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Abstract: The concrete cover is the basic protection of the reinforcement against the influence of
external factors that may lead to its corrosion. Its effectiveness depends mainly on the composition of
the concrete mix, including the cement used. Depending on external environmental factors that may
aggressively affect the structure, various types of cements and concrete admixtures are recommended.
The paper presents the results of tests that allow us to assess the effect of the type of cement used
and the air-entraining agent on the effectiveness of the concrete cover as a layer protecting the
reinforcement against corrosion. In order to initiate the corrosion process, the reinforced concrete
specimens were subjected to cycles of freezing and thawing in a sodium chloride solution. The degree
of advancement of the corrosion process was investigated using the electrochemical galvanostatic
pulse technique. Additionally, the microstructure of specimens taken from the cover was observed
under a scanning electron microscope. The research has shown that in the situation of simultaneous
action of chloride ions and freezing cycles, in order to effectively protect the reinforcement against
corrosion, the application of both blast-furnace slag cement and an air-entraining agent performed
the best.

Keywords: reinforcement corrosion; chloride ions; freezing and thawing cycles; cement type; air-
entraining agent; galvanostatic pulse technique

1. Introduction

Reinforcement corrosion is the main reason for reducing the durability of reinforced
concrete structures [1-5]. For this reason, research is constantly being carried out to maxi-
mize the protection of steel bars against corrosion or to assess the possibility of replacing
black steel with more corrosion-resistant reinforcement. The effectiveness of reinforcement
made of galvanized steel is tested [6], including in an aggressive chloride environment [7,8].
Experimental tests also concern specimens and elements of the structures in which steel
bars are replaced with a non-metallic reinforcement made of glass fiber (GFRP) [9,10], car-
bon (CERP) [11], basalt [12] or even aramid (AFRP) [13]. It was also confirmed that the use
of randomly dispersed polymer fibres (FRC) has a positive effect on reducing the corrosion
of the reinforcement in concrete [14,15]. The conducted tests prove the effectiveness of the
use of alternative forms of reinforcement in order to reduce corrosion in concrete elements.
However, at the same time, the authors point to other problems, e.g., related to the limited
adhesion of rods to concrete [7,11], a different (rapid, uncontrolled) damage mechanism
of elements in which such reinforcement was used [11,13], the difficult workability of the
concrete mix with the addition of fibres [14,15], high performance requirements [7,8] or the
high cost of such reinforcement.
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For the above reasons, despite the increasing use of non-metallic reinforcement, the
use of black steel is still the most popular in concrete structures. It is also important
from the point of view of the existing elements of the structures. Therefore, solutions are
still being sought that allow the most effective protection of this type of reinforcement
against the influence of negative environmental factors that may lead to the development
of corrosion on the surface of reinforcing bars [16-19]. Such protection should be provided
by the concrete cover, which, on the one hand (due to the highly alkaline pH of concrete,
pH =~ 12.5-13.5) contributes to the formation of a passive layer on the surface of the bars,
and on the other hand (due to the appropriate thickness and tightness) reduces or slows
down the rate of penetration into the concrete structure of aggressive substances that may
initiate corrosion on the reinforcement. Depending on the future operating conditions of
the structure (exposure class [20]), the appropriate cover thickness and the appropriate
composition of the concrete mix are selected to make its effectiveness as effective as possible.

For structures where carbonation is the main risk, Portland cement is used for concrete.
In concretes with Portland cement, the carbonation process is slower than in concretes with
other types of cement, due to the higher content of calcium hydroxide, which is formed in
the hydration of calcium silicates from Portland clinker [4,21,22].

However, in concrete structures that may be exposed to chemical aggression, it is
recommended to use the blast-furnace slag cements or cement with supplementary ce-
mentitious materials for concrete [23] and some authors recommend cements containing
granular blast furnace slag in particular [24-26]. As a result of the use of blast-furnace
slag cement, which during hydration produces a greater amount of the C-5-H gel phase
with a reduced content of C3A compared to Portland cement [4], the concrete setting and
hardening processes are slower, and the concrete structure is more compact and tight, with
a lower content of capillary pores. Due to the lower heat of hydration, shrinkage strains
in concrete with blast-furnace slag cement are smaller and occur more slowly [4,24-26].
This reduces the penetration of aggressive substances into the concrete structure, which is
especially important in the case of extremely aggressive, pitting chloride corrosion. Diffu-
sion of chloride ions, which are the strongest depasivators of steel, occurs faster than CO,,
diffusion, and the corrosion of the reinforcement is severe [27-31].

