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Abstract: It is important to use adequately reliable non-destructive methods that would be capable
of determining the reinforcement conditions in concrete structures. Three different methods: ground
penetrating radar, impact-echo method, and metal magnetic memory method were used for testing
laboratory-prepared reinforced concrete beams (with a reinforcing bar of the same diameter along
its whole length, reinforcing bar locally impaired, and reinforcing bar interrupted). The ground-
penetrating radar proved the correlation of signal parameters with the reinforcing bar condition.
An impairment/interruption reinforcing bar appeared in the record from measurements in the
transversal and longitudinal direction by changes of the observed depth of the reinforcing bar from
the concrete surface and direct wave attenuation. The impact-echo method proved that the shifts of
the dominant frequencies from the response signal correspond with the impairment/interruption of
the reinforcing bar. Results of diagnostics by the metal magnetic memory method were presented by a
magnetogram of the magnetic field strength and field gradient on the measured distance. The changes
in the magnetic field strength proved different stress concentration zones due to the reinforcing bar
condition. The used non-destructive methods showed that they are capable of indicating the different
reinforcement conditions in reinforced concrete beams. This paper indicates in which cases and for
what reason it is appropriate to use these three methods and in what way they differ from each other.

Keywords: reinforced concrete beam; steel reinforcing bar; ground penetrating radar; impact-echo
method; metal magnetic memory method

1. Introduction

It is evident that the determination of the current condition of reinforced concrete
structures and the verification of their safety is of utmost importance. This is why non-
destructive testing (NDT) and combinations of different diagnostic methods are favored
for evaluations of structure conditions.

The basic method is a visual inspection and evaluation of the occurrence of changes
and defects visible on the surface. Preference is given to methods working in 3D, enabling
automatic evaluation, such as photogrammetry, interferometry, laser scanning, etc. [1-3].

Diagnostic test methods can be divided into destructive, partially destructive, and
non-destructive methods. Ground penetrating radar (GPR) has an irreplaceable place
among other diagnostic methods (sonic, ultrasonic, microwaves, radiography, infrared
thermography) that are used for testing reinforced concrete materials and structures [4].
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GPR is commonly used as a diagnostic method for a variety of applications [5]. There
are more or less sophisticated applications that focus on determining the rebar position and
concrete cover thickness [6-8], some are trying to determine rebar diameter [8,9], or identify
rebar corrosion in concrete structures [10]. Combinations of GPRs with other methods are
also used to refine the measurement results, e.g., with electromagnetic induction [8], elec-
trical resistivity [11], ultrasonic techniques [12] or to compare the possibilities of individual
methods with each other [13].

The presented work aims to investigate the potential of three non-destructive methods
to detect different reinforcement conditions in reinforced concrete beams. It is a single-
channel ground penetrating radar, with a common commercial way of evaluating the
recording of this measurement, compared to one commonly used method, i.e., impact-echo,
which allows measurements outside the area (not directly above it) and the metal magnetic
memory method, which is not yet commonly used for the purpose of evaluating built-in
reinforcement in concrete.

The measurements described below were performed as the first step in a project aimed
at evaluating the condition of prestressed concrete beams.

In the case of GPR, it can be stated in this context that it allows the measurement of the
position of the reinforcement and the thickness of the concrete cover of the reinforcement.
It is a fast measurement that can be preliminarily evaluated directly from the recorded
radargram in situ and indicate the position of the reinforcement directly on the surface
of measured specimens/structures. In the case of dense reinforcement in rows one above
the other, it has limitations, and if the reinforcement were placed in a steel duct (e.g.,
prestressing reinforcement), it is not possible to assess the condition of this reinforcement.
This method does not record the state of reinforcement in terms of stress/load to which the
specimen/structure has been subjected.

In the case of the impact-echo method, the method is suitable for the detection,
localization, and evaluation of discontinuities inside concrete [14-16], including evaluation
of nonlinear effects [17-19]. Its advantage is that it allows measuring even in cases where
it is not possible to evaluate the condition of the reinforcement directly in the monitored
area (directly above it). It is possible to measure at different distances between the exciter
and the sensor. This method is less user-friendly than GPR and, like GPR, cannot detect
the state of reinforcement in terms of stress/load to which the specimen/structure has
been subjected.

The metal magnetic memory method can record the stress/load condition of steel
elements, even when they are no longer exposed to this stress [20-23]. The condition
of the concrete cover does not affect the results of this measurement. At present, the
method is used mainly for evaluating the condition of iron and steel structures, or under-
ground pipelines and there is not enough experience with its application on reinforced
concrete structures.

