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Abstract: This paper presents an improved procedure for conducting diagnostics tests on corrosion
in reinforced concrete structures. This method consists in drilling cylindrical concrete cores with
fragments of secondary steel reinforcement (e.g., spacer bars, stirrups, binders) from the selected
areas of the structure. Then, a three-electrode system is arranged on those cylindrical cores under
laboratory conditions. The fragment of steel rebar with concrete is used as the working electrode.
Using the counter electrode in the form of a patented conductive coating applied on the core side
wall with painting techniques and the graphite reference electrode placed in an opening made in the
core near the reinforcement was the novelty of this method. Following the procedure, the occurrence
of minimum and maximum corrosion rates in concrete is simulated in the climate chamber after
determining, on the basis of historical weather data, extreme combinations of temperature, and
relative humidity for a given structure. This method was verified in the diagnostics testing of two
large reinforced concrete tanks for fresh water, and cement storage silos.

Keywords: reinforced concrete structures; reinforcing steel; carbonation; chlorides; reinforcement
corrosion; pH of pore solution; polarization measurements; LPR; corrosion rate; temperature; relative
humidity; concrete cores; climate chamber; diagnostics

1. Introduction

Reinforced concrete structures, during their service life, are subjected to natural pro-
gressive wear. In a typical non-aggressive environment, CO; is the main risk with reinforced
steel in concrete [1,2]. It leads to concrete carbonation over time, and the resultant drop
in pH of pore solution below 11.0-11.5 [3,4] causes decomposition of the passive layer
on the reinforcing steel. In more aggressive environments containing chlorides (e.g., in
seaside facilities, bridges), reinforcing steel faces corrosion risk when the concentration
limit of C1~ in concrete exceeds 0.4% by weight of cement in concrete [5,6]. The above most
common causes of corrosion of steel reinforcement should be monitored or diagnosed in
advance [7,8]. In present times, the field of construction monitoring has been intensively
developed with the use of multi-probes containing sensors for concrete pH, chloride con-
centration, moisture content in concrete, oxygen concentration, and three-electrode systems
for performing electrochemical polarization measurements [9-12]. These multi-probes
are often coupled with a remote data transmission system to obtain images of corrosion
conditions of the structure without the need for in-site inspections [13-15]. However, the
above monitoring methods cannot be applied to existing concrete structures, which require
“traditional” corrosion diagnostics, including three groups of testing.

The first group includes all methods for evaluating protective properties of concrete
against steel. Concrete powder can be collected from different depths directly from the
structure. However, concrete cores are usually drilled from the structure. In laboratory
conditions, they are used to represent pore solution. For this purpose, the following
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methods can be employed: pressure extraction, vacuum extraction, or aqueous extraction
from concrete powder can be prepared. In pore solutions [16,17] simulating properties
of concrete cover at different depths, chloride content is usually determined and pH
measurements are taken.

Measurements of corrosion potential and concrete resistivity can be classified into
the second group of methods for corrosion diagnostics of concrete structures. Both those
groups only provide the qualitative evaluation of corrosion risk for reinforcement in
concrete. These methods can be used to evaluate the likelihood of corrosion on the basis of
criteria recommended in the standards and literature. Results obtained from those tests can
be presented in the form of clear colourful maps with contour lines [7,18,19].

The third, final, group of the most advanced methods of corrosion diagnostics includes
polarization methods, which have been adapted from the electrochemical laboratories to
complex conditions of the in-situ tests. The expert practice shows that the following three
methods are effective for the in-situ tests: linear polarization resistance (LPR) [20,21],
electrochemical impedance spectroscopy (EIS) [22,23], and galvanostatic pulse (GP) [24,25]
methods. These methods are applied in a three-electrode arrangement, where steel rebar
covered with concrete is used as the working electrode. Two other electrodes—reference
and auxiliary—are placed in the measuring head on the concrete surface.

Two aspects of the polarization methods are arguable. At first, such tests only deter-
mine the momentary corrosion rate at a specific temperature of concrete and at its specific
moisture content. It means that a measurement taken during wet summer provides cor-
rosion rate which differs from the measurements taken during dry winter. Unfortunately,
none of these measurements can be regarded as mean or reliable. The second aspect
refers to the range of polarization current which determines the area of reinforcement
polarization [26,27]. Knowing this area is significant for determining density of corrosion
current in reinforcement. It should be underlined that transducers, that is, guard rings,
have been used for many years. They are used to confine the propagation of polarization
currents [28-30]. However, such results are disputable in case of polarization tests per-
formed in the area of dense reinforcement, cross rebars and rebars going through a few
layers. Drilling concrete cores with embedded rebar pieces from concrete structures seems
to be more a better solution. The first proved tests of that type seem to be described in the
paper [31]. The three-electrode system can be arranged under the laboratory conditions
for cores drilled from the structure to perform polarization measurements by LPR, EIS, or
GP methods which do not arise any interpretation doubts [32]. Additionally, the thermal
and humidity conditions observed for the structures can be simulated [33]. In this way, the
extremes, that is, the minimum and maximum densities of corrosion currents, which can
occur during operation of the tested structure, can be determined.

This paper presents the application possibilities of the diagnostics method based
on cores drilled from the structure and improved by the authors, using the examples of
reinforced concrete tanks for fresh water and cement storage silos. The practical appli-
cation of this method is preceded by descriptions of theoretical foundations of observed
physical and chemical phenomena, and by detailed technical information on the employed
measuring systems.

2. Methodology for Measuring the Rate of Corrosion Reinforcement in Cores Drilled
from The Structure

2.1. Measuring Corrosion Rate by Electrochemical Methods

Corrosion of the rebar occurs on the contact surface area with concrete. Using a very
simplified description, there is cross-section decrement in the rebar circumference over time
measured as corrosion rate CR defined as the decrement of the rebar cross-section Al over
t. Because the cross-section decrement Al is equal to mass decrement Am on the contact
surface area A with metal solution having density p, corrosion rate CR can be expressed in

two following ways
Al Am
CR=~ = arap @
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However, it is very difficult to measure the decrement Al of the rebar cross-section
in concrete (and impossible for mass decrement Am) because such measurements require
the rebars uncovered from the concrete cover, and the measurable values Al are obtained
only for a long-term and advanced corrosion of reinforcement. Hence, other methods are
necessary, particularly the methods applicable for very small corrosion rates. Such methods,
based on the electrochemical nature of the corrosion process of steel, in which the anodic
reaction of iron dissolution (2) is accompanied by the reaction of oxygen depolarization
(3), have been used in electrochemical laboratories for nearly 100 years and are commonly
known as polarization methods.