Damage to the concrete cover and, consequently, an increase in the probability of
corrosion of the reinforcement, may occur as a result of frost and cycled freezing and
thawing of the liquid in the concrete pores. The internal stresses that arises can lead to
numerous microcracks in the lagging, which reduces its tightness [1,2,16,32-34]. In order
to protect the structural elements in such cases, it is recommended to add air-entraining
agents to the concrete mix [33-35]. By adding an air-entraining agent, the concrete forms
air bubbles or closed pores that are not completely filled with water, which take excess
water from the capillary pores during ice crystallization. In addition, the air voids formed
are a place of deposition of some chemical reaction products, thanks to which no stresses
that could damage the concrete structure arise [4,32].

Despite many publications on the protection of reinforcement in reinforced concrete
structures against aggressive environmental factors (that may lead to the initiation and
development of reinforcement corrosion) only a few concern research on the simultaneous
effect of chloride ions and frost and are usually based on studies of real structures [16,31].
In turn, laboratory tests often relate to independent tests of material, concrete and steel.
Therefore, it is worth undertaking laboratory tests that allow us to assess the effect of
selected components of a concrete mix, i.e., the type of cement and the addition of an
air-entraining agent on effectiveness of concrete in protecting the reinforcement against
chloride corrosion and frost. The paper presents the results of such tests.

The tests were performed using the non-destructive electrochemical galvanostatic
pulse technique [36-39]. This method was developed and used in the measurements of the
corrosion of reinforcement in concrete as a more advanced technique [40-43] in comparison
to the commonly used method of measuring the half-cell potential [44]. The half-cell
potential method sometimes led to a misinterpretation of the results, especially in the
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structures placed in a wet and anaerobic environment. The galvanostatic pulse technique
made it possible to estimate the size of the corrosion probability in the tested specimens
and to assess the corrosion activity of the tested reinforcement in a relatively simple and
quick way.

2. Materials and Methods
2.1. Test Specimens

The tests were performed on reinforced concrete specimens. The concrete mix was pre-
pared using alternatively two types of cements: Portland cement (CEM 142.5 N-MSR/NA,
Lafarge Cement S.A., Malogoszcz, Poland) or blast furnace slag cement (CEM 111/ A 42.5
N-LH/HSR/NA, Lafarge Cement S.A., Malogoszcz, Poland). Moreover, in both groups
of specimens made with different cements, an air-entraining agent was used in half of
them. In total, 24 specimens were used and divided into 4 groups, with 6 specimens in
each group:

(a) C_I_aspecimens—specimens made of concrete with Portland cement and the addition
of an air-entraining agent;

(b) C_I_n specimens—specimens made of concrete with Portland cement, without the
addition of an air-entraining agent;

(c) C_III_a specimens—specimens made of concrete with blast-furnace slag cement and
the addition of an air-entraining agent;

(d) C_III_n specimens—specimens made of concrete with blast-furnace slag cement,
without the addition of an air-entraining agent.

The components of a concrete mix for 1 m® are included in Table 1. The concrete
additives—plasticizer and an air-entraining agent—were dosed in a percentage of the
cement volume.

Table 1. Components of the concrete mix (kg/m3).

Group of

CEM 1425

CEMIII/A 42,5 Basalt Grit Basalt Grit Mine Plasticizer—Adva

Air-Entraining

. Water Agent—Darex
Specimen  N-MSR/NA N-LH/HSR/NA f 2/8 mm f 8/16 mm Sand Flow 440 AEA W (LP)
C_la 0.5%
384 -
ClIn —_
600 650 680 166 0.6%
C_II_a 0.5%
- 384
C_I_n —

The specimens were 210 mm X 228 mm x 100 mm. In each specimen, there were
placed two parallel ribbed bars ¢ 8 mm diameter, made of BST 500 steel, placed 70 mm
apart from the side edges of the specimen. The assumed cover was 25 mm (Figure 1).

