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Abstract
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The paper deals with the non-destructive experimental testing of the reinforced concrete beams under progressive corrosion.
A series of experiments using electrical potential, ultrasound and low-frequency vibrations techniques are reported. Electrical
potential and natural frequencies were used to characterise and monitor the corrosion process at its initial state. The P-wave
velocity measurements were proved to be effective in quantitative assessment of the level of corrosion as it progresses. The
possibility of early detection of damage using a proposed damage index and diagnostic framework is promising for possible
applications in the non-invasive diagnostics of reinforced concrete elements.
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1 Introduction

Cement-based materials are widely used in civil and
industrial structures throughout the world due to their
high mechanical properties, durability, accessibility of con-
stituents, low cost, ease of manufacture and maintenance,
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non-combustibility, high-temperature resistance, and low
porosity [1]. As an example, concrete with reinforcement in
the form of steel bars is commonly used in civil engineering
structures. Despite its many advantages, such as relatively
low cost, high strength, or the ability to form various shapes,
it also has some disadvantages. Reinforced concrete (RC)
structures are particularly susceptible to cracking, which
can be caused by a number of critical factors, including
environmental conditions, overloading, corrosion, dynamic
phenomena, and fatigue [2, 3].

One of the main causes of damage in steel-reinforced con-
crete structures is the corrosion of the rebars [4]. In RC
structures the steel is protected from corrosion by a thin,
passive layer of hydrated iron and calcium oxides. How-
ever, due to external factors, such as the presence of carbon
dioxide (CO) or other aggressive substances affecting the
structure, e.g., chlorides from salty water, the passive layer
can decompose, causing a potential difference that can be
measured by, e.g., the half-cell method. This leads to local
initiation of the corrosion process [5] (Fig. 1). At anodic
sites, iron oxidizes and the electrons released are conducted
through the steel to cathodic sites where they undergo oxygen
depolarization with the formation of hydroxide ions (OH").
Corrosion degradation of structures made of reinforced con-
crete is associated with a reduction in the cross-sectional
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Fig. 1 Initiation of corrosion
process (redrawn after [5]
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area of the reinforcement, resulting in a loss of load carry-
ing capacity of the structure, and the formation of expanded
corrosion products, which lead to cracking and spalling of
the concrete cover [6—8]. On the other hand, corrosion may
lead to the lost of bond between the rebars and concrete [9].
Mechanical deterioration of rebars due to rusting can lead to
catastrophic failure of an entire structure.

Monitoring the performance of reinforced concrete ele-
ments exposed to corrosion is becoming increasingly impor-
tant to improve the safety and extend the service life of civil
engineering objects [10]. The risk of failure of structures
due to environmental factors is taken into account during
the design process, e.g., by assuming an adequate cover of
reinforcing steel rebars according to the Eurocodes standards
[11] or by the appropriate selection of concrete components
according to standard EN206 which indicates, e.g., minimum
cement content or limits of mineral additions for specific
exposure classes. However, corrosion diagnostics are not
required during operation. As a result, there is no system-
atic method to verify whether or not corrosion is present in
a structure. A crucial problem is that rebars are embedded in
concrete and it is not possible to visually assess their actual
condition, so the corrosion process can occur without sig-
nificant external symptoms. It is therefore beneficial for the
safety of structures to use integrated non-destructive diagnos-
tic techniques to detect and quantitatively assess corrosion
at different stages [5, 12]. Recently, in addition to destruc-
tive methods, which require the reinforcement to be exposed
and inspected for the presence of corrosion, there have been
non-destructive methods that can be used to detect corrosion.
By inducing low-frequency vibrations, it is possible to deter-
mine the natural frequencies and mode shapes of the structure
and to examine their variation due to the corrosion process
[13—15]. Other approaches that are effective in detecting cor-
rosion include non-invasive techniques based on guided wave
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propagation and ultrasonic scanning [16-22], acoustic emis-
sion [23-25], X-ray computed tomography [26-28], fibre
Bragg grating [29] and ground penetrating radar [30].