These three methods were applied in a laboratory environment where the different
reinforcement conditions were simulated by the use of reduced diameter of reinforcing
bars in concrete beams. The comparison of the measured parameters obtained for different
specimens was performed.

2. Description of Specimens

For this experiment, three variations of concrete beams with dimensions of 100 mm X
100 mm x 400 mm were made. They were reinforced with one steel reinforcing bar with a
10 mm diameter and a length of 400 mm, passing through the center of the specimen, see
Figure 1.

The following reinforcement variations were used: an undamaged reinforcing bar
with the same diameter along the whole beam length (denoted N), reinforcing bar impaired
to a diameter of 5 mm in the length of 50 mm (denoted Z), and reinforcing bar interrupted
in the length of 50 mm (denoted P). These variations cover the basic three possibilities with
the biggest difference between each other.
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Figure 1. Three reinforcement variations used for the preparation of concrete beams: N—undamaged
reinforcing bar; Z—reinforcing bar locally impaired; P—reinforcing bar interrupted in the central
part [16].

3. Ground Penetrating Radar

Ground-penetrating radar (GPR) is equipment that uses high-frequency electromag-
netic waves. In combination with the corresponding software, it provides the location and
an evaluation of the electrical and magnetic features of the studied environment in which
these waves radiate.

A transmitting antenna (Tx) sends a wave into the structure that is examined. Because
of discontinuities in the structure, a part of the energy is reflected back while a part
continues through the structure. The reflected signal is recorded by the receiving antenna
(Rx) and analyzed in a central unit (Figure 2a). A discontinuity could be a boundary or
interface between two materials/layers with different dielectric properties, their debonding
or delamination, or the presence of inbuilt objects, such as reinforcement. The amplitudes
of the detected echoes (Figure 2b) and the corresponding arrival times can then be used
to locate the discontinuity. Low-frequency antennas allow performing measurements at
greater depths, but with lower resolutions. On the other hand, high-frequency antennas
provide higher resolutions, but in a smaller depth. Concrete structures are commonly
inspected with the use of antennas with a central frequency above 1 GHz.

Monitor
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3 1x [ rx Amplitudes
Surface

Reflection at
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o : Reflection at
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Figure 2. (a) Principle of ground penetrating radar (GPR) measurement with one antenna; (b) radargram record from

continual GPR measurement in one line [13].
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3.1. Data Acquisition

For this experiment the measurement system SIR-20 of the American company Geo-
physical Survey Systems, Inc. was used (Figure 3). An antenna 2600 MHz was attached to
a trolley in order to measure in a single line and allow recording of the traveled distance.

L

o S

Figure 3. Experimental device set-up of GPR during the test.

Measurement device adjustment was as follows:

Vertical high pass filtering HP F = 400 MHz;

Vertical low pass filtering LP F = 5070 MHz;

Range Gain: in order to highlight reinforcement bar surroundings;
Position measurement by trolley: 2000 scans/m, 153 scans/s;
Resolution: 512 samples/scan.

Timber ramps were used for the trolley movement. The measurement was repeated

three times in laboratory conditions at a temperature of 20 °C. Measurement orientations
were as follows, see Figure 4:

(a)

Figure 4. GPR measurement orientation: (a) transversal direction; (b) longitudinal direction.

(a)
(b)
(c)

(a)
(b)
(c)

(b)

Transversal direction:

crossing above the right part of specimens (N-Bla; P-Bla; Z-Bla);
crossing above the center of specimens (N-B2; P-B2; Z-B2);
crossing above the left part of specimens (N-Blb; P-Blb; Z-B1b).
Longitudinal direction:

crossing above specimen N (line N-Bla; N-B2; N-Bl1b);

crossing above specimen Z (line Z-Bla; Z-B2; Z-B1b);

crossing above specimen P (line P-Bla; P-B2; P-B1b).
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3.2. Results and Discussion

Records from GPR measurements performed on specimens with reinforcing bar type
(N, P, Z) in transversal direction are shown in Figure 5.

Three identical hyperboles were evident in GPR records across the right parts and the
left parts of the specimens (Figure 5a,c) representing the reinforcing bar upper surface in all
specimens (N, P, Z). The peaks of hyperboles with the highest amplitude were cut through
by a reference horizontal (white) line. It confirmed that the reinforcing bar surfaces were at
the same depth. Figure 5b) illustrates the results of measurements across the center of the
specimens. In this case, we could see that the plus amplitude value of the central hyperbole,
corresponding to the interrupted reinforcing bar denoted as P, was much lower and its
peak was located under the reference horizontal line. This corresponded to the fact that
during the crossing, the end of the interrupted reinforcement 2.5 cm from the measurement
axis was captured in the record. The hyperbole in Figure 5b on the right corresponded to
specimen Z with an impaired reinforcing bar and it was visible that the hyperbole peak
was located under the horizontal reference line.

