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ABSTRACT

The article proposes a method for evaluating damage to reinforced concrete subjected to uniaxial compression and
four-point bending. The method is based on measuring and analyzing the parameters of electric and acoustic emissions and
electric response to impact. It is established that the main signs marking the start of the cracking process are: the
appearance of high-amplitude acoustic and electromagnetic emission signals changes in the spectral composition of the
electrical signal, and the increased attenuation coefficient of the electric response's energy. Continuous or recurrent
monitoring can be used to assess deterioration processes in reinforced concrete subjected to mechanical stress.

Keywords: Non-destructive testing, acoustic, electromagnetic emission, electric response to impact, reinforced concrete, mechanical

testing.

1. INTRODUCTION

The wide use of reinforced concrete in important
structures and buildings calls for strict requirements
concerning its operational reliability. Polymer fiber
reinforcement, which is resistant to corrosion and has a
high strength-to-weight ratio as compared to conventional
steel reinforcement, has recently gained high popularity
along with traditional steel reinforcement [1]. Over time,
cracks appear and develop in concrete, ultimately leading
to unexpected structural failure. To ensure safe operation,
it is necessary to have reliable information about the
formation and evolution of cracks within the structure. To
this end, many new concrete testing methods are being
developed, including the acoustic and electromagnetic
emission method [2-5], ultrasonic testing [6-7], nonlinear
acoustic methods [8-9], impact echo methods [10-11],
non-contact ultrasonic methods [12], methods based on
detecting surface waves with laser [13], electrical
tomography methods based on surface probing with
conductive sensors [14] and the method based on impact-
caused mechanoelectric transduction [15-21].

The essence of the mechanoelectric transduction
method is that the object of research is exposed to elastic
impact so that spherical acoustic waves start spreading
within the concrete sample. The acoustic waves cause the
displacement of the double electrical layers at the phase
interface as well as the polarization of the piezoelectric
quartz contained in the concrete's sand and gravel. This
generates an alternating electric field, which is then
detected by a signal receiver placed near the subject. A
large number of sources of mechanoelectric transduction
with different directions of the electric axes makes it
possible to reliably reflect the changing parameters of
elastic waves as they interact with various defects in the
concrete sample and thus reveal the nature of these
defects.

Deterioration processes in reinforced concrete
structures can be identified via either continuous or
recurrent monitoring. This  article discusses a
comprehensive approach to evaluating development of
cracks based on measurement and analysis of

electromagnetic and acoustic emissions and electric
responses to impact in the process of uniaxial compression
and four-point bending of reinforced concrete.

2. MATERIALS AND METHODS

2.1. Materials

Experimental studies were carried out using
laboratory samples of reinforced concrete subjected to
uniaxial compression and bending. For the uniaxial
compression tests, samples of concrete with steel and
fiberglass reinforcement were manufactured. The 100 x
100 x 100 mm samples were made of heavy concrete, in
which one treaded steel or fiberglass reinforcing bar with a
diameter of 10 mm and a length of 150 mm was placed
during the concrete formation. The concrete samples were
produced to the specifications of the Russian GOST
Standard 7473-2010. For the bending tests, samples sized
100 x 100 x 400 mm were manufactured of the same
heavy concrete, each containing a reinforcing cage of two
steel or fiberglass reinforcing bars with diameters of 6 mm
and 8 mm and a length of 400 mm, joined by crossbars.

2.2. Test methods

During compression and bending tests,
simultaneous recording of electromagnetic and acoustic
emissions and recurrent recording of electric responses to
impact was carried out using custom software and
hardware. The hardware system included a portable
measuring probe, a power supply unit, an I/O card, and a
notebook. The portable probe consisted of a metal cup
housing the impact device and a differential sensor.
Figure-la shows the entire system, and Figure-1b — the
measuring probe.

6140



VOL. 12, NO. 21, NOVEMBER 2017

ISSN 1819-6608

©2006-2017 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences in—ﬂ

www.arpnjournals.com

Figure-1. Photos of the measuring system (a) and the
measuring probe (b) inside the metal cup. 1 - remote
measuring probe, 2 - power supply, 3 - NI USB-6212 I/O
card, 4 - impact device, 5 - metal plate, 6 - measuring
electrode, 7 - compensation electrode, 8 - differential
amplifier board.

Mechanical impacts were delivered via the
electromechanical impact device (4), which was an
electromagnet with graded impact force. In order to
exclude local defects in the area of contact between the
impacting body and the sample and the appearance of the
elastic impact pulse, the impacts were carried out through
a metal plate (5) mounted to the bottom cover of the
impact device. The impact load used was around 100 N,
and the duration of the impact pulse was 60 microseconds.
A differential electric sensor was used to record the
electrical signal, which ensured a significant increase in
the signal-to-interference ratio. The receiver of the
differential electrical sensor consisted of two receiving
metal plates measuring 20 X 20 mm. One plate (6) was
placed parallel to the sample surface at a distance of 2 mm
and served as the measuring one. The second plate (7) was
parallel to the first at a distance of 25 mm from the sample
and served as the compensating one. The signal from the
sensor was recorded using the NI USB-6212 multifunction
I/0 board, converting the electrical signal to digital form.
Acoustic signals were measured using a standard Olympus
V1011 piezo-transducer and the Olympus Panametrics
5058PR internal amplifier.