Despite many successful applications of non-destructive
techniques in corrosion diagnostics, the development of new
approaches effective in monitoring the corrosion of rein-
forced concrete structures is of great importance in civil
engineering. The main contribution of the current paper is
a study on the integrated application of different diagnos-
tic methods for monitoring corrosion in reinforced concrete
beams. The proposed approach indicates whether corrosion is
present and how its effects may affect the beams. Extensive
investigations using potential measurement, low-frequency
vibration, and ultrasonic wave propagation have been carried
out on three beams subjected to accelerated electrochem-
ical corrosion. The novel element of the research is the
development of a two-stage diagnostic framework for the
characterisation of corrosion-induced concrete fracture in
reinforced concrete elements. A damage index based on the
variation of the P-wave velocity has been proposed to indi-
cate the onset of corrosion-induced fracture.

2 Description of Specimens

2.1 Materials

Three reinforced concrete beams, designated B1-B3, were
analysed in the paper. All three specimens were prepared in
a single manufacturing process using water, cement, aggre-
gate, and admixture with a ratio W/C equal 0.5. The Portland
cement type CEM 142.5 R was used. Both fine aggregate in
the form of natural washed sand with grain size is 0-2 mm
and a density 2650 kg/m?> and the coarse aggregate in the form
of natural pebbles with grain size 2—8 mm and 8§—16 mm and
density 2650 kg/m> were used. Moreover, the superplasti-
cizer was added to increase homogeneity and workability.
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Fig.2 Beam specimen: a overall
view, b cross section

The exact recipe of concrete is as follows: cement CEM I
42.5 R—330 kg/m3, water—165 kg/m?>, aggregate 0—2 mm
(sand)—710kg/m?, aggregate (gravel) 2-8 mm—664 kg/m?>,
aggregate (gravel) 8—16 mm—500 kg/m? and superplasticiz-
er—2.31kg/m>. All components were mixed in a mechanical
mixer. The consistency of the mixture was S3 (according to
the slump test). Compressive strength was determined after
28 days on cubic samples with dimensions 10 x 10 x 10 cm
and amounted 43.63 MPa which corresponds to 39.27 MPa
as for cubic samples 15 x 15 x 15 cm.

As a reinforcement, a single steel bar with a diameter
¢10 mm and a length 93 cm was used. The steel class is
B500SP with a yield point equal to fyr = 500 MPa. Its
chemical composition is as follows: C—0.25%, Mn—1.65%,
Si—0.60%, P—0.055%; S—0.055%, Cu—0.85% and
N—0.013%, with a carbon equivalent (C,,) not exceeding
Cegmax = 0.52%.

2.2 Specimens

Three specimens designated as B1-B3 were prepared with
dimensions of 10 x 15 x 100 cm? (Fig. 2a). All of them
were subjected to progressive corrosion. Three beams with
identical geometrical and material parameters were tested to
compare the results obtained from the three corrosion pro-
cesses and to check that the results obtained are not random.
The single reinforcing bar was embedded in the centre of the
cross-sectional width and at a distance (bar cover) of 35 mm
from the bottom face (Fig. 2b).

To initiate the corrosion process in the specimens, a | mm
wire was connected to the end of the steel bar by soldering
using a fusible metal alloy. To improve the bond, the steel
bar was heated to a high temperature by a gun heater. The
joint was then secured with heat shrink tubing.

3 Description of Methods

The experimental program involved measuring the properties
of the specimens as the corrosion of the beams progressed.

(b)
wire
steel rod
,i
[To} o
™ '{.-
X r“
4.5 W, 45 [cm]

Electrical potential, low-frequency vibrations, and ultrasonic
waves were used to assess the effect of corrosion on beam
properties, such as corrosion potential value, free frequen-
cies, mode shapes with damping ratios, and time of waves
penetrating specimens, respectively. All the experiments
were carried out in the laboratory at a room temperature of
about 20°C.

3.1 Accelerated Electrochemical Corrosion

The corrosion process was artificially induced to carry out
experimental laboratory tests to quickly assess the condition
of the samples.

To initiate and accelerate electrochemical corrosion, spec-
imens can be immersed and maintained in a corrosive
electrolyte, such as sodium chloride (NaCl) solution. The
NaCl content in the solution may vary but usually is about
3-3.5% [19-21, 31, 32]. A constant current is then passed
through the reinforcement in the sample, which is treated as
the anode. To complete the current flow, another rod, acting
as an auxiliary electrode (cathode), is also immersed in the
solution. A current density will be imposed through the rein-
forced bar, which corresponds usually to a value of about
0.2-0.3 mA/cm? (milliampere per square centimeter) [13,
14, 16, 32, 33].