.00 - -
B Driven distance —»

m
0.000

centres

0.050_

e

i left parts
specimens:

Amplitude scale: 00 1.00

Figure 5. Radargrams from GPR measurements performed in transversal direction: (a) across the
right parts of specimens crossing N-Bla; P-Bla; Z-Bla; (b) across the centers of specimens crossing
N-B2; P-B2; Z-B2; (c) across the left parts of specimens crossing N-B1b; P-Blb; Z-Blb.

The measured data were evaluated using software RADAN 7.4 in the Interactive
Interpretation module which allowed the determination of the depth of the reinforcing bars
from the concrete specimen’s surface on the basis of the known velocity of electromagnetic
signal propagation. The propagation velocity (v = 0.113 m/ns) was determined by the
use of the known depth of the reinforcing bar at the beam’s ends. The measurements
were repeated above the measurement positions three times. Calculated mean values of
direct wave attenuation (expressing the ratio of the signal amplitude corresponding to the
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surface of the reinforcement and the surface of the concrete) [11] (p. 365) and reinforcing
bar location depth are summarized in Table 1.

Table 1. Mean values of GPR measurement results in a transversal direction.

Measurement Position Direct Wave Attenuation Reinforcing Bar Depth
[dB] h [mm]
N-Bla 4.5 45
N-B2 4.2 44
N-Blb 3.7 44
Z-Bla 4.0 44
Z-B2 5.6 47
Z-B1b 4.0 44
P-Bla 4.0 46
P-B2 1741 49!
P-Blb 41 44

! The end of the interrupted reinforcement 2.5 cm from the measurement axis was captured in the record.

The bold numbers from Table 1 show different measurement results. In the case of
the impaired reinforcing bar—specimen Z—there was a moderate increase of direct wave
attenuation and partial increase of reinforcing bar depth. In the case of the interrupted
reinforcing bar 2.5 cm from the measurement axis—specimen P—there was a striking
increase of direct wave attenuation and increase of reinforcing bar depth.

The evaluation of records from GPR measurements performed on specimens in the lon-
gitudinal direction is shown in Figure 6. The analyzed boundaries represent the reinforcing
bar’s upper surface in measured beams. These boundaries were visible at a depth of about
0.04 m at a distance of approximately 0.2 to 0.6 m in a longitudinal direction. The shape
and length of reinforcing bar surface boundaries are evaluated and sketched in the lower
right corners of Figure 6. A change in reinforcing bar surface depth was not observed in
the case of specimen N with the undamaged reinforcing bar (Figure 6a). A smaller change
was visible in the case of specimen Z with an impaired reinforcing bar (Figure 6b) and a
marked change was apparent in the case of specimen P with an interrupted reinforcing bar
(Figure 6c).

Mean values of length change d and depth change / in view of boundaries representing
the reinforcing bar upper surface are summarized in Table 2.

Table 2. Mean values of GPR measurement results in a longitudinal direction.

Measurement Length of Change Change of Depth
Position d [mm] h [mm]
N-B2 - 1
Z-B2 55 3
P-B2 47 1 5 1

! The interrupted reinforcement was captured in the record.

From Table 2 it is evident that in the case of specimen N, with an undamaged reinforc-
ing bar, changes were not observed. In the case of specimen Z with an impaired reinforcing
bar in its center, the necking (3 mm) of the reinforcing bar upper surface in the length of
55 mm was apparent. The biggest changes corresponded to specimen P with a reinforcing
bar interrupted in its center. In this case, we could see the amplitude of the lower value
and the necking (5 mm) of the reinforcing bar upper surface in a length of 47 mm in its
center due to the missing part of the bar.
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specimen P:

Amplitude scale: 100, , \ . . . . 1.00
S

Figure 6. Radargrams from GPR measurements performed in a longitudinal direction: (a) across the specimen N centre
crossing N-Bla; N-B2; N-B1b; (b) across the specimen Z center crossing Z-Bla; Z-B2 a Z-B1b; (c) across the specimen P
center crossing P-Bla; P-B2; P-Blb.

