as the surface inhibitor does not affect the porosity of the
material. That is because the sample was extracted from the interior of the cube
specimen and so the surface applied inhibitor does not influence the porosity
results. In specimens CC1, CC2 and SCC similar porosity values of 8.70% to
9.25% are observed. The exception was in fine aggregate concrete where a rela-
tively reduced intraparticle porosity value was observed (7.24%). This is most
likely due to the microstructure of this composition since it contains aggregates
of all fractions thus creating a more uniform structure that does not allow easily
the formation of pores. Finally, another observation that can be made is that the
density of all the tested compositions, as calculated from the procedure above,
exhibits similar values with the ones that had been calculated during the manu-

facture of the compositions.
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4. Conclusions

In this paper, the corrosion behavior of different concrete compositions and dif-
ferent protection methods was investigated. The following conclusions can be
drawn:

1) The surface-applied corrosion inhibitor blocks the pores on the surface of
the concrete. Transportation of water, chloride ion, and carbon dioxide into
concrete is inhibited; thus, the durability of concrete is improved. Unlike sur-
face-applied corrosion inhibitor, the additive inhibitor cannot form a protective
layer on the surface of concrete, and its effect is limited to the microstructure of
concrete. Although the surface-applied corrosion inhibitor can improve the du-
rability of concrete, this effect may weaken with time.

2) An inversely proportional relationship of the water/cement ratio of a com-
position with its corrosion behavior was observed. Smaller w/c values (0.4 as
opposed to 0.5) lead to better anti-corrosion resistance as observed from all tests
performed.

3) An analogous relationship between the cement content of a composition
and its corrosion behavior was observed. In particular, the increase of cement
leads to greater anticorrosion behavior. This was noticed in almost all tests but
especially in the water permeability test where the SCC composition had by far
the lowest values (8mm of water penetration).

4) Corrosion inhibitors either as additives or in sprayed form show an in-
crease in the life expectancy of a structure but not to a great extent. Specifically,
the specimens with corrosion inhibitors showed improved anticorrosion beha-
vior compared to the reference specimen. Especially at the accelerated carbona-
tion test as well as at the capillary water absorption test the corrosion inhibitors
shown great protection abilities.

5) Mix designs that improve corrosion resistance are not substantially differ-
ent from the proportions of good quality concrete. Low w/c ratios, as well as in-
crease cement content (kg/m’) in concrete composition leads to better anticor-
rosion resistance without the need to use other protection methods (inhibitors,

coatings, etc.).
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