To initiate electrochemical corrosion, the specimens were
immersed in the tank containing 3.5% sodium chloride
(NaCl) solution (Fig. 3). The reinforced bars were connected
to the laboratory power supply through the wires, as well as
the additional steel rod (auxiliary electrode, cathode) placed
in the tank. A constant current flow was generated by a
power supply. A current density of 90 mA, equivalent to
0.3 mA/cm?, was imposed through the reinforcing bar.

The experimental program consisted of twenty-four mea-
surements. Each measurement was carried out after a prede-
termined number of days of keeping the specimens in sodium
chloride solution with breaks for drying and experiments.
First, the specimens were tested before the corrosion process
started (D0). Measurements were then taken (D1) after the
specimens had been kept in the NaCl solution for one day and
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Fig. 3 Experimental setup of (a)
accelerated electrochemical
corrosion: a scheme, b overall
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dried for approximately 18 to 20 h. After that, the specimens
were re-immersed and kept in the solution for the next num-
ber of days until they dried, and the next measurement was
performed. The number of days the specimens were kept
in the solution is summarised in Table 1 and was adopted
based on e.g. [19-21, 31, 32]. The measurement schedule
was designed so that shorter measurement intervals occurred
at the beginning of the tests when cracks were expected to
occur. In turn, longer intervals were adopted in the subse-
quent measurements. The table does not include the drying
time and the experiments.

3.2 Corrosion Potential Measurement

The method for corrosion potential measurement is standard-
ised and described in ASTM C876-15. The method is based
on the measurement of the potential difference that occurs
between the steel rod in the concrete and a reference elec-
trode placed on the concrete surface. The experiment was
performed using the Proceq Profometer Corrosion equipment
which is a high-impedance voltmeter (Fig. 4). The copper—
copper(I) sulfate (CulCuSQOy4) (EO = 0.314 V vs SHE) was
used as a reference electrode. Typical values of magnitude
for the half-cell potential of steel bars in concrete measured
against the reference electrode can be in the range from
—1000mV to 4200 mV (vs CulCuSQy). In general, the lower
(more negative) the potential measured, the greater the like-
lihood of corrosion. However, the ASTM C876-15 standard
gives the threshold values of the potential: if it is — 350 mV
vs CulCuSOy4 or lower, there is a 90% probability that cor-
rosion will occur, if it is — 200 mV vs CulCuSOy or higher,
there is a 90% probability that corrosion will not occur, and
between these values the measurement is uncertain.

The electrical potential was measured by placing the ref-
erence electrode on the bottom surface of the beams, in
ten points along the length with the constant distance of
10 cm between, and three points across the width, giving 30
measured points. However, the values from the width were
averaged, resulting in 10 points (e1—e10) across the specimen
length.

@ Springer

3.3 Low-Frequency Vibrations

To measure low-frequency vibrations, the beams were
mounted on steel supports with a distance of 95 cm between
them. Thus, specimens were set free on both sides for a
length of 2.5 cm. Additionally, rubber bearings were inserted
between specimens and support to isolate beam vibrations
from the test stand. Free vibrations were induced by means
of a modal hammer PCB Piezotronics Inc. The impulse force
pi(t) was applied in nine points (p1-p9) presented in Fig. 5.
The structural response a;(t) was measured simultaneously
utilizing accelerometers located in nine points (al-a9) on the
bottom surface of the beams, directly below points pg, which
were located ath the upper surface of the beam. The distance
between the points (px and a;) was therefore 10 cm in each
measurement. Time dependence on acceleration was mea-
sured in a vertical direction only. To collect measurement
data, the Siemens PLM Software LMS SCADAS system
acquisition system was used.