4. Impact-Echo Method

The second applied method was impact-echo. It is based on the propagation of stress
waves, which are generated by a mechanical impulse; the scheme is shown in Figure 7.
A short-duration mechanical impact, produced by tapping a hammer against the surface
of concrete, produces low-frequency stress waves (from 1 to 60 kHz) that propagate into
the structure and are reflected by flaws and/or external surfaces [14,19]. Reflected waves
are recorded on the surface by a sensor in the form of a voltage signal. The resulting
voltage versus time plot (time-domain realization) is digitized and fed into the memory of
a computer, which subsequently performs the frequency analysis. A time realization and
the corresponding frequency spectrum were the results of this test.

Any implementation of such tests requires a reference standard and its frequency
spectrum to be set down. An undamaged reinforcing bar of the same diameter along the
whole length of the beam N was the reference standard in our case. If the test specimen
material properties differ from those of the reference standard (i.e., impaired reinforcing
bar represented by the specimen Z and interrupted reinforcing bar represented by the
specimen P), the resonance frequency will be shifted against that of the reference standard.
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Figure 7. Scheme of the impact-echo method [19].

4.1. Data Acquisition

A mechanical impulse, provided by a special hammer, was applied at the exciter
points E. A piezoelectric sensor S, operating in a frequency range from 100 Hz to 50 kHz,
was used to pick up the specimen response, see Figure 8. The THPS3_25 HandyScope3
measuring unit and a special signal-analysis software package were used for sampling and
further processing of captured signals.

Seven mechanical impulse-to-sensor configurations were measured, see Figure 8a. The
results were verified by repeated measurement (three times). Various impulse intensity and
response frequency spectra were also analyzed from the viewpoint of nonlinear effects [18,19].

The results obtained from three configurations (Figure 8b) are presented below.

(b)

Figure 8. Mechanical impulse (E) to sensor (S) configurations: (a) test beam with a drawing of all configurations; (b) three

presented configurations.

4.2. Results and Discussion

Measurement results are presented in the form of response frequency spectra. Figure 9
shows a frequency spectrum obtained from all specimen types (N, Z, P) corresponding
to the 3rd configuration of Elb impulse-to-Sb sensor location, see Figure 8b. The pre-
dominant frequencies occurred in the frequency range of 4700 to 4850 Hz, as shown in
Figure 9. Figure 9A shows the whole frequency range and Figure 9B shows details of the
predominant frequency range.

The predominant frequency of the value of 4773 Hz (graph B) corresponded to spec-
imen N, with an undamaged reinforcing bar. The response frequency spectrum Z corre-
sponded to a specimen with a bar locally impaired in its central part. The peak frequency
of 4802 Hz signified a shift of 29 Hz to the right in comparison with the N specimen.
The response frequency spectrum P corresponded to a specimen with a reinforcing bar
interrupted in its central part. The predominant frequency shifted to a lower value, namely
4762 Hz, which corresponded to a shift of 11 Hz in comparison with the N specimen.

Figure 10A analogically compares measurement results from the 4th configuration of
E2b impulse-to-Sb sensor location. Figure 10B illustrates a detail of the frequency range
from 2120 Hz to 2200 Hz. In this case, the dominant frequency value of 2151 Hz pertains to
the N specimen with an undamaged reinforcing bar. The difference is evident in the case
of specimen Z with a reinforcing bar locally impaired in its central part; two peaks were
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evident in this response frequency spectrum. The first peak of 2136 Hz occurred to the left
of the predominant frequency of specimen N. The second peak occurred to the right of
the predominant frequency of specimen N and its value equaled 2165 Hz. The frequency
spectrum P corresponded to the specimen with a reinforcing bar interrupted in its central
part. In this case, the predominant frequency shifted to value 2137 Hz on the left similar to
specimen P (Figure 9B). Figure 10C illustrates a detail of the frequency range from 4700 Hz
to 4 50 Hz, which corresponded to the predominant frequency range in the case of the
3rd configuration (Figure 9). The peak frequency of 4776 Hz pertained to the N specimen,
with an undamaged reinforcing bar. The response frequency spectrum Z corresponded to
a specimen with a reinforcing bar locally impaired in its central part. Its frequency peak
occurred at the value of 4802 Hz, which meant a shift of 26 Hz to the right, as in the case of
the Z specimen (Figure 9B), in comparison with the N specimen. The frequency spectrum
P corresponded to a specimen with a reinforcing bar interrupted in its central part. In this
case, the predominant frequency shifted to the value of 4760 Hz to the left also similar to

specimen P (Figure 9B).
3000 3000 ‘
A) . P3 B) — P3
—- 73 —- Z3
. 2000 — N3 . 2000 A \ — N3
_E 1 E ' \
] ©
< |' < AN
1000 " 1000 \
e L . B \ \\E—_ﬁ-_
0 - F N 0 MW
4000 5000 6000 7000 4700 4750 4800 4850 4900
f/Hz f/ Hz

Figure 9. Response frequency spectrum representing measurements of 3rd configuration E1b impulse-to-Sb sensor location:
(A) whole frequency range; (B) details of the predominant frequency range.
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Figure 10. Response frequency spectrum representing measurements of the 4th configuration: E2b
impulse-to-Sb sensor location: (A) whole frequency range; (B) detail of the frequency range from
2120 Hz to 2200 Hz; (C) detail of the frequency range from 4700 Hz to 4850 Hz.