Fe — Fe?t 4+ 2e7, 2)

0, +2H,O + 4e~ — 40H . 3)

The basis is the determination of density of corrosion current i, which clearly
defines corrosion rate because following Faraday’s law intensity of corrosion current I.o;,
is proportional to the decrement of metal mass Am

M M
Am = —Iopr t = —icorr A L. 4
> F corr > F corr ( )
In this equation M is molar mass for iron, t—reaction time, A—active surface of the
electrode, z—charge number of reaction (2), and F—Faraday’s constant. Determination of
the mass decrement Am by electrochemical methods is used to find corrosion rate CR in the
function of density of corrosion current iy, from the following equation

M . M .
CRALAp = —iwn At — CR:ﬁlcorr ©)

The reaction (2) in the steady state is characterized by potential Ep+ ,p, calculated
from the Nernst equation and the exchange current iy p, 2+ . Similarly, the reaction (3) in
the steady state is characterized by potential Eq, /oy~ and the exchange current iy o, /o~
Because both reactions take place on the same electrode, potential of corroding steel takes
the intermediate value of the mixed potential specified by the corrosion potential E;,,
corresponding to the common value of current density icorr. A difference between the
potential E.o and the potential Er,+ ,p, is specified as the overpotential of the anodic
reaction 77,. The difference between Eco,r and Ep, /o~ is correspondingly specified as the
overpotential of the cathodic reaction 7.. Taking the activation nature of the corrosion
process which means that corrosion rate depends on the unrestricted process of charge
transfer, and is not controlled by the transport of reagents or by the medium resistance,
then the relationship between density of anodic current i, and the overpotential of the
anodic reaction is given by the Equation (6), and similarly the relationship between density
of cathodic current i and the overpotential of the cathodic reaction is expressed by the
Equation (7)—cf. [34].

RT . RT .

Na = _(XaF lnlO,Fe/Fez‘*' + a,F Ini, ®)
RT . . RT .

Te= o\ F Iniyo,/00- — aF In(—ic) (7)

where T is temperature, R is gas constant, and «,; and «. are transfer coefficients for anodic
and cathodic reactions. The above relationships for current density on logarithmic scale
are shown in the form of red straight lines (Figure 1a), at the intersection of which the
values icorr and Egopr can be read. Current density on arithmetic scale (Figure 1b) shows
that densities of anodic and cathodic current at the corrosion potential are equalized to the
absolute value. Consequently, the resultant current density is zero.
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Figure 1. The mechanism of development of corrosion potential on iron surface: (a) E-i diagram on
logarithmic scale; and (b) E—i diagram on arithmetic scale—description and notes in the text.

2.2. Specification for Development of the Three-Electrode System for Concrete Cores

The red lines in Figure 1 show the natural way of the formation of the resultant
potential due to current flow through the electrode, which was induced by the difference in
potentials (Evans diagrams). At the resultant current equal to zero, components of current
density cannot be measured in a direct way, e.g., using the ammeter. Only the values E¢.
can be measured with voltage meter of high internal resistance as a difference in potentials
on poles of the open cell. Such a measurement is taken using the additional reference
electrode of known and constant potential.

External polarization current should be applied to the working electrode and third
auxiliary electrode to determine the searched value i¢,,. New induced overpotentials of
the reactions (2) and (3) maintain the relationships with relevant densities of current in
accordance with the expressions (6) and (7) and are used to record the curve illustrated in
blue in Figure 1.

The system of three electrodes in the laboratory conditions, that is, the working
electrode 1 (metal), the reference electrode 2 and the auxiliary electrode 3 connected to
the potentiostat 4 is placed in the electrochemical cell 5 presented in Figure 2a. The
construction and shape of the electrodes significantly reduce measuring errors which
occur during polarization measurements, mainly by minimizing the distance between
the working electrode 1 and the reference electrode 2 usually by using Luggin capillary
6. Moreover, the employed working electrode 1 is small and the auxiliary electrode 3 is
much bigger. Also, the constant temperature is kept due to water jacket 7 connected to
the thermostat.



Appl. Sci. 2022, 12, 7134

50f 25

(a)

Figure 2. The three-electrode system used in the polarization tests: (a) the electrochemical cell used
in the laboratory; (b) the system formed on the drilled core with a rebar fragment; (c) core drilled
from the structure; (d) drilling an opening in the rebar to connect the conductor; (e) connecting the
conductor to the rebar using a plug; (f) drilling an opening in concrete for the reference electrode;
(g) the reference electrode before its placing in the opening; (h) application of conductive coating
which is used as the auxiliary electrode; and (i) the ready specimen after toluene evaporation
and before putting it into the climate chamber, 1—working electrode in the electrochemical cell,
2—reference electrode in the electrochemical cell, 3—auxiliary electrode in the electrochemical cell,
4—potentiostat, 5—electrochemical cell, 6—Luggin capillary, 7—water jacket, 8—concrete core drilled
from the structure, 9—a fragment of rebar used as the working electrode, 10—connection plug of the
working electrode, 11—connection wire of the working electrode, 12—opening in concrete for the
reference electrode, 13—reference electrode in concrete core, 14—connection wire of the reference
electrode, 15—epoxy grouting compound to protect the rebar face against corrosion, 16—conductive
coating used as the auxiliary electrode, 17—connector of the auxiliary electrode, 18—connection wire
of the auxiliary electrode.
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Creating the measuring system, similar to the electrochemical cell, for polarization tests
for reinforced concrete structure is an extremely difficult task. Drilling from the structure
cores 8 with a fragment of the rebar 9, which are used as the working electrode (Figure 2b,c)
is considered as the solution for adapting the tests to the laboratory conditions. The new
solution proposed in this paper consists in introducing permanently two other electrodes
of the three-electrode system into the drilled core. The working electrode is connected
to the potentiostat 4 by making an opening in the rebar face (Figure 2d), into which the
plug 10 with the connection wire 11 (Figure 2e) is introduced. Then, an opening is made in
concrete 12 whose bottom should be as close to the rebar as possible (ca. 5 mm from the
rebar side surface—Figure 2f). The diameter of such an opening should be relatively small to
prevent cracking of concrete cover while making such an opening. The reference electrode
13 and the connection wire 14 are placed in the opening 12 (Figure 2g), and the electrode is
placed in this opening on cement grout. The traditional silver chloride or copper-sulphate
electrode can be used as the reference electrode. However, the small size of the electrode
induces the use of solid electrodes, e.g., graphite [35], C1~ /AgCl,Ag [36,37], MnO; [38—40]
or NiFe;O4 [41-43]. Application of the electrode from spectrally clean graphite in the
housing from ABS material is illustrated in Figure 2. Both face areas of the rebar with the
plug 10 were coated with epoxy grouting compound 15 to protect steel against surface
and crevice corrosion during long-term testing (Figure 2h). Then, following the original
methodology the auxiliary electrode was prepared using the painting technique, that is,
covering side surfaces of the core with a silver-powder coating 16, excluding the rebar
face (Figure 2h). The coating material was prepared by adding one portion of polystyrene
granules to two portions of toluene, which were then stirred until complete dissolution of
the granules. Then, four portions of silver powder with particle size not greater than 60 pm
were added to the mixture, and components were stirred until uniform mass. To connect
the coating to the potentiostat, the connector 17 with the connection wire 18 were glued to
concrete surface, and the coating was applied on the metallic surface of connector 17 by the
painting technique—Figure 2i. This figure also presents the ready specimen after toluene
evaporation from the coating, prior to its placing in the climate chamber.