The measured signals, both input and output, were loaded
to the MATLAB environment and then, by means of self-
written algorithms, transformed according to Fast Fourier
Transform (FFT) and then the Frequency Response Func-
tions (FRFs) were calculated from the formula (1):

_ ai(w)
Hijp(w) = ——, (1
pr(@)

where H;i(w) = H(w) is FRF function in the form of a
matrix with i rows and k columns, while g; (w) and pg(w)
are output and input signals transformed according to FFT,
respectively. The absolute value of the chosen element of the
FRF is presented in Fig. 6a. Both, natural frequencies and
damping ratios can be determined from the function peaks.
The value of frequency is directly read from abscissae where
the peak occurs. To smooth the frequency response functions,
especially in a higher range of frequencies, and thus improve
the accuracy of calculations, the functions were approxi-
mated according to the Gauss function.

To determine made shapes of the beams, imaginary parts
of FRFs were computed. For the calculations, a single row
(or column) can be chosen. However, to avoid points, where
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displacement for a specific mode shape is near zero, e.g. mid-
§ © length point for a second mode shape, a specific row must be
taken into account. Thus, to present the second mode shape
§ S (Fig. 6b) the third row was picked. Then, the amplitudes
corresponding to the second frequency were identified and
% 3 drawn on the diagram taking into account their values and the
location of the point along the specimen length. The obtained
§ ® line presents the mode shape. Analogous algorithms can be
used to obtain the first or the third mode shape.
2|«
- 3.4 Ultrasonic Waves
e
N Another experiment consisted of the excitation and mea-
g < surement of ultrasonic waves using ultrasonic transducers
at several points on the surface of tested specimens. In
§ 3 this study, a wave characteristic in the form of time of
flight through the beam cross-section was used to detect
§ % and evaluate the degree of corrosion. The tests were per-
formed with the use of an ultrasonic pulse velocity analyzer
N (UPV) Proceq Pundit PL-200. The device was equipped with
/1 exponential P-wave transducers with a carrier frequency of
% o 54 kHz. According to the manufacturer’s recommendations,
the transducers can be used when the maximum grain size is
- E = 34 mm and the minimum dimension of the tested sample is
-% 69 mm (both requirements are satisfied in the current study).
Sl 3] o The transducers do not require the use of a gel couplant,
E ol e providing fast and robust measurements.
§ g o The propagating P-wave signals can be collectffd in a
- selected number of paths for all measurements. During the
g g o tests, 156 signals were collected at points numbered 1-156
é - (Fig. 7), running from side to side of each beam (paths 1-96)
=12 o and from top to bottom (paths 97—156). One of the transduc-
ﬁ ol i ers acted as an exciter whereas the second one was a sensor.
_§‘ 2l o The collected signals were further processed to determine
s the time of flight (TOF) of the wave. As a result, the P-wave
81 8| » velocity was determined for each path based on the TOF and
g © the lengths of wave propagation paths.
2 Al v A self-written algorithm was used to determine the time
g 21 . of flight. To eliminate noise, all signals were additionally
z filtered using a sixth-order low-pass Butterworth filter with
E 21 « a cutoff frequency equal to 120 kHz.
2| o
-:% [a) N
£zl - 4 Results
g
7 2| o 4.1 General observations
=
g = . During each measurement D0-D76, general observations
% 3 _5’ were made in addition to the experimental methods described
| § L & above. First of all, after removing the specimens from the
E § g % solution they were carefully inspected for cracks occurrence.
2 % 3 g During the first measurements (D0-D6), no changes were
el =l &" observed on the surface of the specimen. However, during

@ Springer
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Fig.4 Experiment setup for
corrosion potential measurement:
a overall view, b point electrode
with copper sulphate half-cell

Fig.5 Location of
accelerometers (al-a9) and
applied impulse forces (p1-p9)
for low-frequency vibrations

Fig.6 a Absolute value of chosen (a)

frequency response function 12
FRE, b the second mode shape 1

500 1000 1500

f[Hz]

the subsequent measurements, around D8-D9 depending on
the specimen, cracks began to appear, which became observ-
able visually after 12-13 days (measurements D12-D13)
(Fig. 9a).

While the time the specimens were immersed in the solu-
tion progressed, the cracks propagated and increased in size.
A schematic representation of the cracks and how they were
increased in all three specimens B1-B3 were presented in
Fig. 8.