Remote Sens. 2021, 13, 952

10 of 15

Figure 11 shows the response frequency spectrum for the 6th configuration of the E6
impulse-to-S6 sensor location. Figure 11A shows the whole frequency range and Figure 11B
shows details of the predominant frequency range. The predominant frequencies proved
similar values as shown in Figure 10B.

3000 3000
(A) —- 76 (B) —- 76
— P8 [] — P6
] N6 = N6
. 2000 . 2000 et
: : \ A\ [\
g g / AR
< }
< 1000 1000 \
AR
1500 3000 4500 6000 2000 2050 2100 2150 2200
f/Hz f/Hz

Figure 11. Response frequency spectrum representing measurements of the 6th configuration: E6 impulse-to-S6 sensor

location: (A) whole frequency range; (B) details of the predominant frequency range [16].

The dominant frequency value of 2129 Hz pertained to specimen N, with an un-
damaged reinforcing bar. Frequency spectrum Z6 corresponded to a specimen with a
reinforcing bar locally impaired in its central part. It was seen that the predominant fre-
quency with two peaks was similar to the 4th orientation (Figure 10B); however, both peaks
occurred to the right of the predominant frequency of specimen N. The first peak value
equaled 2138 Hz and the second peak value equaled 2164 Hz. The frequency spectrum P
corresponded to the specimen with a reinforcing bar interrupted in its central part. The
predominant frequency shifted to the value of 2102 Hz to the left of the predominant
frequency of specimen N, similar to Figures 9 and 10B.

To verify measurement results, reproducibility measurements were repeated three
times. Mean values of dominant frequencies are summarized in Table 3.

Table 3. Mean values of specimen dominant frequencies from all measurements.

Configuration Dominant Frequencies [Hz]
Order No. Location E-to-S Specimen N Specimen Z Specimen P

1st Ela-to-Sa 4774 4751; 4802 4764

2151 2138; 2164 2138
2nd E2a-to-Sa 4772 4802 4760
3th E1b-to-Sb 4771 4800 4762

2150 2137; 2164 2137
4th E2b-to-5b 4773 4801 4761
5th E5-to-S5 4730 4754 4674
6th E6-to-56 2129 2138; 2164 2102
7th E7-to-S7 4730 4754 4674

A mechanical impulse of various intensities was used and response frequency spectra
were also analyzed from the viewpoint of nonlinear effects. Higher impulse intensity
normally produces a shift of dominant frequency in the case of a presence of cracks and
other defects in the specimen structure. All specimens proved good reproducibility of
measurement results and the presence of nonlinear effects, as the indicators of concrete
structure damage, were not observed.
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5. Metal Magnetic Memory Method

The metal magnetic memory (MMM) method is an NDT method based on sensing
the magnetic field strength Hp in the form of residual magnetization on the surface of the
material. It uses one or more probes, each sensing the magnetic field in three perpendicular
planes, see Figure 12. The residual magnetization of a material is affected by the production
process, machining, cutting, welding, bending, heat treatment, cooling, operational stress,
corrosion of the material, etc. A very important factor influencing the magnetic memory of
a material is the degradation process caused by the operational stress and conditions to
which the structure is exposed.

Hy(H?2)

Hx(H1)

Zones with increased
stress concentration (SCZ)

Figure 12. Scheme of measurement by the metal magnetic memory (MMM) method above a steel
pipe in the ground in the longitudinal direction.

The MMM method can detect these effects from a magnetogram, i.e., the depen-
dence of the magnetic field strength on the distance of the probe from the beginning of
the measurement.

A special cart, on which the probes are placed, is moved above the surface of the
measured area (e.g., in a pipe or beam axis) and the wheel of the device measures the
driven distance. The signal from each individual channel, together with the distance, is
recorded in digital form in the device’s memory and displayed graphically either directly
as Hp or in the form of gradient dHp/dx.