The IP-500 press machine was used in the
uniaxial compression and bending tests. Compression tests
were performed at a constant loading speed of 0.3 kN/s.
Bending tests consisted of four-point bending with the
loading speed of 0.05 kN/s. During the loading process,
the load and displacement were recorded recurrently with
1 s intervals. The compression and bending measurements
were carried out as follows. The measuring probe (1) was
attached to the side surface of the sample with rubber
bands. Then the concrete sample with the attached probe
was placed either on the lower plate of the press (for the
compression test) or on the roller bearings (for the bending
test). The distance between the upper and lower bearings
for the four-point bending tests was set according to the
GOST 10180-2012 and ASTM C78/C78M standards, and
loading was carried out until destruction of the sample.
Electrical and acoustic signals are recorded during the
loading process and sampling frequency was 100 kHz. In
addition, the recurrent impacts were performed every 5-
10s.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

The parameters of acoustic and electromagnetic
emissions and electric response to impact during
compression and bending of reinforced concrete were
examined using the above method with the objective of
identifying and validating the diagnostic criteria for
evaluation of cracking processes.

3.1. Analysis of elastoplastic characteristics of
reinforced concrete during compression and
bending

Using the method described above, the nature of
the transformation of the elastoplastic characteristics of
concrete with different reinforcement types subjected to
the compression and bending tests was studied (Figure-2).
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Figure-2. Stress-strain curves during compression (a)
and bending (b) of concrete samples reinforced
with steel and fiberglass.

Stress-strain curves at a constant compression
loading speed (Figure-2a) have three distinct sections
representing three stages of the process. The Figure shows
break down into the stages of load curve for the concrete
reinforced by fiberglass rebar.

The first section (I) is nonlinear and associated
with the compaction of the sample's surface layer, which
has a lower hardness. The second section (I) is linear —
well approximated by a straight line — and represents the
stage of quasi-elastic deformation. The third section (III) is
sharply nonlinear and associated with the appearance and
spread of cracks. The concrete samples with different
types of reinforcement subjected to uniaxial compression
show no significant differences in the mechanical and
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elastoplastic characteristics: the variations in strength and
elastic modulus do not exceed 10%.

As can be seen from Figure-2b, the maximum
bending load the samples with steel reinforcement
withstand is higher compared to the ones with plastic
reinforcement. The appearance and spread of cracks
during bending is accompanied by a jump in deformation
while the load remains the same. Since plastic
reinforcement has smaller elastic modulus of elasticity, its
deformation extent is much greater and the segments of
the curve representing the appearance of individual cracks
are more distinct for the same load values.

3.2. Acoustic and electromagnetic emissions

The appearance and development of cracks under
mechanical stress generates acoustic and electromagnetic
emissions [2-5]. These emissions were recorded during the
uniaxial compression and four-point bending tests. Figure-
3 shows typical relationships of acoustic and
electromagnetic emissions from reinforced concrete
subjected to uniaxial compression and four-point bending.

a

-
o

o o

.
(4]

Emission (mV)
Electromagnetic Acoustic
- NO

i o

S

0 250 500 750 1000
Time (s)

~
ot O

Acoustic
g
o O

Emission (mV)

]
w

Electromagnetic ,

0.0

!
(+1]

0 100 200 300 400 500 600 700
Time (s)

Figure-3. Changes in acoustic and electromagnetic
emissions from concrete with fiberglass (a) and steel (b)
reinforcement during loading (I, II, III represents three

stages of the compression process).

The results of the tests show that the efficiency of
electromagnetic emission is lower than that of acoustic
emission. From the analysis of the experimental data
shown in Figure-3a, it follows that the transition of
concrete past the yield point is accompanied by the
appearance of acoustic and electromagnetic emission
signals that exceed the noise level by a factor of 2 or

greater. As Figure-3b shows, high-amplitude acoustic and
electromagnetic emission signals occur at the time of
appearance and uneven spread of cracks under bending
stress. The characteristics of samples with steel
reinforcement behave similarly.