2.3. Methodology of Measuring Corrosion Rate in the Reinforcement of Cores in the
Climate Chamber

Reinforced concrete structures during their service life are exposed to variable thermal
and humidity conditions which have a fundamental impact on the course and development
of the corrosion process [44,45]. Thus, measurements of corrosion rates should represent the
variable values of humidity and temperature of the structure surrounding. As it has been
already noted temperature was strictly monitored during the polarization measurements of
corrosion rate of metal in the electrochemical cell in the laboratory conditions (cf. Figure 2a).
For the above presented core specimens, it was insufficient to monitor only temperature
because the effect of moisture content of concrete was also very important [46-54]. Prior to
the tests, the extreme temperatures, at which the structure 1 is used, and the corresponding
extreme values of relative humidity should be analysed (Figure 3a). This analysis of
potential temperature values should exclude the values below 0 °C, at which corrosion
process are stopped. Usually, two pairs of values are set: T and RHyyux which are the
most conductive to corrosion development, and T,,,;, and RH,,;, which cause the slowest
development of these processes (Figure 3b). Those values could be determined on the basis
of historical reports covering several years and provided by the weather stations close
to the tested facility. Additionally, these estimations could use the standards for heating
systems in buildings or the standards concerning temperature impact on constructions. For
the industrial facilities with unusual working conditions, the extreme values of temperature
and relative humidity or temperature of water, into which the specimen was immersed,
should be specified individually.
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Figure 3. Methodology of measuring corrosion rate of reinforcement in drilled concrete cores by
simulating thermal and humidity conditions in the climate chamber: (a) drilling cores for corrosion
tests and analysis of thermal and humidity conditions for the structure; (b) determination of extreme
temperature and relative humidity values taken for corrosion testing of core specimens; (c) drilled
cores equipped with three solid electrodes; (d) polarization measurements on the specimens in the
climate chamber using the potentiostat; (e) values icorr Obtained in the climate chamber for extreme
thermal and humidity conditions; (f) grinding layers of concrete cover; (g) profiles of chloride
ion concentrations and concrete pH; 1—the tested structure, 2—specimens of concrete cores with
three fixed electrodes, 3—climate chamber, 4—potentiostat, 5—concrete cover subjected to grinding
by layers.

After drilling concrete cores 2 from the structures 1, they were equipped with three
solid electrodes (Figure 3c). Then, after pre drying, the cores were place in the climate
chamber 3 where at first the conditions with the lowest temperature and relative humidity
were specified. Storage time of the specimens was not constant, but control measurements
taken during next three days for concrete impedance between the working electrode
and the auxiliary electrode at 1 kHz with a difference not greater than 0.1 k() meant
that such conditions could be considered as steady. Then, corrosion rate was measured
using the potentiostat 4 with cores in the climate chamber 3 (Figure 3d). This resulted
in determining the minimum density of corrosion current i (Figure 3e). After taking
those measurements, the temperature and relative humidity in the climate chamber were
increased until conditions in concrete were considered as steady which was evaluated by
the above impedance measurement. Corrosion rate measured after that time provided the
maximum density of corrosion rate iy} (Figure 3e). When the electrochemical tests were
completed, the undamaged concrete cover 5 was ready for grinding by layers (Figure 3f).
The obtained powder was subjected to chemical tests to determine profiles of chloride
concentrations and distributions of pH values (Figure 3g).
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3. Validation of the Developed Methodology in Testing Reinforced Concrete
Structures without Clear Signs of Corrosion Degradation

3.1. Description of the Tested Structure and Its Condition

Tests for verifying the developed methodology were conducted on ground-embedded
reinforced concrete tanks for fresh water. The tanks were made in the 1990s in the west
of Poland. This technological facility divided into two parts (marked as T1 and T2) was
composed of four isolated rectangular tanks with dimensions of 36 x 24 m (Figure 4).
Overall dimensions of the structure were 72 x 48 m. The tanks were founded on the
reinforced concrete slab with a thickness of 120 cm. The thickness of perimeter walls was
45 cm, and of the internal walls was 40 cm. Floor slabs of the tanks were supported by
intermediate elements, that is, reinforced concrete frames with beams with cross-section of
90 x 45 cm, monolithically connected to columns with cross-section of 45 x 45 cm. The
reinforced concrete floor slab with a thickness of 25 cm was loaded with a 20-cm layer of
sand and a 70-cm layer of topsoil.

(a) tank T1 AA tank T2
0.45m
li).él m T1-5 0.45m T12-6
: J ] . .
T1-4 T1-6 = T2-5 T2-4 = s
34 | &
— 1 <F
]
2 1 ) | ) T O T I T I | T ) T | T I T
BN
_F Tl 3 0.45 m T2-3 4_
B : # ! B
+ T1-1 Tl 2 = T2-1 T2-2 g
1j L I ) I jm) IT jmi IT I IT 1 I T jm) IT jmj IT o IT E
(b) .
3 tank T1 B-B tank T2 P,
A | N\ PRI
1
E 1 1=
36m | 6m 2
~72m

Figure 4. The tested structure of the rectangular reinforced concrete tanks for fresh water; (a) cross-
section A-A; and (b) longitudinal section B-B; 1—perimeter walls, 2—internal walls, 3—columns;
symbols T1-1-T1-6 and T2-1-T2-6 show places of drilling cylindrical concrete cores with embedded

reinforcement for corrosion tests.

Conditions of the tanks were regularly inspected following the current regulations.
After one inspection, the facility administrator obtained worrying information on white
discoloration on internal sides of the tank walls, and serious wear of protective coats on
concrete (Figure 5). Decision on immediate shut-down of the tanks was considered due to
hazard related to corrosion process of reinforced concrete. However, due to technological
aspects such actions were not possible for both tanks, and preparation and repair works
were expensive and time-consuming. Therefore, the facility administrator made a decision
to precede the scheduled repair works by the construction expertise. This expertise was to
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be the verification developed from specialised tests, the opinion contained in conclusion
from the technical inspection, based on the visual inspection of the facility.