Figure 1. A photo of one of the research specimens.
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The specimens were made under identical conditions in the laboratory hall. The
specimens were removed from the moulds the day after concreting and cured in water
for a period of 14 days. After taking them out of the water, the specimens were stored
in a laboratory hall at a temperature of 20 &= 2 °C and a relative humidity of 50 & 5%. In
order to initiate the corrosion process on the reinforcement, the samples were immersed in
a 3% sodium chloride solution (3% NaCl) and simultaneously 120 cycles of freezing and
thawing in a climatic chamber in temperature cycles from —18 to +18 °C.

The measurements of estimating the size of the corrosion probability and the corrosive
activity of the reinforcement included:

(a) stage I—reference measurements made 90 days after concreting the specimens, but
before the freeze-thaw cycles;

(b) stage Il—measurements made 250 days after concreting the specimens, after 120 cycles
of freezing and thawing.

The measurements were made using the non-destructive electrochemical galvanostatic
pulse method. In addition, using a scanning electron microscope (SEM), the microstructure
of selected specimens from each group was observed (C_I_a, C_I_n, C_III_a, C_III_n) after
the freeze—thaw cycles.

2.2. Galvanostatic Pulse Technique

The non-destructive electrochemical galvanostatic pulse method is described in detail
among others in [36,39,45,46]. The basis of this method is the fact that the corrosion process
of reinforcement in concrete is an electrochemical process in which a steel reinforcing bar
is an electrode and the alkaline liquid filling the pores of the concrete is an electrolyte.
A local anode and cathode formed on the surface of the bar generate the flow of electric
charge through electricity, while the liquid filling the pores of the concrete is the carrier
of ions. The non-destructive electrochemical test methods developed on this basis allow
to indirectly assess the advancement of steel corrosion in concrete on the basis of the
measurement of certain electrical quantities (which indicate the ongoing corrosion process
of the reinforcement) [19,36,38] and referring them to the limit criteria values (Table 2).
These measurements concern: the steady-state potential of the reinforcement (half-cell
potential /stationary potential, Egt), the resistivity of the concrete cover (o) measured on the
concrete surface and the corrosion current density (icor). In order to measure the corrosion
current density, it is necessary to polarize the reinforcing bar (i.e., to disturb the dynamic
equilibrium of the corrosive system that prevails on an electrode—rebar, immersed in an
electrolyte—concrete with pores filled with liquid). Such a disturbance can be caused by an
electrical impulse. Depending on the method of generating the pulse, different polarization
methods have been developed. In the galvanostatic pulse method, the disturbance is
generated by a current of a certain intensity.

Table 2. Criteria for assessing the degree of reinforcement corrosion risk.

Criteria for Assessing the Degree of Reinforcement Corrosion Risk !

Advanced
measurements

<0.5 not forecasted corrosion activity
Corrosion current density, 0.5+20 irrelevant corrosion activity
icor (WA/cm?) 2050 low corrosion activity

5.0 +15.0 moderate corrosion activity

. . >—200 5% of corrosion probability
Reinforcement kgif\}c)eu potential, 350 + —200 50% of corrosion probability
) st <—350 95% of corrosion probability

Basic measurements

L. >20 small corrosion probability

Concrete cover resistivity, 10 = 2 di . babili

® (kQ-cm) 0-+20 medium corrosion probability
<10 high corrosion probability

! The criteria in this Table are appropriate for measurements made with the GP-5000 GalvaPulse™ instrument. It is not appropriate to
compare reference values with measurements obtained with other devices [26].
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The measurements of the reinforcement steady-state potential and the concrete cover
resistivity are called basic measurements. It should be noted that the values of these
parameters are only estimates of the probability of the reinforcement corrosion risk in the
investigated areas and the measurement results are not direct and are indications only, e.g.,
concrete cover resistivity depends significantly on the concrete composition on the top
corrosion process [47].

