
sensors

Article

A Prototype of an Electromagnetic Induction Sensor
for Non-Destructive Estimation of the Presence of
Corrosive Chemicals Ensuing Concrete Corrosion

Kabir A. Mamun 1,*, Ravin N. Deo 2,†, F. R. Islam 3,†, Hemanshu R. Pota 4, Aneesh A. Chand 1,
Kushal A. Prasad 1 and Aisake Cakacaka 1

1 School of Engineering and Physics, The University of the South Pacific, Suva, Fiji;
aneeshamitesh@gmail.com (A.A.C.); kushalaniketp@gmail.com (K.A.P.); abcaka088@gmail.com (A.C.)

2 Department of Civil Engineering, Monash University, Clayton Campus, Victoria 3800, Australia;
ravin.deo@monash.edu

3 School of Science and Engineering, University of Sunshine Coast, Queensland 4556, Australia;
fislam@usc.edu.au

4 School of Engineering and Information Technology, The University of New South Wales,
Canberra, NSW 2612, Australia; h.pota@adfa.edu.au

* Correspondence: kabir.mamun@usp.ac.fj; Tel.: +679 8360730
† Formerly School of Engineering and Physics, The University of the South Pacific, Suva, Fiji.

Received: 9 March 2019; Accepted: 18 April 2019; Published: 26 April 2019
����������
�������

Abstract: The corrosion of steel reinforcement in concrete often leads to huge unbudgeted expenses
for maintaining, monitoring and renovating an infrastructure. This is mainly due to the presence of
salts or chemical chlorides that pose a danger to the concrete structures. The determination of the
existence of these corrosive salts is vital for defining the service life of concrete. This research looked
at developing an electromagnetic induction (EMI) sensor for the detection of corrosive salts. The first
design adopted a single-loop coil (SLC) concept, and the second was based on a multiple-loop coil
(MLC) one using copper wire. Tests were conducted on these two techniques, and with the results
obtained, the latter seemed more promising; thus, a prototype sensor was developed using the MLC
concept. As this new prototype sensor was able to detect the manifestation of chemical contents in a
concrete structure, it could be used as a non-destructive evaluation (NDE) technique for the detection
of corrosive chemicals in concrete and has the further possibility of detecting corrosion in concrete.

Keywords: EMI sensor; concrete corrosion; non-destructive evaluation; single-loop coil (SLC);
multiple-loop coil (MLC)

1. Introduction

Corrosion is a destructive attack on a material’s surface caused by chemical or electrochemical
reactions with the environment [1–3]. It is primarily induced by acids, sulphate, ammonium ions,
magnesium ions, pure water, or alkali aggregate reactions. Although the surface deposits caused
by corrosion can be beneficial, they are more often damaging to the host material and surrounding
material(s) or structure(s). The corrosion of steel reinforcement is the main cause of damage to,
and early failure of, reinforced concrete structures in civil engineering. It often leads to enormous
unbudgeted direct costs for the inspection, maintenance, restoration or replacement of the associated
infrastructure, plus, potentially, indirect costs. While the degradation of concrete can occur in several
ways [1–3], the corrosion-induced deterioration of its reinforcing steel is the dominant cause [4–7].

Initiation and propagation, which are the two main stages involved in the corrosion process, are
supported by various mechanisms, (i.e., diffusion, sorption, permeation and migration) [8]. During the

Sensors 2019, 19, 1959; doi:10.3390/s19091959 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/1424-8220/19/9/1959?type=check_update&version=1
http://dx.doi.org/10.3390/s19091959
http://www.mdpi.com/journal/sensors


Sensors 2019, 19, 1959 2 of 12

initiation stage, aggressive (corrosive) agents are transported through the concrete layer (protective
cover) [9,10], and then the subsequent propagation stage causes depassivation of the steel. In turn,
this leads to an electrochemical oxidation reaction which results in the weakening (thinning) of the
reinforcing steel and the spalling of the concrete [11]. The reported research focuses on one particular
type of corrosion that results from chemical or electrochemical reactions to the environment: specifically,
pitting [12]. As the new sensor proposed in this paper is capable of detecting the chemical contents
present in a concrete structure that cause pitting, it can be used as a non-destructive evaluation
(NDE) technique for the detection and further evaluation of concrete corrosion. The severity of
pitting increases logarithmically with increasing amounts of chloride concentration present in a pore
solution [13]. Concrete spalling and rebar (reinforcing bar) corrosion normally occur due to chemical
or electrochemical reactions [14], which mainly affect the rebars embedded in the concrete. Normally,
reinforced concrete is protected by the passive alkalinity of its cement matrix but, due to the ingress of
aggressive environmental influences, steel reinforcements can corrode [3,15]. Therefore, it is important
to study the rate at which water and chlorides penetrate a concrete structure’s protective cover layer to
determine the remaining service life of an aging concrete infrastructure [11].