Figure 5. Photos from the inside of tested tanks for fresh water: (a) a fragment of the internal wall and
floor slab of the tank: 1—smudge of water in the tank, 2—cylindrical concrete cores drilled below and
above the line 1 that indicates water level in the tank; and (b) perimeter and internal walls, columns
and beam from the reinforced concrete frame that supports the floor slab of the tank.

This construction expertise was oriented to the evaluation of corrosion risk to rein-
forced concrete structural system of the tanks. The corrosion tests were conducted on
concrete cores with embedded rebar pieces drilled from concrete structures. Places of core
drilling from the wall tanks are shown in Figure 4a.

3.2. Measurements of Reinforcement Corrosion Using the Method of Linear Polarization
Resistance (LPR)

The three-electrode system was arranged on the drilled cylindrical cores as specified
in the procedure described in Section 2.2 to take polarization measurements of corrosion
rate of reinforcement. A fragment or fragments of steel rebars were used as the working
electrode, the auxiliary electrode was the conductive coating, and the reference electrode
was the graphite rod. All three electrodes were connected to the potentiostat Gamry
Reference 600 (cf. Figure 2).

Following the testing methodology presented in Section 2.3, which includes the use of
laboratory-simulated effects of temperature and relative humidity of the tested structure,
two pairs of boundary parameters T and RH were determined. It was determined that
temperature T = 30 °C and relative humidity RH = 99% increased the rate of corrosion
in reinforcing steel in concrete without the direct contact with water in the tank. On the
other hand, average water temperature T = 7 °C and full immersion of cores in water
collected from the tested tanks were regarded as characteristic parameters for concrete
zone with the permanent contact with water. Results from the LPR method in the form
of four sets of polarization curves are illustrated in Figure 6. Two sets of polarization
curves presented in one row (Figure 6a,b) refer to the tank T1, while the curves shown
in the second row (Figure 6¢,d) refer to the tank T2. For clear comparison diagrams in
the left column (Figure 6a,c) were obtained from the reinforcement of cylindrical cores
immersed in water at temperature T =7 °C, while those in the right column (Figure 6b,d)
were obtained at the climate chamber with the determined air temperature T = 30 °C and
relative humidity RH = 99%.
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Figure 6. Polarization curves obtained from the method linear polarization resistance (LPR) con-
ducted on cylindrical concrete cores with embedded fragments of steel rebars drilled from reinforced
concrete structures of tanks for fresh water: (a) results for the tank T1—tests in water at tempera-
ture T =7 °C; (b) results for the tank T1—tests at air temperature T = 30 °C and relative humidity
RH =99%; (c) results for the tank T2—tests in water at temperature T = 7 °C; and (d) results for the
tank T2—tests at air temperature T = 30 °C and relative humidity RH = 99%.

3.3. Testing Protective Properties of Concrete against Reinforcing Steel

Continuing the methodology (Section 2.3), when simulation of the effects of tem-
perature and moisture content in concrete on the corrosion rate was completed, crushed
concrete was collected from the cover of the core reinforcement for further tests. The Profile
Grinding Kit was used to obtain concrete powder from ten 4-mm layers of cover of the
rebar. Pore solution was prepared for each grinding layer of the cover by adding distilled
water to concrete powder in a 1:1 weight ratio. The mixture of crushed concrete and water
was filtered off through filter paper after about 24 h, including repetitive stirring. Chlo-
rides content and pH were determined in such prepared aqueous solutions that simulated
chemical properties of liquid from concrete pores. The results from chemical analyses are
presented in the form of diagrams in Figure 7. For clearer comparison the diagrams in the
left column (Figure 7a,c,e) refer to cores drilled from the tank T1, while the diagrams in the
right column (Figure 7b,d,f) refer to the tank T2.
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Figure 7. Test results for cores drilled from the tanks—protective properties of pore solution against
reinforcing steel: (a,b) distribution of pH values in the direction x of concrete cover thickness for rebars
in the tanks T1 and T2; (¢,d) profiles of chloride concentrations in the direction x of concrete cover
thickness for rebars in the tanks T1 and T2; and (e,f) distributions in the direction x of concrete cover
thickness, values of concentration ratios of chloride and hydroxide ions—the Hausman criterion.

4. Validation of the Developed Methodology in Testing Reinforced Concrete
Structures with Clear Signs of Corrosion Degradation

4.1. Description of the Tested Structure and Its Condition

The tests for verifying the developed methodology were also conducted o reinforced
concrete silos for cement storage, made in the 1960s in the west of Poland. The silos were
performed in the shape of cylinders in the slipform construction technique. The structure
height measured from the base of circular foundation in the form of a slab with a thickness
of 250 cm was 49 m (Figure 8). The inside diameter of the reinforced concrete shell with a
thickness of 40 cm was 18.2 m. Covering of the silos was made from a circular reinforced
concrete slab with a thickness of 15 cm, based on steel I-section profiles. Steep downslopes
were in the bottom part of the structure, and the technical gallery for providing walkways
between the adjacent facilities belonging to the same functional group.

Conditions of the silos monitored during the periodical inspections raised growing
year-by-year concerns of the facility administrator. The alarming symptoms of very serious
corrosion processes were observed (Figure 9). Uncovered corroded rebars were very visible
from the outer part of the reinforced concrete shell. Moreover, there was no concrete cover
on very long outside fragments of the silos because poor-quality concrete was mechanically
ground over several dozen years by adding cement.
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Figure 8. The tested structure of cylindrical reinforced concrete silos for cement: (a) cross-section A-A;
and (b) longitudinal section B-B; symbols S1-1-S1-6 and S2-1-S2-6 show places of drilling cylindrical
concrete cores with embedded reinforcement for corrosion tests.

Finally, the facility administrator decided to omission the complex construction opin-
ion to obtain the precise information for further safe use of the silos. The tests within
the construction opinion included assessment of mechanical properties of concrete and
reinforcing steel, and corrosion measurements. The metallographic specified in Section 2.3,
based on cylindrical concrete cores drilled from the structure with secondary rebars, was
applied as part of the corrosion tests. Places of core drilling from the reinforced concrete
shells of the silos are shown in Figure 8a. In a few cases the drilled cores were not dense
structures, and rebar fragments were separated from the concrete cover. Polarization tests
on corrosion rate were not conducted for these damaged cores. However, vertical crack
in concrete areas found in the perimeter walls of the silos indicated the risk of failure or
structural collapse. The above information was taken into account in the computational
analysis for safe use of the facility (which is not discussed in this paper).
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Figure 9. The tested structure of cylindrical silos for cement: (a) the outer shell surface of the silos;
(b) corroded fragment of the perimeter wall with locally uncovered corroded reinforcement; and
(c) very corroded steel rebars without concrete cover, directly exposed to atmospheric conditions.