The figure shows the specimens in different views—the
bottom view in the middle, both side views at the top, and the
bottom and front views on the left and the right. The red line
represents the precisely observed cracks obtained from the
photos taken during each measurement. After measurement
D8 (Fig. 8a) cracks appeared in the bottom of the specimen,
which may result from the fact that the distance of the rein-
forced steel bar is the closest to this surface (see Fig. 2b).
Then, after the following days of immersion in the solution,
one main crack was observed on the bottom surface, along
the steel rod, and on other surfaces as well (Fig. 8b). The last

@ Springer

2000 2500

observation was conducted while measuring D76 (Fig. 8c). In
addition to the main crack, many other cracks were observed
on the bottom surface of the specimens and the side surfaces.

After the experimental tests were carried out, the selected
specimens were cut into pieces so that the corrosion of the
steel rod could be seen (Fig. 9b). As can be observed, the cor-
rosion occurred locally, on a specific surface of the steel rod,
from where the crack started to spread radially and randomly,
omitting large aggregates.

4.2 Corrosion Potential Measurement

The tests conducted on samples allow us to determine the
correlation between the corrosion rate, the time that speci-
mens were immersed in the NaCl solution and the potential
difference that occurred between the steel rod in concrete and
the reference electrode placed in the concrete surface mea-
sured. The results obtained are presented for three specimens
B1-B3 as areas where the values of the measured potential
(vs CulCuSOg4) are given according to the two factors: the
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side view
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Fig.8 Observed crack enlargement (bottom view in the middle, both side views at the top, and the bottom, and front views on the left and the right)
while the time of immersion was progressing, while measurement: a D8, b D28, ¢ D76

Fig.9 The specimen during (a) (b)
experiments a overall view on
the bottom of the specimen after
removing from the solution,

b cross-section after experiments
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Fig. 10 Corrosion potential measurement in specimen: a B1, b B2, ¢ B3

number of days that the specimens spent in the solution (see
Table 1) and the location of the measuring points along the
specimen length el-e10 (Fig. 10). Location of the measur-
ing points were constant during measurements even in the
presents of cracks.

The results presented show that the value of the poten-
tial decreases at the beginning of the measurement, which
is consistent with the assumption of corrosion occurrence.
The average value of the measured potential after one day of
keeping the specimen in the solution (measurement D1) was
— 478 mV for B1, — 456 mV for B2, and — 400 mV for B3
(all vs CulCuSQy4). However, after some time, during mea-
surements D10-D13 depending on the specimen, the value
of the measured potential stopped decreasing and started to
increase. The extreme value of potential was — 740 mV for
B1 after measurement D13, — 770 mV for B2 after measure-
ment D12, and — 765 mV for B3 after measurement D10
(all vs CulCuSO4). The value of the potential then increases
almost linearly. During the last measurement, D76 the values
of the potential were: — 580 mV, — 579 mV, and — 580 mV
(all vs CulCuSQy) for specimens B1, B2, and B3, respec-
tively.

4.3 Low-Frequency Vibrations

During each measurement DO-D76 natural frequencies and
mode shapes for every specimen B1-B3 were determined.
The values of each natural frequency were computed as a
mean value obtained from each measurement. The relation-
ships between the variation of the natural frequencies of all
three samples (B1-B3) and the number of days they were

@ Springer
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immersed in the NaCl solution are presented in Fig. 11a—c,
for the first, second, and third frequencies, respectively.

In measurement DO, the first determined frequencies were
540-548 Hz, the second frequencies were 1342-1360 Hz
and the third were 2345-2368 Hz depending on the spec-
imen. Then the frequencies started to increase to reach
local maximum values: 589-591 Hz, 1454-1459 Hz, and
2531-2539 Hz for the first, the second, and the third nat-
ural frequencies, respectively. All values mentioned were
obtained during measurement D8-D10 depending on the
specimen. Then, after reaching the maximum points, the val-
ues of all three frequencies started to decrease until about
measurement D19-D22. Afterward, the values started to
behave differently—the first natural frequency started to
increase continuously, the second frequency remained almost
the same, while the third frequency decreased for some time
and then remained the same. The last measured values were
about 590-600 Hz, 14391447 Hz, and 24492474 Hz for the
first, the second, and the third natural frequency, respectively.
The example of changing the frequency values is shown in
FRF graphs for measurements DO and D10, presented in
Fig. 12.