The so-called advanced measurements, which rely on additional measurements of
the corrosion current density and make it possible to estimate the corrosive activity of the
reinforcement and to predict its rate over time, are much more reliable.

The article presents the results obtained on the basis of advanced measurements. The
measurements were made using the GP-5000 GalvaPulse™ (Force Technology, Brendby;,
Denmark) set [36]. This device allows the simultaneous measurement of three electrical
quantities: half-cell reinforcement potential (Egt), concrete cover resistivity (®) and the
corrosion current density (icor). The main elements of the set include the control and
recording device (PSION minicomputer, GI Germann Instruments, Copenhagen, Denmark),
silver-chloride reference electrode (Ag/AgCl) and calibration device. The elements of the
set (including additional equipment) fit into a medium-sized suitcase (Figure 2a). The
half-cell potential is measured to an accuracy of 5 mV with the Ag/AgCl electrode. The
electrical resistance is estimated to be measured with an accuracy of +5%. The advantage of
using the GalvaPulse™ set (compared to devices used in half-cell potential measurements)
is a relatively uncomplicated operation and short measurement time—usually no more
than thirty seconds at point.

(b)

Figure 2. A photo of the test stand: (a) elements of the GP-5000 GalvaPulse™ set, (b) scheme of connection of the set with
the reinforcement in the tested specimen.

Measurements of the relevant parameters were performed at two measurement points
for each rebar in each specimen. The measurement points were placed along the rebar
position line at equal intervals every 70 mm (Figure 2b). Thus, for each specimen group,
the results were obtained from 24 measurement points (4 measurement points for each of
the six specimens in a given group).

The obtained results (presented in the diagrams in Figures 3-14 and in Tables 3-5)
were compared to the criteria for corrosion risk evaluation presented in Table 2 [36].

Depending on the obtained values of the reinforcement half-cell potential and concrete
cover resistivity, it was possible to conclude about the value of the corrosion probability of
the reinforcement in the studied area, and on the basis of the value of the corrosion current
density, it was possible to estimate the corrosion activity of the reinforcement. However, it
should be noted that of the three parameters mentioned, the most reliable measurement is
the corrosion current density, because this parameter is a direct measure of the corrosive
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activity of steel and allows us to estimate the rate of corrosion development on the tested
rebar in relation to the current environmental conditions. The other two parameters, i.e.,
the half-cell potential of the reinforcement and the resistivity of the concrete cover, allow
for an indirect and approximate estimation of the probability of corrosion in the area under
investigation (especially since the manufacturer of GalvaPulse did not specify for which
parameters of the concrete mix and for which environmental conditions are appropriate
the criteria presented in Table 2). The results obtained from the measurements of these two
parameters are thus less reliable, but they complete the analysis based on the measurement
of the corrosion current density.

3. Results and Discussion
3.1. The Corrosion Current Density

The results of the corrosion current density measurements are presented in the form of
graphs in the Figures 3—6, where the first two graphs concern specimens in which Portland
cement was used (CEM_I), and the next two concern specimens with blast-furnace slag
cement (CEM III). In both cases, respectively, the results are shown first for specimens with
an air-entraining agent (C_I_a, C_III_a), and then for specimens without an air-entraining
agent (C_I_n, C_III_n). Additionally, Table 3 shows the extreme values of the corrosion
current density measured before (reference measurement) and after the freezing cycles in
all groups of specimens.

Table 3. Minimum and maximum values of corrosion current density obtained from measurements
before and after cycles of freezing and thawing specimens in a 3% NaCl solution.

Corrosion Current Density, CEM_I_a CEM_I_n CEM_IIl_.a CEM_III_n
. 2
icor (WA/cm®) Min Max Min Max Min Max Min Max
Reference measurement 056 148 084 145 072 144 091 3.07

Measurement after 120 cycles of freezing 259

and thawing in 3% NaCl solution 10.19 282 987 082 386 251 972

The reference measurements (made before the specimens were subjected to freezing
and thawing cycles) showed that the values of the corrosion current density measured
at all the designated points in the specimens from groups C_I_a, C_I_n and C_III_a and
in most points in the samples from the C_III_n group (Figures 3—-6) were in the range of
icor = 0.56 = 1.48 A /cm?, which, in relation to the given criterion, testified to irrelevant
corrosion activity of reinforcement. Only in four points in specimens C_III_n did the
corrosion current density exceeded icor = 2.0 pA/ cm? (maximum icor = 3.07 pA/cm?)
indicating low corrosion activity. Such results may be related to the delayed setting time
and the formation of a passive layer on reinforcement in concretes where the blast-furnace
slag cement was used.