4.2. Measurements of Reinforcement Corrosion Using the Method of Linear Polarization
Resistance (LPR)

Tests on the corrosion rate of reinforcement in drilled concrete cores were performed
using the method of linear polarization resistance. The three-electrode measuring system on
the cores was similar to the one used for testing the tanks for fresh water (cf. Section 3.2). To
obtain the extreme rates of corrosion current, two critical pairs of parameters T — RH were
determined. For that purpose, historical data were used concerning changes in temperature
and relative humidity recorded near the facility for three years. The temperature T = 30 °C
and relative humidity RH = 95% were regarded as parameters favourable for corrosion,
whereas the temperature T = 10 °C and relative humidity RH = 40% were considered
to be unfavourable. To have the total control over the stability of thermal and humidity
conditions, the polarization measurements were taken in the climate chamber. Similar to
the tests on reinforced concrete tanks, distributions of polarization curves are shown in
four groups in Figure 10. In the top row (Figure 10a,b), there are the curves obtained for the
cores drilled from the silo S1, and the curves for the silo S2 are presented in the bottom row.
To facilitate the comparative assessment between the silos, the set of polarization curves
in the left column (Figure 10a,c) characterized the unfavourable thermal and humidity
conditions for corrosion, whereas the curves in the right column (Figure 10b,d) represented
conditions for developing corrosion.

4.3. Testing Protective Properties of Concrete against Reinforcing Steel

Following the developed methodology on the cores drilled from the structure, the
tests on protective properties of cover concrete against steel rebars were performed after
completing the polarization measurements. Similar to the reinforced concrete tanks, after
collecting power concrete from layers of the cover, the mixture was prepared from this
concrete powder to simulate liquid found in concrete pores. Chloride concentration and pH
were determined in pore solutions representing ten 4-mm layers. The test results obtained
for 12 cores are presented in Figure 11 as the distribution of chloride concentrations and
pH values in the direction to the thickness of reinforcement cover.
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Figure 10. Polarization curves obtained with the method of the linear polarization curve (LPR)
performed on cylindrical concrete cores with fragments of steel rebars, drilled from the structure

of reinforced concrete silos for cement storage: (a) results for the silo S1—tests at air temperature
T =10 °C and relative humidity RH = 40%; (b) results for the silo S1—tests at air temperature
T =30 °C and relative humidity RH = 95%; (c) results for the silo S2—tests at air temperature
T =10 °C and relative humidity RH = 40%; and (d) results for the silo S2—tests at air temperature
T =30 °C and relative humidity RH = 95%.
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5. Discussion
5.1. Comparative Analysis of Test Results for Two Different Structures with Reference to the
Applied Diagnostics Method

As expected the values of corrosion T and relative humidity RH affecting corrosion
in the surrounding of the tested structures and determined from the historical weather
data resulted in the variation of shapes of obtained polarization curves (Figures 6 and 10).
For the curves obtained for cores drilled from the tanks shown in Figure 6, there was a
clear shift of all the curves towards positive values of potential at temperature T = 30 °C
and relative humidity RH = 99%, which was related to monitoring the corrosion process
through the reaction of oxygen depolarization. Total immersion in water limited oxygen
and consequently reduced the rate of cathodic reaction. Hence, corrosion potentials ap-
proximated to potential of the iron electrode. However, no clear shift of the curves towards
any (greater or smaller) corrosion current densities was observed at changed conditions
in the chamber. But in the cores drilled from the tank T2—the tests in water—the curves
tend to shift towards greater densities of corrosion current, while those drilled from the
tank T1 were usually maintained in the same zone. Densities of corrosion current iqo,r were
determined for each polarization curve shown in Figure 6. Generally, two methods can
be employed for this purpose. The first method consisted in extrapolating straight anodic
and cathodic sections, and then determining the searched density of corrosion current at
the intersection (cf. Figure 1a). The second method of linear polarization resistance (LPR)
to determine densities of corrosion current is discussed in this paper [55]. This method
included the occurrence—on the arithmetic scale of current densities—of the proportional
ratio between corrosion rate and the slope of the polarization curve (cf. Figure 1b). This
relationship (8) is referred to as polarization resistance R,

dE
Ry = — , 8
: i |i 50, E—Eeopr
which is reversely proportional to corrosion density 7o,
ba.b
avc (9)

o = 5303 Ry (ba + be)

Parameters b, and b, in the Equation (9) are constants of anodic and cathodic reactions,
respectively (cf. Figure 1a). The detailed results from the analysis with the calculated
densities for corrosion current are shown in Tables A1 and A2 of the Appendix A. It
should be emphasized that the value icorr of polarized area of the reinforcement A, taken
in the equations, each time was precisely determined after crushing core concrete in the
testing machine and removing fragments of the tested rebars. For an easier comparative
evaluation of the obtained test results, corrosion current densities i.,,, based on values
from Tables Al and A2, are presented in Figure 12 in the form of horizontal bar graphs.
Distribution of the values i, was divided into two parts characteristic for each of the
two tested tanks. Moreover, the values iy obtained at the temperature T = 30 °C and
maximum relative humidity RH = 99% are in green, while the values obtained for concrete
cores in contact with water at the temperature of 7 °C are in blue.

The analysis of these results does not give a clear answer as to which of these two
sets of extreme temperature and relative humidity intensify the corrosion process of steel
in concrete. In the tank T1, the reinforcement covered with concrete that is contact with
water having a temperature of 7 °C can be regarded as the most prone to corrosion, while
in tank T2, strongly damp hot air (T = 30 °C, RH = 99%) was the source of intensified
corrosion processes of the reinforcement. Because it was not possible to unambiguously
determine two critical sets of parameters (T — RH) for the tanks, this issue can be the
reason for further searching for more combinations of these parameters in future. In this
case, as the determined values of corrosion current density were similar, usually in the
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Figure 12. Distribution of corrosion current densities i¢o;r presented as horizontal bar graphs, obtained
for reinforcement of cylindrical concrete cores drilled from reinforced concrete tanks for fresh water:
(a) results for the tank T1; and (b) results for the tank T2; blue bars represent the tests in water with
a temperature T = 7 °C; green bars represent the tests at the air temperature T = 30 °C and relative
humidity RH = 99%; information in orange above the graphs show corrosion risk for reinforcement
in concrete of the tested cores.

However, the analysis of polarization tests conducted on the reinforcement of cores
drilled from the silos S1 and S2 give other observations concerning the impact of deter-
mined critical parameters of relative humidity and air temperature at the structure. In the
determined thermal and humidity conditions favourable for the development of reinforce-
ment corrosion (RH =95% i T = 30 °C), the obtained polarization curves (Figure 10b,d)
were noticeably shifted towards lower potentials and higher values of corrosion current
density compared to the curves obtained at lower temperature and relative humidity
(Figure 10a,c). The specified direction of curve shift was related to the control over corro-
sion activation where higher temperature and higher concrete conductivity, which was
caused by greater humidity, had a significant impact on the increased rate of reactions
(2) and (3) in accordance with the relationships (5) and (6).