Moreover, three global mode shapes corresponding to
three frequencies were determined. However, the modes were
typical for freely supported beams—the first mode was half-
sine shaped, and the second and the third were two- and
three-half-sine shaped, respectively. The shapes remained
unchanged. However, an additional peak in FFT that occurred
in the FRF graphs was related to the local form of mode shape.
The local mode shape occurred due to the cracking and some
parts of the concrete beam were loose.
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Fig. 11 Natural frequencies of specimens B1-B3: a the first, b the second, ¢ the third

4.4 Ultrasonic Waves

The values of P-wave velocity were presented in Fig. 13
in the form of maps drawn individually for each beam (in
columns) and chosen measurement (in rows). The values of
P-wave velocity were computed as a mean value obtained
from measurements repeated three times. A single velocity
map is drawn for two views of the samples: top (above) and
side (below). The views are separated with bold black lines.
For each velocity map, a mean value, standard deviation
(STD), and coefficient of variation (COV) were calculated
as well. To facilitate the comparison of the P-wave velocity
maps, the common color scale was used with velocity values
from 2000 to 5000 m/s.

During the first phase of corrosion (measurements
D0-D6) no significant variation of wave velocity was
observed—Ilow values of STD and COV (Fig. 14b). How-
ever, the mean value of wave velocity increased (Fig. 14a).
This was due to the fact that during a few first measure-
ments, the samples were soaking with water allowing the
P-wave to travel with higher velocity. After 8 days of corro-
sion, (measurement D8) the wave velocity stopped increasing
and started to decrease, and simultaneously STD and COV
began to increase. This was associated with the formation of
the first cracks in all beams—the maps show lower veloc-
ity values in the paths crossing the cracks. The presence of
cracks led to an increase of the length of propagation paths

resulting in lower values of apparent wave velocity. First, the
cracks were rather shallow and present only on the upper sur-
face thus only the upper edge on the side face of the beam was
affected. As the cracks deepened, the effect was much more
pronounced and could be seen in a wider range of points.
This resulted in a significant decrease in the mean value of
apparent velocity (this change was linearly correlated with
the time of corrosion), STD and COV also increased signifi-
cantly.

The vertical cracks on the side faces of the beams were
not detected, because they were not perpendicular to any
wave travel paths. The single horizontal crack on the side
of beam B3 was not visible because it did not cross any
of the wave paths. The velocity values for the vertical paths
(97-156) were lower in the central part of the beam for further
measurements because horizontal cracks appeared inside the
beam, however, they were not visible on the surface of the
beams—they ran from the bar to the sides but did not reach
the side faces.

5 Discussion
5.1 Integration of Diagnostics Methods

To better characterise the corrosion process, the experimen-
tal results described in sections 4.2—4.4. were integrated and
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Fig. 12 FRFs for measurement DO and D10 for beams: a B1, b B2, ¢ B3

(a)

MEAN = 4076 m/s, STD = 164 m/s, COV = 401.4% MEAN = 4076 m/s, STD =191 m/s, COV = 469.3% MEAN = 4059 m/s, STD =170 m/s, COV = 417.7%

(b)

MEAN = 4398 m/s, STD = 147 m/s, COV = 334.8% MEAN = 4403 m/s, STD = 162 m/s, COV = 369%

MEAN = 4283 m/s, STD =194 m/s, COV = 453.9%

(©)

MEAN = 4244 m/s, STD = 330 m/s, COV = 778.2%

MEAN = 4229 m/s, STD =410 m/s, COV = 968.9% MEAN = 4164 m/s, STD = 479 m/s, COV =1150.9%

(d)

MEAN = 4036 /s, STD = 586 m/s, COV =1452.7%  MEAN = 4006 mvs, STD = 644 m/s, COV = 1607.6% _MEAN =4012 m/s, STD = 636 m/s, COV = 1586%
[ s . (<)
2000 2500 3000 3500 4000 4500 5000

Fig. 13 P-wave velocity while time of immersion of specimens B1, B2 and B3 was progressing, while measurement: a DO, b D8, ¢ D28, d D76.
Each map contains two views: top-view (above) and side-view (below)
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analysed together. Since the electrical potential technique
is well studied and standardised, its results were taken as a
reference and compared with other parameters (natural fre-
quencies, mean P-wave velocity, and coefficient of variation
(COV) of the P-wave velocity). Figure 15 shows the results
for all beams B1-B3. To enhance the legibility of the dia-
grams, the potential values were averaged along the length
of the beam (for all measurement points) and the vertical axis
was reversed. The behaviour of all three beams was similar.