To detect corrosion in a concrete structure, many solutions have been developed, including
NDE techniques that are normally preferred [16,17] because of their nature and cost effectiveness.
Commonly used NDE techniques drawn from the literature and produced in a comprehensive guide
by Ryan et al. [18] are acoustic emission, which requires the material to be under stress to detect flaws
but is less effective for certain loading scenarios and sensitive to external noise [18,19]; the electrical
method (half-cell method), which is only suitable for measuring the probability of the corrosion
of a rebar occurring [18,20]; delamination detection machinery, which is less effective for irregular
shapes and very thin materials [18,21]; the ground-penetrating radar (GPR) and magnetic method,
which becomes less effective as the thickness of the concrete’s cover increases [18,22]; electromagnetic
methods, such as the high-speed electromagnetic roadway mapping and evaluation system (HERMES),
which have similar limitations to GPR [18,23]; the pulse velocity method, which is less effective
for brittle materials and also has the same limitations as delamination detection machinery [18,24];
impact-echo testing, which requires multiple impact locations for high accuracy and is also incapable
of assessing the concrete–steel bond strength [18,25]; the infrared thermography technique, which is
sensitive to contaminants [18,26,27]; ultrasonic testing, which has the same limitations as previously
mentioned for the pulse velocity method [18,28]; a neutron probe, a complicated and expensive
approach requiring specific expertise [29]; the nuclear method, which also requires particular skills
and a complex analysis [18,30]; a pachometer, which is unable to detect rebar deterioration [18]; the
rebound and penetration method, which requires prior (benchmark) data for comparison with properly
determined concrete strengths [18,29]; and smart concrete, which is still in the research phase [18,31].

Essentially, an appropriately configured electromagnetic induction (EMI)-based technique is
capable of detecting moisture, determining the presence of cracks and estimating their sizes, determining
the susceptibility of concrete to corrosion, identifying regions susceptible to chloride penetration,
and mapping corrosion activity [18,32,33]. Various researchers have presented electromagnetic NDE
techniques based on microwave [34–36], GPR [37,38], and capacitive [37,38] principles. However, in
this research, the research team propose and develop a novel NDE technique suitable for monitoring
or sensing the presence of corrosive chemicals responsible for concrete corrosion based on EMI
principles [17]. Its focus is on detecting the types and amounts of corrosive chemical compounds
present in concrete, on which predictions of the adverse effects of corrosion can be based. As the 3.5%
of sodium chloride (NaCl) present in sea water is one of the main causes of pitting corrosion, it is
imperative that a NaCl solution is used as a corrosive chemical for testing in this research. Although
different concepts using EMI principles have been developed to detect minerals beneath the Earth’s
surface [39–45], to date, there is no literature on an EMI-based NDE sensor being used to monitor
concrete corrosion. The following Sections describe the EMI sensor principles used to design an
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NDE sensor for detecting corrosion in concrete, the experimental test setup and procedure, and the
results obtained.

2. EMI Sensor Principles

Electromagnetic theory is based on a set of equations produced by Maxwell in 1865 that sum
all the known results in the field of electricity and magnetism, with the basic law of electricity and

magnetism. In Equation (1), ∇.
→

E is the change in electric field and ∂
→

B is the change in magnetic field
with respect to change in time.

∇.
→

E =
∂
→

B
∂t

(1)

In particular; Faraday’s law of EMI, which is the theoretical basis of many applications, is used
in this research. The basic principle of the EMI method is followed, and its concept applied for the
design of a concrete corrosion sensor. Normally, in EMI, a strong direct current is passed through a
transmitter loop and a receiver coil is placed in its centre which produced induced voltage signal.

The currents in conductive layers decay more slowly than those in resistive ones, with the
relationship among the time-varying decay amplitude, time-layer conductivity and depth quite
complex. Generally, longer decay times relate to deeper depths [41,46].