The recorded data are presented in the form of a graph (so-called magnetogram).
Based on the evaluation, we can then determine zones with increased stress concentration
(SCZ), where there is an increased probability of changes or defects in the material structure.
The stress concentration is proportional to the measured magnitude of the magnetic field
strength gradient around a given position.

A significant advantage of this NDT method is the measurement speed and its high sen-
sitivity.

5.1. Data Acquisition

The measurement technique used is shown in Figure 13 and includes the follow-
ing parts:
e  Tester of stress concentration with evaluation unit TSC-3M-12;
e  Scanning device type 11-6W with a probe comprising 2 triaxial sensors;
e  Cart with the device measuring the driven distance.

The measuring range for magnetic field strength Hp was from —2000 A /m to +2000 A /m.
The used measurement step was every 1 mm.
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Figure 13. Used device for MMM measurement with an evaluation unit.

5.2. Results and Discussion

The concrete beams were arranged in a line on the ground. Firstly, the indicative
contactless measurement was applied at the distance of 50 mm from the surface of the
beams, the contact measurement followed. The measurement was performed on specimen
surfaces in the central part of the specimens along the length of 200 mm. The measurement
was repeated four times to verify the reproducibility of the measurement results. A magne-
togram in Figure 14 illustrates the results of the continuous contact scanning of specimen
N with an undamaged reinforcing bar.

40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210

- A
R R AL N

— dHy3/dx
16 Hy4
dHy4/dx

)
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DN = i Y k 3

= !\“ MR \,«zw' . 1.
3

2

1
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40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 150 200 210
X, (mm)

Figure 14. Magnetogram from scanning with contact probe, specimen N with undamaged reinforcing bar.

The magnetogram graphically showed the field strength Hy and the field gradient
dHy/dx as a function of distance x. The uniform distribution of the field strength Hy in the
magnetogram confirmed that the sample structure was uniform along its length.

Figure 15 presents results of the continuous contact scanning of specimen Z with a
locally impaired reinforcing bar.

The different distribution of field strength H, compared to the magnetogram of
specimen N was visible. The distribution was not uniform, in this case. The zone of the
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increased field strength gradient (area marked in a red rectangle) corresponded to the
locally impaired part of the reinforcing bar.
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Figure 15. Magnetogram from scanning with contact probe, specimen Z with locally impaired reinforcing bar.
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Figure 16 presents a magnetogram from the measurement of specimen P with an
interrupted reinforcing bar.
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Figure 16. Magnetogram from scanning with contact probe, specimen P with interrupted reinforcing bar.

The magnetogram showed in shape analogous distribution of the field strength similar
to the magnetogram in Figure 15 (corresponding to specimen Z) with a larger range of
values. The zone of increased field strength gradient (area marked in a red rectangle)
corresponded to the missing part of the reinforcing bar. The adjoining zone with an
increased gradient must have been caused by another reason, possibly the mechanical
preparation of bars which needs to be further studied.
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6. Conclusions

The presented paper describes the application of three non-destructive methods for
the evaluation of different reinforcing bar conditions in concrete beams. These specimens
were prepared in laboratory conditions and the only difference between them is in the
central part of the reinforcing bars (diameter of 10 mm, diameter of 5 mm, and a missing
piece of bar). The applied methods were: the ground-penetrating radar, the impact-echo
method, and the metal magnetic memory method.

The ground-penetrating radar was applied in transversal and in longitudinal direc-
tions. The measurement results in both directions proved the correlation of evaluated
parameters (changes of the observed depth of the reinforcing bar from the concrete surface
and direct wave attenuation) with a reinforcing bar variant. It was confirmed that a 2.6 GHz
antenna is able to measure the position of the reinforcement placed at a depth of about
50 mm with millimeter accuracy.

The results of the impact-echo method proved that this method is sensitive to the
reinforcement conditions. The shifts of the dominant frequencies obtained with fast Fourier
transform from the response signal correspond with the reinforcing bar changes in the
concrete beams. It was shown that the impaired or interrupted reinforcing bars have an in-
fluence on the dominant frequency. However, these differences are difficult to interpret and
without a comparison to a reference value measured in the same positions, an evaluation
would not be possible.

The measured parameters of the metal magnetic method proved correlation with
concrete beams with different reinforcing bars. The measurement with a contact probe
shows that the uniform specimen structure along the whole length produced a uniform
distribution of magnetic field strength Hy. In the case of impaired and interrupted reinforc-
ing bars, the change appeared in Hy and became much clearer on its gradient. It turned
out that it will be necessary to distinguish in the records other influences to which this
method is sensitive. The measurement is similar to GPR in terms of time and comfort
of measurement.