Three significant stages (stage, I, I, and III) of the cracking
process were distinguished. The first stage (initiation stage),
with a duration of 4 days, was related to the soaking of the
concrete with water. The rapid change of electrical potential
was observed between the intact state (DO) and the first day
of corrosion (D1). However, further at this stage, the poten-
tial remains at a level of approximately — 500 mV for sample
B1 and — 480 mV for sample B2. Sample B3 behaved differ-
ently at this stage and the potential changed gradually up to
— 590 mV. According to ASTM C876-15 standard, there was
a high probability of corrosion at the end of stage I. A sig-
nificant increase was observed for all three eigenfrequencies
(Fig. 15a), probably caused by soaking with water. A major
growth was also observed in the P-wave velocity (Fig. 15b),
as already mentioned in the previous section. It is important
to note that the COV had low values, not exceeding 1.1%, and
initially decreased as water absorption led to more uniform
mass distribution, and consequently, the P-wave velocity var-
ied less throughout the sample.

The second stage—known as the propagation stage, last-
ing approximately between 4 and 14 days of immersion in
the solution, was associated with a gradual increase in the
level of corrosion, which could be observed by the sig-
nificant change in the electrical potential. Peak potential
values were observed at this stage. In the case of natu-
ral frequencies (Fig. 15a), their values also reached peaks
and began to decrease, indicating the important influence of
corrosion on the dynamic behaviour in the low-frequency
range (as mentioned in the previous section, the first sur-
face cracks appeared). Similar observations could be made
based on the P-wave velocity changes (Fig. 15b), which
also reached peaks and decreased. This indicated the end of

time of corrosion [days]

water absorption, which revealed the influence of corrosion
on high-frequency wave propagation. The COV also began
to change significantly (Fig. 15c), reaching approximately
1.2-1.5% at the end of stage II.

The third stage (after 14 days until the end of the tests) was
related to the severe mechanical degradation of the samples
due to the appearance of cracks caused by the increase in the
volume of the corroded rod. It is important to note that at
stage III electrical potential appeared to be relatively insen-
sitive to the level of damage, considering how advanced the
fracture of samples was. Only a small change in potential was
observed for all beams (final values were around —590 mV).
In the case of the natural frequencies (Fig. 15a), their differ-
ences could be clearly distinguished. After a slight decrease
in all three eigenfrequencies, the first one increased slightly,
whereas the second and the third remained at approximately
the same level. Similarly to the electrical potential, the natu-
ral frequencies were rather insensitive to the level of damage.
Significantly different observations could be made for the
mean P-wave velocity values (Fig. 15b), which decreased
rapidly at this stage due to the elongation of the propagation
path in the crack area near the corroded rod (cf. Figure 13).
For the same reason a rapid increase in COV was observed
(Fig. 15¢), eventually exceeding 3.5%.

5.2 Diagnostic Framework

To sum up all the remarks made in the previous subsection
it can be stated that the measurement of electrical potential
is very efficient in the detection of corrosion process at its
initial state (stages I and II). However, it appears to be less
useful for quantitative assessment of the level of corrosion as
it progresses. Similar conclusions were reached for natural
frequencies. To characterise the severity of damage P-wave
velocity measurements are more promising. Based on the
analysis carried out, an attempt has been made to develop a
two-stage diagnostic framework for the characterisation of
corrosion-induced concrete fracture. The proposed scheme
can be applied to reinforced concrete beams similar to those
considered in the study.
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Fig. 15 Comparison of electrical potential with other diagnostic parameters (for all beams B1-B3): a change of natural frequencies, b change of
P-wave velocity, ¢ coefficient of variation of P-wave velocity
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Fig. 16 P-wave velocity along the height of each beam (propagation from side to side of the beam; the longer corrosion the darker the curve): a B1,

b B2, ¢ B3

The first step in the corrosion detection process is the mea-
surement of the electrical potential (step A). The number of
measuring points can be reduced to 10 points along a single
line in the axis of the beam, according to small changes in the
electrical potential across the surface of the beam. The mon-
itoring of changes in the electrical potential can be continued
until the potential values reach a peak. It can be expected that
further measurements would not provide any more important
information. At this moment, P-wave velocity measurements
can be considered efficient (stage B). Based on the increas-
ing time of flight of the wave, the severity of damage can
be assessed. It is important to note that the P-wave velocity
changes over the height of the beam, from the top (where
there is a corroded bar) to the bottom (where there is no rein-
forcement) are significant. The mean P-wave velocity at each
horizontal line at the side surface of each beam is presented
in Fig. 16 for all measurements (the longer the corrosion, the
darker the curve).