The results of the measurements performed after the completed 120 cycles of freezing
and thawing the specimens in a 3% sodium chloride solution were already quite varied
depending on what cement was used and whether or not an air-entraining agent was added.
In samples C_I_a (Figure 3), in most points, the corrosion current density values exceeded
icor = 5.0 pA/cm? (most of them oscillated around icor = 6.0 pA/cm?; in three points
icor 2 8 LA /cm?, and in one point icor = 10.19 wA /cm?) which indicated moderate corrosive
activity. Only in four points did the corrosion current not density exceed icor = 4 pA/cm?.



Materials 2021, 14, 4657

7 of 17

Corrosion current density; Concrete specimens with CEM I and an air-entraining agent

ico, (MA/cm®)

Leor

12

10 1

o 2 ii -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
M stage | [stage ll point

Figure 3. Corrosion current density measured on the reinforcement in C_I_a specimens.

In the second group of Portland cement specimens, C_I_n (Figure 4), in which no air-
entraining agent was used, the limit values of the results were similar to those obtained in
specimens C_I_a (from icor = 2.82 pA/ cm? to icor = 9.87 nA/cm?), but the results were more
dispersive and there were more results with lower values than for the C_I_a specimens. The
comparison of the results in both groups of specimens with a Portland cement shows that
the use of an air-entraining agent does not reduce the corrosion activity of the reinforcement
caused by the action of chlorides and frost. Moreover, in the C_I_n specimens (without
the air-entraining agent), most of the results indicated lower corrosion activity of the
reinforcement than in the C_I_a specimens. On the other hand, the addition of an air-
entraining agent resulted in a more uniform corrosion activity of the reinforcement in the
studied areas.

Corrosion current density; Concrete specimens with CEM I and without an air-entraining agent

icor (]J—A/sz)
12

10 =

o L

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
W stage | [stage Il point
Figure 4. Corrosion current density measured on the reinforcement in C_I_n specimens.

The analysis of the results of the corrosion current density measurements carried out
for specimens with blast-furnace slag cement showed that in C_III_a specimens, in which
an air-entraining agent was used, the results of measurements of this parameter made after
120 cycles of freezing and thawing specimens in a 3% sodium chloride solution increased
only slightly in relation to the reference measurements (Figure 5). At most measuring
points, the corrosion current density did not exceed icor = 2.0 pA/cm?, which pointed to



Materials 2021, 14, 4657

8of 17

irrelevant corrosion activity of reinforcement. Only in eight points was the value of this

parameter higher and equal to icor ~ 3.3 = 3.86 A /cm?, which (despite a very aggressive
corrosive environment) meant a low corrosion activity.

] Corrosion current density; Concrete specimens with CEM III and an air-entraining agent
icor (LA/cM?)
12

10

:Z;::§ ::;::§ é W ;::;::§ ;::;E ::i;:g ;::i;:_E ;:Zi;: '><
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

& stage | stage Il point

Figure 5. Corrosion current density measured on the reinforcement in C_III_a specimens.

On the other hand, the values of the corrosion current density measured in the C_III_n
specimens (without the air entraining agent) turned out to be similar to the values obtained
in the C_I_n specimens and amounted from icor = 2.51 pA/ cm? to icor = 9.72 pA/cm?
(Figure 6). This proves that the use of only blast-furnace slag cement, but without the
simultaneous addition of an air-entraining agent, does not reduce the corrosion of the
reinforcement caused by the simultaneous action of chloride ions and frost.

Corrosion current density; Concrete specimens with CEM III and without an air-entraining agent

icor (H.A/sz)
12

10

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

MW stage | M stage ll pomnt

Figure 6. Corrosion current density measured on the reinforcement in C_III_n specimens.