3.3. Analysis of the electrical signal spectra

Mechanical stresses caused by external load lead
to the development of cracks in the concrete. With an
increase in the external mechanical load, the size and
concentration of cracks in the strained area increases in
comparison with the undisturbed area of the sample. The
front of the acoustic wave travels across these areas, which
leads to its distortion. These distortions of the acoustic
wave must be reflected in the characteristics of the electric
response, which is in turn interconnected with the elastic
waves. When in the process of traveling through the
concrete sample acoustic waves encounter cracks, they are
partly reflected from the cracks and partly propagate
around the cracks. With multiple passage of the acoustic
wavefront through the sample, oscillations of different
periods develop in the defective sample. The spectral
characteristic of the signal obtained using Fourier
transform monitors the presence of oscillations with
different periods. Figure-4 shows a two-dimensional
image of the changes in the normalized spectral density of
the power of electrical signal in fiberglass-reinforced
concrete subjected to uniaxial compression and four-point
bending.
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Figure-4. Normalized spectral density of the power of
electrical signal power during uniaxial compression (a)
and bending (b) of concrete with fiberglass reinforcement.
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At the initial moment of loading, the spectrum of
the electrical signal from the fiberglass-reinforced
concrete (Figure-4a) has a fairly simple structure with a
dominant maximum at 15.5 kHz and less significant
components within 29-32 kHz. Upon the transition to the
cracking area (at loads above 25 MPa), there is a
significant broadening of the spectrum with no
pronounced peak and a large number of practically
equivalent spectral components. In contrast to that, upon
bending of the concrete sample (Figure-4b) the signal

spectrum changes less significantly. At the moment of
appearance of cracks, an uneven shift of the dominant
spectral peak is observed, represented on the normalized
power spectral density chart as slanted gaps. In Figure-4b,
these gaps are marked by arrows. The differences in the
variation of the signal spectra during compression and
bending are associated with the differences in the nature of
deterioration.

Figure-5 shows the fractured samples after
compression and bending tests.

5]

Figure-5. Photographs of the fractured samples subjected to compression (a) and bending (b).

As shown in Figure-5, a large number of cracks
were formed during compression throughout the entire
body of the sample, while during bending only a few
cracks developed. Consequently, during compression more
significant changes in the spectrum of electric responses
occur as compared to bending.

3.4. Attenuation of the electric responses' energy

The formation of cracks in concrete subjected to
uniaxial compression and bending leads to a change in the
characteristics of the wave processes that develop in the
samples due to mechanical impact. Scattering of elastic
waves on cracks reflects the process of fading with time.
The frequency-time analysis was used to determine the
attenuation coefficient of the signal's energy [12, 17].

This technique allows tracking the attenuation of
the energy of the response as the function of time in any
selected range of frequencies.

The processing of the experimental data was
performed with custom software developed in LabVIEW.
In the program, the size of the sliding window is selected,
and the pitch for the window shift depending on the time
signal realization is set. The frequency range to be
analysed is selected in the energy spectrum of the signal
with a cursor. The total energy of the response spectrum
for each window in the selected frequency range is
calculated.

In this particular case, the frequency range from 1
to 40 kHz was chosen for the analysis. This frequency
range contains the main part of the energy of the electric
responses appearing in the concrete samples under elastic
shock excitation. The size of the sliding window was 300
us, and consistent shifting of this window depending on
time was done with the spacing of 30 ps. A detailed

technique to determine the attenuation coefficient of the
electric response energy is presented in [16, 22].

Figure-6 shows the relationship between the
attenuation coefficient of the signal's energy and the
external compression load.
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Figure-6. Changes in the attenuation coefficient of the
electric responses' energy depending on the value of the
external compression load when compressing concrete
with fiberglass (a) and steel (b) reinforcement.
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In the process of compression of concrete
samples, an increase in the attenuation coefficient of the
electric responses' energy is observed throughout all three
stages of the curve. In order to identify consistent patterns
of the changes in the analyzed parameters and their
behavior during different loading stages, an approximation
of the experimental results was performed using piecewise
linear functions (shown in the graphs). Upon the transition
to the crack appearance stage, an increase in the
proportionality coefficient in the approximating lines is
observed in comparison to the quasi-elastic deformation
stage. This indicates a more significant signal attenuation
at the cracking stage.

4. CONCLUSIONS

The changes patterns in the parameters of
acoustic and electromagnetic emissions and electric
responses to the impact in reinforced concrete subjected to
uniaxial compression and four-point bending were
examined. The studies were carried out using samples of
heavy concrete with steel and fiberglass reinforcement.

Upon the transition to the fracture stage the
following effects were observed:

= the appearance of acoustic and electromagnetic
emission signals exceeding the noise level by a factor
of 2 or greater;

= significant broadening of the signal spectrum during
compression and uneven shift of the dominant
spectral peak during bending;

* an increase in the attenuation coefficient of the
electric responses' energy by a factor of 3 or greater. It
was shown that the nature of the changes in the
attenuation coefficient does not differ significantly for
samples with different types of reinforcement.

Thus, the combination of the diagnostic features
examined makes it possible to evaluate deterioration
processes in concrete under mechanical stress. According
to the results of the experiments, continuous and periodic
monitoring may be used to detect the beginning of
cracking processes. The results obtained can be used for
estimation of the remaining service life of reinforced
concrete structures.
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