It is visible that the velocity does not change significantly
at the bottom of the beam (except for the initial increase due
to water absorption). Higher variations are observed at the top
line, where a longitudinal crack appears in the vicinity of the
reinforcing bar. More importantly, the difference between the
P-wave velocities at the top and bottom of the beam increases
with the duration of corrosion time. This can also be seen in
the P-wave velocity maps in Fig. 13.

Since the P-wave velocity measurements are time-
consuming, it is suggested to reduce the number of mea-
surement points to two lines on the side of the beam, one at
the top (near reinforcement) and one at the bottom (far from
reinforcement) edges (points 1,9, ..., 81,89 and 8§, 16, ..., 88,
96, cf. Figure 7). The difference between the mean P-wave
velocity values at the top and bottom lines can indicate the
developing crack. To verify this recommendation, the ratio of
P-wave velocities at the top and bottom lines was calculated
(Fig. 17).

It is visible that in the early stages of corrosion, the differ-
ence is insignificant and does not exceed 5%. This level of
change may not be an indication of damage, it may just be
the effect of concrete being a heterogeneous material. How-
ever, small internal cracks may occur in this stage. If the
velocity difference exceeds 5% (ratio below 0.95), it can
be considered as the beginning of fracture. This threshold
is associated with the appearance of the first surface cracks
in beams (Bl—measurement D8, B2-D10, and B3-D13).
Based on these observations, a ratio of the P-wave veloc-
ity at the top and bottom lines of the beam (Cr; and Cpp,
respectively) can be considered as a damage index with:

Cr:
Crb

DI =

<0.95 )
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Fig. 17 The ratio of P-wave velocity at the top and bottom line on the
side of each beam

6 Conclusions

The paper deals with non-destructive diagnostics of rein-
forced concrete beams subjected to accelerated electrochem-
ical corrosion. Three specimens (B1-B3) were examined
using the potential measurement method, low-frequency
vibrations, and ultrasonic wave propagation to study the
corrosion-induced mechanical degradation of RC samples.
The corrosion was successfully induced and progressed for a
total time of 76 days with 24 breaks during which measure-
ments with all methods were conducted.

Based on the variety of measured factors, three stages of
corrosion were distinguished. During the first stage, the onset
of corrosion was indicated by the rapid increase in electrical
potential. The natural frequencies and the mean values of the
P-wave velocity also increased rapidly, however, this could
be an effect of water absorption. In the second stage, the
corrosion process developed and led to the appearance of
cracks. The electrical potential, all the eigenfrequencies, and
the mean P-wave velocity reached extreme values and then
started to decrease. During the third stage, serious mechanical
degradation was observed due to crack development. The
severity of the damage could be described by the mean P-
wave velocity as all other factors did not change significantly.

A diagnostic framework has been proposed to characterise
corrosion-induced fracture in reinforced concrete. Consider-
ing the capabilities and limitations of the methods applied,
it was concluded that at the first two stages of corrosion (I
and II), it is efficient to use the electrical potential method
to detect and measure the level of corrosion. However, at
the third stage (III), when the fracture process initiates, it is
relevant to use the P-wave velocity to measure the severity
of mechanical degradation by a proposed damage index that
reflects the differences in P-wave velocity in the area of the
reinforcement and away from its vicinity.

The occurrence of corrosion in reinforced concrete struc-
tures is usually visually detected by the presence of surface

@ Springer

cracking. However, this mainly applies to the serious dam-
age leading to catastrophic failure. The diagnostic framework
developed in this paper is capable of successfully detect-
ing, quantitatively measuring, and monitoring the corrosion
process and its consequences at its early stages using non-
destructive techniques.
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