3.2. The Half-Cell Potential of Reinforcement

A similar analysis was performed based on the results of measurements of the rein-
forcement half-cell potential (Figures 7-10; Table 4). However, it should be remembered
that this parameter is no longer as reliable as the corrosion current density and only allows
to estimate the probability of corrosion of the reinforcement in a small area under examina-



Materials 2021, 14, 4657

9of 17

tion. Table 4 presents the extreme values of the reinforcement half-cell potential obtained
from measurements of all types of specimens before and after the cycles of freezing and
thawing them in a 3% NaCl solution.

Table 4. Minimum and maximum values of reinforcement half-cell potential obtained from measure-
ments before and after cycles of freezing and thawing specimens in a 3% NaCl solution.

Reinforcement Half-Cell CEM_I_a CEM_I_n CEML_III_a CEM_III_n
Potential, Est (mV) Min Max Min Max Min Max Min Max
Reference measurement —132 —257 —6 —149 -91 —189 —68 —284

Measurement after 120 cycles of
freezing and thawing in 3% NaCl ~ —189  —-341  —-290 378 —129 300 —275 =521
solution

Observing the results of measurements of the reinforcement half-cell potential ob-
tained from the tests of all groups of specimens (C_I_a, C_I n, C_III_a, C_III_n) per-
formed after the specimens freezing and thawing cycles in a 3% NaCl solution, a clear
influence of the air entraining agent on the reduction of the probability of rebars corro-
sion can be noticed. In C_I_a specimens (with Portland cement and an air-entraining
agent), in most of the measurement points, the values of the reinforcement half-cell po-
tential were Egt = (—189 <+ —300) mV, and were only five points lower than Eg = —300 mV
(Figure 7), which made it possible to estimate the probability of corrosion of the reinforce-
ment at the level of 5% -+ 50% (according to Table 2).

Half-cell potential; Concrete specimens with CEM I and an air-entraining agent

Est (mV) point
50 - 3 g
-150 + -

-250 4 L

-350

-450

-550

stage | [Istage ll

Figure 7. Half-cell potential of reinforcement measured in C_I_a specimens.

Meanwhile, the results obtained from the measurements on C_I_n specimens (with
Portland cement but without an air-entraining agent) were much lower—at 22 measure-
ment points they exceeded Es; = —300 mV, including 12 points lower than Eg; = —350 mV
(Figure 8), which indicated a 95% probability of corrosion of the reinforcement in these areas.
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Half-cell potential; Concrete specimens with CEM I and without an air-entraining agent
Est (mV)

‘
_SO_J;_ 6 0 2 45678$

point
M

BEL

150 | — o o o

©
=

w

250 | — — — e

-350 L L o L] L] L =

-450

-550
M stage | [Istage ll

Figure 8. Half-cell potential of reinforcement measured in C_I_n specimens.

Even more clearly, the influence of the air-entraining agent could be observed in
the specimens with blast-furnace slag cement. The values of the reinforcement half-cell
potential obtained from the measurements performed after the cycles of freezing and
thawing in specimens in which an air-entraining agent was used (C_III_a) in almost all
measurement points did not exceed Es; = —200 mV (Figure 9), which allowed us to estimate
the probability of corrosion of the reinforcement at the level of 5%. Only at two points
did the half-cell potential of the reinforcement reach lower values: Eg;5 = —300 mV and
Egt 17 = —267 mV, indicating a 50% probability of corrosion.

-250

-350

-450

-550

M stage | stage Il

Figure 9. Half-cell potential of reinforcement measured in C_III_a specimens.

Meanwhile, in the specimens where the air entrained was not added, the half-cell po-
tential of the reinforcement reached the values of Egt ~ —300 mV and lower, even reaching
Eg 2 = —521 mV (Figure 10), which indicated a 95% probability of reinforcement’corrosion.
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Half-cell potential; Concrete specimens with CEM III and without an air-entraining agent

Est (mV) point

s FEEFEERRFEREEEEEEEFEEEREEE

-150
-250
-350

-450

-550

M stage | W stage Il

Figure 10. Half-cell potential of reinforcement measured in C_III_n specimens.