Following the same process as for the analysis of polarization results obtained for the
reinforcement in cores drilled from the tanks, the results for cores from the silos obtained
from the method of linear polarization resistance of the corrosion current density 7., are
presented in Tables A3 and A4 of the Appendix A. The obtained values i, are compared
on bar graphs in Figure 13. The analysis of graphical presentation of distributed densities of
corrosion current for both tested silos quite clearly confirmed predictions about the critical
parameters of humidity and temperature which could maximize or minimize corrosion rate.
High relative humidity and air temperature (blue bars) caused the expected increase in
corrosion current density even to the level of 1.42 A /cm?. On the other hand, low relative
humidity and air temperature resulted in significant reduction of corrosion current density,
which in only one case (0.38 LA /cm?) resulted in exceeding range of values characteristic
for passivation.
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Figure 13. Distribution of corrosion current densities i¢o» presented as horizontal bar graphs, obtained
for reinforcement of cylindrical concrete cores drilled from reinforced concrete silos for cement:
(a) results for the silo S1; and (b) results for the silo S2; blue bars represent the tests at air temperature
T =30 °C and relative humidity RH = 99%; green bars represent tests at air temperature T = 30 °C
and relative humidity RH = 99%; information in orange above the graphs show corrosion risk for
reinforcement in concrete of the tested cores.

According to the proposed testing methodology (Section 2.3), evaluation of causes of
corrosion was a complementary and important part to testing corrosion rate for reinforce-
ment in the cores drilled from the structure. Distributions of the main factors specifying
conditions favourable for corrosion development were determined along the cover thick-
ness in both analysed types of structures — the tanks and the silos (Figures 7 and 11). For
the cores drilled from the tanks T1 and T2, the obtained pH values noticeably exceed 12, ex-
cept for the external ones near a 10-mm cover (Figure 7a,b). On the other hand, for the
silos S1 and S2 (Figure 11a,b) the pH profile significantly varied depending on the place
of drilling the core. Moreover, considerable drops in pH values, often below the range of
11.0-11.5, were observed. They were found to initiate decomposition of passive layer of
reinforcing steel in concrete.

The tests on chloride content in concrete cover, both in the tanks (Figure 7c,d) and
the silos (Figure 11c,d) demonstrated no risk caused by high concentration of Cl~ ions in
the pore solution. According to the standard [56] 0.4% by weight of cement in concrete
is considered as the limit value of chloride concentration in reinforced concrete units.
Chloride content along the whole thickness of 40 m cover in the tanks T1 and T2 did not
exceed 0.2%. The chloride concentration also did not increase near rebars in the silos S1
and S2; however, these values were slightly higher in the tanks and locally exceeded 0.3%.

Some papers [57,58] reveal that the most reliable criterion for evaluating corrosion risk
for reinforcement posed by chloride ions was the so-called Hausman criterion [59]

Cer
Con-

=06 (10)

This criterion includes the total effect of concentration of chloride C¢- and hydroxide
Comn- ions on the surface of reinforcing steel, which is contact with pore solution. With an
increasing concentration of OH™ ions, Cl™ ions are displaced form steel surface, which
impeded decomposition of a passive layer by chlorides in the pore solution. Knowing both
the distribution of pH values and concentrations of chlorides ions, obtained from the tests
conducted on the tanks and the silos, this criterion (10) could be directly applied assuming
that Coy- was the function of pH in accordance with the following Formula (11)

Cop- = 10 PH-14 (11)
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The calculated ratios of concentrations C¢- and Cop- for each thickness layer of
concrete cover in the cores are presented as the distribution of curves in Figure 7e,f, and
Figure 11e,f. By illustrating the coordinate of 0.6 in the form of a horizontal dashed line
corresponding to the ultimate level, it is easy to visually assess whether the Hausman
criterion (10) is met or exceeded. The analysis of results for concrete cores drilled from the
tanks T1 and T2 (Figure 7e,f) clearly indicated no risk of chloride-induced corrosion of the
reinforcement. The above confirmed the previously analysed very satisfactory high values
of pH (Figure 7a,b) and desired low concentrations of chloride ions (Figure 7c,d). For the
silos S1 and S2, the limit level based on the Hausman criterion was definitely exceed for
the majority of concrete cores (Figure 11e,f). It means chloride-induced corrosion risk for
the reinforcement even though the analysis of only chloride concentrations with reference
to cement weight in concrete did not indicate that risk (Figure 11c,d). The obtained results
were obviously affected by the increased concentration of hydroxide ions near reinforcing
steel, which was caused by increased pH of pore solution (Figure 11a,b).

5.2. Assessment of Benefits of the Modified Testing Methodology

The employed methodology described in point 2.3 delivers benefits in four aspects.
First, which was the main topic of this paper, natural variability of corrosion rate over a long
service life of the structure was simulated in the climate chamber on the cores drilled from
the structure. Therefore, the extreme values of corrosion current density were obtained,
which were similar to the effect produced during a continuous, long-term monitoring of
the structure.

The second benefit was the precise determination of the polarized (tested) surface area
of the reinforcement. The range of current impact in the structure during the polarization
measurements was not known because according to [44], this range was determined by the
present corrosion rate and concrete conductivity. The equipment with a double counter
electrode, where the outer electrode was used as the guard ring [60-63] is usually employed
to reduce the polarization range and precisely determine the tested surface area. As it
was mentioned in the introduction part, unfortunately the application of the guard ring is
not always effective, particularly when the crossing multi-layer reinforcement is present
in the tested element or when local corrosion is observed. On the other hand, drilling of
the cores with fragments of rebars caused that the counter electrode 1 (Figure 14) applied
on the core base or the coated counter electrode 2 applied on the side surface of the core
(Figure 14b) had considerably greater surface area than the working electrode 3 (a rebar
fragment). The paper [32] described simulation with FEM, within which distributions of
the polarizing potential were analysed after applying the electrode on the bottom of the
cylindrical specimen. As illustrated in Figure 14c, distributions of potential were different,
but each time the rebar was uniformly polarized on the whole contact area between concrete
and steel. Moreover, the tested surface, including the surface of ribs, could be precisely
measured after completing the tests because the reinforcing steel was not smooth.

The third advantage was the minimized ohm drop of potential between the working
electrode 3 and the reference electrode 4. The distance in the electrochemical cell, illustrated
in Figure 2, between the working electrode 1 and the reference electrode 2, with Luggin
capillary 6 was a few millimetres. This small layer of solution between the electrodes was
characterized by some resistance R, which in the theoretical description is expressed by
introducing additional members i,Rq and i.Rq, to the relationships #—i defined by the
expressions (6) and (7), giving the following Formulas (12) and (13)—cf. [34].