The results of these measurements showed how they can help in assessing conditions
of steel reinforcement in concrete structures and have proved to constitute a starting
point for specifying their use in the next step involving testing of concrete specimens
with prestressed reinforcement, either directly embedded in the concrete or placed in a
protecting duct.

GPR will be used to determine the position of structural reinforcement (stirrups, etc.)
and ducts for conducting prestressed reinforcement in the form of strands.

The impact-echo method allows measurements directly on the prestressing reinforce-
ment or using holes in the concrete and waveguides connected directly to the reinforcement
(at different distances from each other). The use of waveguides to transmit the excitation
pulse directly to the reinforcement and to sense the response on the reinforcement will
allow a substantial increase in the distance between the exciter and the sensor and refine the
measurement results. A combination of the impact-echo method with nonlinear ultrasonic
spectroscopy will be used.

The MMM method will be tested to evaluate the state of prestressing reinforcement in
the longitudinal direction when measured on the surface of concrete specimens. For the
purposes of proper evaluation, it will be necessary to test variously damaged and modified
samples of reinforcement and their location in various types of protective ducts, especially
made of steel.

Author Contributions: Conceptualization and methodology, K.P.; GPR measurement and analysis,
R.M. and ].S.; impact-echo measurement and analysis, M.M. and M.K.; MMM method measurement
and analysis V.S. All authors have read and agreed to the published version of the manuscript.

Funding: This paper was produced with the state support of the Technological Agency of the Czech
Republic within the program TRANSPORT2020+, project No. CK01000108: New approaches in
diagnosis of reinforcement of pre-stressed / post-tensioned concrete bridge beams.



Remote Sens. 2021, 13, 952 15 of 15

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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

References

1. Zollini, S.; Alicandro, M.; Dominici, D.; Quaresima, R.; Giallonardo, M. UAV Photogrammetry for Concrete Bridge Inspection
Using Object-Based Image Analysis (OBIA). Remote Sens. 2020, 12, 3180. [CrossRef]

2. Pieraccini, M.; Miccinesi, L. Ground-Based Radar Interferometry: A Bibliographic Review. Remote Sens. 2019, 11, 1029. [CrossRef]

3. Tang, Y, Li, L; Wang, C.; Chen, M.; Feng, W.; Zou, X.; Huang, K. Real-time detection of surface deformation and strain in recycled
aggregate concrete-filled steel tubular columns via four-ocular vision. Robot. Comput. Int. Manuf. 2019, 59, 36—46. [CrossRef]

4.  Tosti, F; Ferrante, C. Using Ground Penetrating Radar Methods to Investigate Reinforced Concrete Structures. Surv. Geophys.
2020, 41, 485-530. [CrossRef]

5. Lai, WW,; Derobert, X.; Annan, P. A review of Ground Penetrating Radar application in civil engineering: A 30-year journey from
locating and testing to imaging and diagnosis. NDT E Int. 2018, 96, 58-78. [CrossRef]

6. He, X.Q.; Zhu, Z.Q,; Liu, Q.Y.; Lu, G.Y. Review of GPR rebar detection. In Proceedings of the Progress in Electromagnetics
Research Symposium, Beijing, China, 23-27 March 2009; pp. 804-813.

7. Stryk, J.; Matula, R.; Pospisil, K. Possibilities of ground penetrating radar usage within acceptance tests of rigid pavements. J.
Appl. Geophys. 2013, 97, 11-26. [CrossRef]

8. Zhou, F; Chen, Z,; Liu, H; Cui, J.; Spencer, B.F; Fang, G. Simultaneous Estimation of Rebar Diameter and Cover Thickness by a
GPR-EMI Dual Sensor. Sensors 2018, 18, 2969. [CrossRef] [PubMed]

9. Chang, CW,; Lin, C.H.; Lien, H.S. Measurement radius of reinforcing steel bar in concrete using digital image GPR. Constr. Build.
Mater. 2009, 23, 1057-1063. [CrossRef]

10. Zaki, A.; Johari, M.A.M.; Aminuddin Wan Hussin, W.M.; Jusman, Y. Experimental Assessment of Rebar Corrosion in Concrete
Slab Using Ground Penetrating Radar (GPR). Int. ]. Corros. 2018, 2018, 5389829. [CrossRef]

11. Sbartai, Z.M.; Laurens, S.; Rhazi, J.; Balayssac, ].P.; Arliguie, G. Using radar direct wave for concrete condition assessment:
Correlation with electrical rezistivity. J. Appl. Geophys. 2007, 62, 361-374. [CrossRef]