3.3. The Concrete Cover Resistivity

Similarly to the measurements of the half-cell potential of reinforcement, also the
measurements of the concrete cover resistivity provided only estimated results allowing
us to determine the probability of corrosion of the reinforcement in the studied area. In
addition, the analysis of the results of measurements of the concrete cover resistivity in this
case gave quite surprising results in relation to the criteria in Table 2. The results obtained
from the reference measurements, regardless of the type of specimens tested, at each of
the measurement points were lower than © = 10 (k()-cm), indicating a high probability of
corrosion, which was rather impossible. Such results have already appeared in the author’s
research [35,39,48], always during measurements performed on relatively young specimens.
This was probably due to the fact that concrete is a non-stabilized material in which physico-
chemical processes take place long after the mixture has set (even for years) and have an
impact on the internal structure of concrete [2,4]. Moreover, the time-dependent change
of concrete resistivity recomputed to a diffusion coefficient of chlorides into concrete was
observed in a set of SCM-based concrete mixtures [49]. Nevertheless, the differences
between the values obtained from the reference measurements and measurements taken
after 120 cycles of freezing and thawing specimens in a 3% NaCl solution allowed for
capturing the trend of changes depending on the cement and the air-entraining agent
used (Figures 11-14, Table 5). In the case of the reinforcement concrete cover analysis,
the higher its value, the more effective the concrete cover is as a layer protecting the
reinforcement against corrosion. Table 5 shows the extreme values of the concrete cover
resistivity obtained from measurements of all types of specimens before and after the cycles
of freezing and thawing samples in an NaCl solution.

Table 5. Minimum and maximum values of concrete cover resistivity obtained from measurements
before and after cycles of freezing and thawing specimens in a 3% NaCl solution.

CEM_I_a CEM_I_.n CEM_III_a CEM_III_n
Min Max Min Max Min Max Min Max
Reference measurement 1.2 1.7 1.1 1.3 24 3.9 29 4.6

Concrete Cover Resistivity, ® (kQ)-cm)

Measurement after 120 cycles of freezing

and thawing in 3% NaCl solution 1o 16 04 06 23 32 10 30

In specimens with Portland cement, in which an air-entraining agent was used (C_I_a),
the values of the concrete cover resistivity obtained from the reference measurements were



Materials 2021, 14, 4657 12 of 17

O =12 + 1.7 (kQ)-cm) and decreased slightly after the freezing cycles, to the value of
0 =1.0 =+ 1.6 (kQ)-cm) (Figure 11).

Concrete cover resistivity; Concrete specimens with CEM I and an air-entraining agent
® (kQ-cm)
5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

& stage | [Istage ll point

Figure 11. Concrete cover resistivity measured in C_I_a specimens.

However, in the specimens in which no air-entraining agent was used (C_I_n),
the decrease in the value of the concrete cover resistivity was much greater: from: od
0 = 1.2 (kO)-cm) (reference measurements) to © = 0.5 (kQ)-cm) (measurements after freez-
ing cycles) as shown in Figure 12.

Concrete cover resistivity; Concrete specimens with CEM I and without an air-entraining agent
O (kQ-cm)
5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

W stage | [stage Il point

Figure 12. Concrete cover resistivity measured in C_I_n specimens.

The values of the concrete cover resistivity obtained from the measurements made
on the specimens with blast-furnace slag cement were higher than for the samples with
Portland cement. Reference measurements made on C_III_a specimens gave the values of
O =24 = 3.9 (kQ-cm) and fell after the freezing cycles to the value of ® = 2.3 + 3.2 (kQ)-cm)
(Figure 13).
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Concrete cover resistivity; Concrete specimens with CEM III and an air-entraining agent

® (kQ-cm)
5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

point
& stage | @ stage Il

Figure 13. Concrete cover resistivity measured in C_III_a specimens.

On the other hand, in the specimens without an aerating agent (C_III_n), the difference
between the reference values and those obtained after the freezing cycles was much greater,
on average from © ~ 3.5 (k()-cm) to © ~ 1.8 (k)-cm) (Figure 14).