RT _ . RT _ . .
1711 — 7%71: ln ZO,FE/F€2+ + %71: 11’1 1 + laRQ (12)
RT | . RT . .
e = TCF In ZO,Oz/OH’ — TCF ln(—lc) + (—ZC)RQ (13)

In the era of modern measuring devices, the effect of the unfavourable drop of IR
on shapes of the polarization curve had some significance during the tests performed in
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the electrochemical cell. In front of each recorded measuring point modern potentiostats
actively compensate the effect of potential drop across the resistor during formation of
the polarization curve. However, the universal high response potentiostats are calibrated
against small drops of IR. On the other hand, in traditional measurements performed on
concrete structures, the electrode is applied through the probe 5 (Figure 14a), in which the
above mentioned counter electrode 1 and the reference electrode 4 were integrated [60-63].
Resistance of concrete cover layer Rp, presented within a red frame in Figure 14a, was
greater by a few orders than in the electrochemical cell, reaching even the value of a few
kQ). Consequently, precise and sensitive instruments used for the analysed measuring
systems on concrete cores produced instable results. The procedure of moving the reference
electrode 4 closer to the rebar 3 through the performed opening 6 (Figure 14b) within a
distance of only a few millimetres, proposed in this paper, resulted in significantly lower
resistance of concrete, which was within a green frame (Figure 14d). As a result, we
obtained the proper compensation of IR drop and stability of the results.
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Figure 14. Benefits obtained from using solid reference and auxiliary electrodes for polarization
measurements of concrete cores drilled from the structure: (a) drilled concrete cores with electrodes
conventionally applied on the bottom; (b) drilled concrete core with electrodes placed in an opening or

applied on the surface; (c) polarization distribution for the working electrode at the auxiliary electrode
on the bottom and side surface, cf. [32]; (d) compared resistance of concrete layer between the reference
and working electrode, with reference to cases (a,b); and (e) an impact of increased humidity in the
cylindrical specimen on steel covering with pore solution, 1—applied auxiliary electrode, 2—solid
auxiliary electrode, 3—a rebar fragment used as the working electrode, 4—reference electrode,
5—measurement probe, 6—an opening in the core concrete for the reference electrode, 7—wet or
damp spacer, Rn—resistance of concrete layer between the reference and the working electrode,
f—degree of steel covering with pore solution, P—potentiostat—description and notes in the text.

Providing better electrical contact between all the electrodes of the measuring system
was the final benefit. Apart from the working electrode 3 enclosed with concrete, the
reference electrode 4 and the auxiliary electrode 1 are usually applied through the wet or
damp spacer 7 (Figure 14a). Introduction of the additional source of humidity, particularly
during the tests simulating dry environmental conditions, could considerably change
the measurement results. In the paper [64] which described modelling of steel corrosion,
moisture content of concrete was associated with the level of pore filling, and consequently
with coverage of rebar surface with pore solution (Figure 14e). In the electrochemistry
limiting the electrode surface is related to absorption of inert substances, where the degree
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of electrode covering is defined by the value 6. Following the same procedure, the rate
of electrode reactions was assumed to decrease proportionally to the contact surface with
pore solution. Assuming that the reduction of corrosion rate referred to the same degree
to cathodic and anodic reactions, and that no other process connected with a change in
moisture content of concrete occurred, then a change in the relations 77—i expressed by the
Equations (6) and (7) was related to a new term %l nf. Taking into account that component
in the Equations (6) and (7), the following relationships (14) were (15) obtained—cf. [34]

RT . . RT . . RT

77H = —ﬂlnlo,Fe/Fe” "‘%Tlnla — %—Flnﬂ (14)
RT . . RT . RT

77C = %71:' In loroz/on — [xcip h‘l(*l(;) + (XCT In 6 (15)

On the other hand, applying the counter electrode in the form of conductive coating
using the painting technique and permanently fixing the reference electrode in the core
using cement grout, the electric contact with concrete was provided without the damp
spacer. The final filling of concrete pores after long exposure in the dry environment is
shown in the upper part of Figure 14e. The potential impact of additional moisture content
in the volume of concrete pores is presented in the bottom part of this Figure. In this case,
additional moisture content of concrete resulted in an increased coverage of steel with
pore solution (an increase in coefficient 8). Moreover, additional moisture can induce the
immediate change in potential of the working electrode, total resistance of the system, and
consequently polarity distribution of the working electrode is also changed. However, in
accordance with the methodology described in this paper, the application of solid electrodes
did not produce any unfavourable change in the moisture content of concrete.

Polarization curves on logarithmic scale are shown in blue colour in Figure 15. They
are the same blue polarization curves in Figure 1. In this case, the diagram was assumed
to be plotted at average moisture content of concrete for average 6. The orange modified
curves are shown in the same Figure for comparative purposes, after taking into account the
uncompensated drop of the potential across the resistance of concrete cover. Additionally,
the changed curves, after taking into account increased moisture content and greater 6,
caused by using the damp spacer below the measuring probe are shown in violet colour.
Also, new hypothetical values of corrosion current density ik, were determined for orange
curves and #¥, . violet ones. The analysis of diagrams in Figure 15 revealed that the applied
electrodes with reference to the solid electrodes presented in this paper, can significantly
affect conclusions about current rate of corrosion.
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Figure 15. The impact of changed moisture content of concrete and uncompensated drop of potential
across concrete cover on the shape of polarization curves and on determined values of corrosion
current density—description in the text.
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6. Conclusions

The conclusion presented below can be derived from the tests conducted on reinforced

concrete tanks and silos and from multi-aspect analyses of various factors which determine
the effectiveness and reliability of results from corrosion testing performed on concrete
cores drilled from the structure:

The traditional in-situ diagnostics testing of corrosion using the electrochemical meth-
ods (measurements of potential, resistivity, polarization) provide valuable information;
however, they only indicate the temporary electrochemical state of the reinforced
concrete structure, which depends on thermal and humidity conditions at the moment
of measurements;

Generally, diagnostics processes for reinforced concrete structure conducted on large
areas of concrete, and/or at high altitudes, and/or in difficult-to-access areas are
troublesome and dangerous. Hence, drilling cores with fragments of the secondary
reinforcement (e.g., spacer bars, stirrups, binders) from the structure greatly improve
safety and comfort of tests by conducting them in the laboratory conditions. There,
polarization tests on corrosion rate of reinforcement, and tests on protective properties
of concrete against reinforcing steel can be performed as well;