12. Cassidy, N.J.; Eddies, R.; Dods, S. Void detection beneath reinforced concrete sections: The practical application of ground-
penetrating radar and ultrasonic techniques. J. Appl. Geophys. 2011, 74, 263-276. [CrossRef]

13. Janku, M.; Cikrle, P.,; Grosek, J.; Anton, O.; Stryk, J. Comparison of infrared thermography, ground-penetrating radar and
ultrasonic pulse echo for detecting delaminations in concrete bridges. Constr. Build. Mater. 2019, 225, 1098-1111. [CrossRef]

14. Hong, S.U; Lee, Y.T,; Kim, S.H.; Na, ].H. Estimation of Thickness of Concrete Slab Members Using Impact Echo Method. Key Eng.
Mater. 2014, 605, 139. [CrossRef]

15. Zhang, ].K.; Weizhong, Y.; Cui, D.M. Concrete Condition Assessment Using Impact-Echo Method and Extreme Leatning Machines.
Sensors 2016, 16, 447. [CrossRef] [PubMed]

16. Manychova, M.; Fuciman, O.; Pazdera, L. An Initial Investigation on the Potential Applicability of Non-Destructive Methods to
Assessing Joint Condition in Prefabricated Structures. Solid State Phenom. 2017, 258, 489-492. [CrossRef]

17.  Antonaci, P; Bruno, C.L.; Gliozzi, A.S.; Scalerandi, M. Monitoring evolution of compressive damage in concrete with linear and
nonlinear ultrasonic methods. Cem. Concr. Res. 2010, 40, 1106-1113. [CrossRef]

18. Lesnicki, K.J.; Kim, J.-Y.; Kurtis, K.E. Characterization of ASR damage in concrete using nonlinear impact resonance acoustic
spectroscopy technique. NDT E Int. 2011, 44, 721-727. [CrossRef]

19. Korenska, M.; Manychova, M.; Pazdera, L. Experimental Study of the Nonlinear Effects Generated in a Concrete Structure with
Damaged Integrity. Russ. |. Nondestruct. Test. 2013, 49, 530-537. [CrossRef]

20. Dubov, A.A. New requirements to methods and means of materials’ stress-strain state diagnostics. MIR Izmereni 2012, 6, 38—42.

21. Dubov, A.A. Fundamentals difference of the metal magnetic memory method from other known magnetic NDT methods. Results
and prospects of the method development. Territ. NDT 2016, 2, 64—68.

22.  Gorkunov, E.S,; Efimov, A.G.; Shubochkin, A.E.; Artemyev, B.V. On the question of magnetic NDT application to determining the
stress-strain state of metal structures. World NDT 2016, 3, 52-55.

23. Svoboda, V.; Gajdos, L.; Janovac, J. Verification and localization of defects (cracks) at boiler waterwall tubes using magnetic

memory method. In Proceedings of the 3rd International Conference on Diagnostics of Structures and Components Using
Magnetic Memory Method, Prague, Czech Republic, 22-23 May 2019; pp. 42-48.


http://doi.org/10.3390/rs12193180
http://doi.org/10.3390/rs11091029
http://doi.org/10.1016/j.rcim.2019.03.001
http://doi.org/10.1007/s10712-019-09565-5
http://doi.org/10.1016/j.ndteint.2017.04.002
http://doi.org/10.1016/j.jappgeo.2013.06.013
http://doi.org/10.3390/s18092969
http://www.ncbi.nlm.nih.gov/pubmed/30200606
http://doi.org/10.1016/j.conbuildmat.2008.05.018
http://doi.org/10.1155/2018/5389829
http://doi.org/10.1016/j.jappgeo.2007.02.003
http://doi.org/10.1016/j.jappgeo.2011.06.003
http://doi.org/10.1016/j.conbuildmat.2019.07.320
http://doi.org/10.4028/www.scientific.net/KEM.605.139
http://doi.org/10.3390/s16040447
http://www.ncbi.nlm.nih.gov/pubmed/27023563
http://doi.org/10.4028/www.scientific.net/SSP.258.489
http://doi.org/10.1016/j.cemconres.2010.02.017
http://doi.org/10.1016/j.ndteint.2011.07.010
http://doi.org/10.1134/S1061830913090040

	Introduction 
	Description of Specimens 
	Ground Penetrating Radar 
	Data Acquisition 
	Results and Discussion 

	Impact-Echo Method 
	Data Acquisition 
	Results and Discussion 

	Metal Magnetic Memory Method 
	Data Acquisition 
	Results and Discussion 

	Conclusions 
	References