Concrete cover resistivity; Concrete specimens with CEM III and without an air-entraining agent

© (kQ-cm)
5

2_ 1|
| 1l
LT

1 2 3 4 5 6 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
M stage | W stage I point

Figure 14. Concrete cover resistivity measured in C_III_n specimens.

3.4. Microstructural Studies Using a Scanning Electron Microscope (SEM Analysis)

Additionally, using a scanning electron microscope (SEM), the microstructure of
concrete collected from the cover layer was observed for randomly selected samples from
each group: C_I_a, C_I.n, C_Ill_a, C_III_n. In Figure 15, there are exemplary photos
obtained as a result of the observation. Unfortunately, different magnification rates make
it difficult to accurately compare the structure of concrete in samples of different types.
Nevertheless, it is noticeable that the concrete of sample C_III_a (i.e., the concrete with blast-
furnace slag cement and air-entraining agent, shown in Figure 15c) has the most compact
structure. On the other hand, the greatest number of microcracks is visible in C_I_n concrete
(i.e., concrete with Portland cement without air-entraining agent, Figure 15b). It follows
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(@)

that the damage to the microstructure caused by cyclic freezing and thawing is much
smaller in air-entrained concretes, because the dispersed air bubbles take up the internal
stresses caused by the freezing of the liquid in the pores, which reduces the damage. As a
result, the possibility of chloride ions penetrating into the cover is limited—the capillary
absorption coefficient of chlorides in air-entrained concretes is lower than in concretes
in which no air-entraining agent was used. Thus, the corrosion of the reinforcement is
limited [50].

® © )

Figure 15. Photos of the microstructure of concrete taken from the cover layer of the tested samples: (a) C_I_a, (b) C_I_n,

(c) C_II_a, (d) C_IT_n.

4. Conclusions

The paper presents tests that allow us to determine what type of cement (Portland
cement or blast-furnace slag cement) and the addition of an air-entraining agent most
effectively affect the properties of the concrete cover as a layer protecting the reinforcing
bars against corrosion caused by the simultaneous action of chloride ions and frost.

The assessment of the probability of corrosion in the tested specimens and the corro-
sion activity of the reinforcement were tested using the galvanostatic pulse technique. The
use of this method made it possible to measure three parameters in a relatively uncompli-
cated and quick way, i.e., corrosion current density, half-cell potential of the reinforcement
and resistivity of the concrete cover and the obtained values allowed for a comparative
analysis of the tested specimens.

1.  Based on the results obtained from the measurements of the corrosion current density
(the most reliable parameter), it was found that after the specimens were subjected to
120 freezing and thawing cycles in a 3% NaCl solution, the lowest corrosion activity
of the reinforcement was recorded on the reinforcement in C_III_a specimens, i.e.,
specimens made of concrete with blast-furnace slag cement and an air-entraining
agent addition. On the other hand, the use of blast-furnace slag cement for concrete,
but without adding an air-entraining agent (C_III_n specimens), although this cement
should protect against chloride corrosion, does not reduce the corrosive activity of
the reinforcement. The results obtained on C_III_n specimens are comparable to the
results obtained on C_I_a and C_I_n specimens. On the other hand, concrete with
the addition of an air-entraining agent in which Portland cement was used (C_I_a
specimens) is not effective in protecting against the simultaneous effects of chloride
corrosion and frost.

2. The results obtained from the measurements of the reinforcement half-cell potential
and the concrete cover resistivity were less reliable than the measurement of the
corrosion current density and m might be influence by concrete mixture and age of
evaluation. Nevertheless, they confirmed the previous analyses. Concrete in C_III_a
specimens turned out to be more effective in reducing the probability of reinforcement
corrosion.

3. Moreover, it was found that the measurements of the concrete cover resistivity per-
formed by the galvanostatic pulse method are not very reliable in the case of tests on
young (several months old) specimens.
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4. The observation of the microstructure of concrete under a scanning electron micro-
scope showed that the most compact structure is characterized by concrete with
blast-furnace slag cement and the addition of an air-entraining agent taken from the
C_III_a specimens.
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