The extreme values of corrosion current density can be determined when extreme
thermal and humidity parameters are set in the climate chamber while testing the rate
of corrosion current for reinforcement in the tested cores. Selection of temperature and
relative humidity in the climate chamber should be based on the analysis of historical
weather and operational data from a few years, concerning the location of the tested
civil structure. The set of values of corrosion current density obtained in that way,
after conversion into corrosion rate values, can be included in the mechanical models
representing degradation of the tested reinforced concrete structures, which provides
more precise estimation of the remaining service life of this structure;

The arrangement of the three-electrode system on the drilled concrete cores should
minimize the measuring errors. Therefore, the counter electrode in the form of conduc-
tive coating applied on the side wall of the cylindrical core with the painting technique
is the novelty proposed by the authors. The main advantage of this solution is the
constant electric contact between the coating and the core concrete, which does not
require any additional conductive medium that changes electric properties of concrete.
The second improvement of the three-electrode system consists in using the solid
reference electrode embedded in cement grout in the opening with bottom placed
very close the working electrode. This solution minimizes the problem related to
resistance compensation and increases stability of the results while polarization curves
are recorded during the tests on corrosion rate. Moreover, cores with fragments of
rebars which are used as working electrodes in the three-electrode system, drilled
from the structure cause that the polarization surface area can be precisely determined
by directly measuring side walls of rebars after crushing the cores at the end of the
corrosion tests;

The described examples of corrosion tests performed on reinforced concrete tanks for
fresh water and silos for cement storage confirmed the application possibilities of the
diagnostics method based on the tests on drilled cores and improved by the authors.
At satisfactory protective properties of concrete against reinforcement, changes in ther-
mal and humidity parameters in the tanks did not produce any significant differences
in corrosion rate, which was generally kept at low level. The results were different for
the silos, where concrete carbonation decreased protective properties of concrete. Con-
sequently, values of corrosion current density were high under conditions favourable
for corrosion. Particular attention should be paid to the results obtained in conditions
unfavourable for corrosion because in that case density of corrosion current of the
reinforcement indicated passive state. In-situ measurements of corrosion rate taken in
such conditions could lead to incorrect conclusions about corrosion of reinforcement
in the silos.
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Appendix A

Table Al. Results of the analysis of polarization curves for steel reinforcement in cores drilled from
the tank T1.

Core T RH Egraphite b, be B Ry RpA, icorr
No Q) (%) V) (mV) (mV) (mV) (k) (kQcm?) (uA/cm?)
T1-1 30 100 —0.432 125 29 10.2 251 88.4 0.12

7 water —0.546 153 43 14.6 1.10 38.8 0.38
T1-2 30 100 —0.316 485 42 16.8 0.95 35.1 0.48

7 water —0.534 66 72 15.0 1.14 42.0 0.36
T1-3 30 100 —0.182 337 52 19.6 0.85 422 0.46

7 water —0.303 183 23 8.9 143 70.6 0.13
T1-4 30 100 —0.345 228 41 15.1 0.55 43.4 0.35

7 water —0.490 96 36 11.4 1.08 84.6 0.14
T1-5 30 100 —0.169 80 69 16.1 0.34 56.5 0.28

7 water —0.414 71 66 14.9 0.40 67.5 0.22
T1-6 30 100 —0.165 40 48 9.5 8.52 332 0.03

7 water —0.237 34 74 10.1 1.94 75.8 0.13

Table A2. Results of the analysis of polarization curves for steel reinforcement in cores drilled from
the tank T2.

Core T RH Egraphite ba be B R, RpA, iconr
No. Q) (%) V) (mV) (mV) (mV) (k) (kQcm?) (uA/cm?)
T2-1 30 100 0.052 141 43 14.3 3.18 83.7 0.17

7 water —0.437 170 30 11.1 2.31 61.1 0.18
T2-2 30 100 —0.270 141 69 20.1 1.18 31.4 0.64

7 water —0.428 262 36 13.7 1.17 31.2 0.44
T2-3 30 100 —0.080 142 11 44 0.55 14.5 0.31

7 water —0.554 60 44 11.0 0.50 13.2 0.84
T2-4 30 100 —0.109 162 31 11.3 517 13.7 0.08

7 water —0.435 127 29 10.3 1.94 51.3 0.20
T2-5 30 100 0.098 78 56 14.2 0.48 72.5 0.20

7 water —0.398 140 140 30.4 0.30 45.2 0.67
T2-6 30 100 0.006 213 21 8.3 0.47 36.1 0.23

7 water —0.515 378 97 33.5 0.64 49.0 0.68
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Table A3. Results of the analysis of polarization curves for steel reinforcement in cores drilled from

the silo S1.
Core T RH Egraphite ba b, B R, RpAp icorr
No. ({e) (%) ) (mV) (mV) (mV) kQ) (kQcm?)  (nA/cm?)
S1-1 30 100 —0.283 192 43 15.3 0.37 20.8 0.73
13 40 —0.169 185 31 11.5 2.88 160 0.07
51-2 30 100 —0.421 50 64 12.2 0.22 13.2 0.93
13 40 —0.356 43 18 55 2.32 138 0.04
51-3 30 100 —0.135 132 11 13.6 0.16 9.57 1.42
13 40 +0.008 41 76 11.6 2.38 142 0.08
S1-4 30 100 —0.098 106 73 18.8 1.21 69.8 0.27
13 40 +0.024 121 18 6.8 419 241 0.03
S1-5 30 100 —0.467 56 56 12.2 0.99 58.6 0.21
13 40 —0.386 70 48 124 2.60 154 0.08
S1-6 30 100 —0.383 171 49 16.5 0.39 224 0.74
13 40 —0.238 117 51 15.4 2.66 152 0.10

Table A4. Results of the analysis of polarization curves for steel reinforcement in cores drilled from

the silo S2.
Core T RH Egraphite ba be B Ry RpAp icorr
No. Q) (%) ) (mV) (mV) (mV) (kQ) (kQcm?)  (uA/cm?)
S2-1 30 100 +0.001 36.7 31.1 7.3 1.41 65.4 0.11
13 40 +0.080 67 39 10.7 4.00 185 0.06
S2-2 30 100 —0.267 409 88 314 0.95 55.2 0.57
13 40 —0.206 57 128 17.1 20.99 1222 0.01
S2-3 30 100 —0.284 15.6 43.9 5.0 1.43 72.3 0.07
13 40 —-0.113 56 64 13.0 12.44 629 0.02
S2-4 30 100 —0.466 90 89 19.4 0.27 16.2 1.20
13 40 —0.330 25 236 9.8 32.63 1931 0.01
S2-5 30 100 —0.333 178 44 15.3 0.26 15.3 1.00
13 40 —0.381 236 34 12.9 0.56 33.7 0.38
S2-6 30 100 —0.396 142 46 15.1 0.24 11.9 1.27
13 40 —0.006 64 60 134 8.04 404 0.04
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