In this research, concrete is used as the only conductor between the transmitting and receiving
loops to detect the chemical properties inside the concrete. The voltage response can be separated
into three different stages of early (the response is constant over time), intermediate (the shape of
the response varies over time) and late (the response is a straight line on a log-log plot), and varies
according to the time and conductivity as where k1 = a constant, M = the product of the current (amps)
and area (m2), σ = the terrain conductivity (Siemens/m), t = the time (s), and V(t) = the output voltage
from a single turn of the receiver coil in a 1 m2 area.

V(t) =
k1Mσ3/2

t5/2
(2)

As the measured voltage changes linearly with resistivity, the EMI is intrinsically more sensitive
to small variations in conductivity than conventional resistivity determinations. The measured voltage
can be represented with respect to the apparent resistivity, and, since ρ = 1/σ, the resistivity with depth
can be calculated by

ρa(t) =
k2M2/3

e(t)2/3t5/2
. (3)

The voltage induced in the receiver coil is the product of the receiver coil moment (Mr) (the area
multiplied by the number of turns) multiplied by the time derivative of the vertical magnetic flux
density as where µ is the magnetic permeability and Mt the transmitter loop moment (L2 × I). As
V(t)/Mr is inversely proportional to the time over which the current diffuses downwards, it is difficult
to measure at great depths unless the transmitter moment is increased.

V(t)
Mr

=
µMt

5t

(
µ

4πtρa

)3/2

(4)

3. Sensor Design

In the design of the sensor, two aspects considered were the dimensions required and choice of
material. One approach designed a SLC consisting of one loop of metallic wire with a rectangular
or circular form, and the other an MLC consisting of copper wires wound in a circular form with
several loops.
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3.1. SLC

This concept was based on the sensors used in mineral prospecting [42], with the probe designs
produced with two different metals, (i.e., brass and mild steel), as shown in Figure 1 (measurements in
mm). They were constructed at low levels of accuracy to firstly obtain a signal by supplying current to
the outer coil of the sensor and receiving a voltage signal at the inner one. Then, the accuracy of the
design was considered.
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Figure 1. Two different configurations of design of the single-loop coil (SLC) sensor probe: Mild steel
(circular shape) and brass (rectangular shape).

During the early stage of this research, various SLC search coils were tested varying different
materials like steel, brass and copper with different diameters, coil lengths, and placements of inner and
outer search coils in different configurations. To obtain greater accuracy, the lengths and thicknesses of
the two coils; the gaps between the receiver and transmitter; and other factors, such as the shapes and
material variations of the coils, were taken into account, and this is also evident through Equations (2)
and (3). However, before focusing on constructing the sensor with improved dimensional accuracy, the
various SLCs were tested and observed, and imperial data indicated that SLCs produce very low-level
output signals (voltage signals); hence, an MLC design was taken into account.

3.2. MLC

During the second stage of this research, a concentric MLC sensor was designed to counter the
shortcomings identified in the SLC sensor design. The proposed sensor had the added advantage of
providing a larger area of detection field and greater detection depth. It was basically constructed
from Category 5 (CAT 5) cables, which can withstand frequencies of up to 100 MHz. A single sheathed
strand extracted from the twisted-pair cable was then wound up with a coil winder. The outer coil
(transmitter) and inner coil (receiver) were constructed using 12 and six turns, respectively.

Before proceeding with the MLC design, it was necessary to carry out an analysis of the behaviour
of the electromagnetic field (EMF) in the region of interest. The non-commercial finite element method
magnetics (FEMM) software was used to perform the 2D simulations as shown in Figure 2. The
transmitter and receiver search coil was placed in concentric alignment coplanarly with a 10 mm air
gap, and the sensor acted as inductively coupled (magnetic fields fluctuated around the transmitter
coil, and as a result the secondary coil began to induce current).
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Figure 2. Simulation of the flux distribution under an electromagnetic induction (EMI) sensor.

4. Experimental Design and Tests

4.1. Materials

Three concrete blocks of the same mixture were tested. Standard Portland cement CEM I 42.5R
(Pacific Cement Limited, Lami, Suva, Fiji) and a quick mix (with a blend ratio of 1:1 from coarse to fine
aggregates, with the maximum aggregate size 20 mm) were used to cast the block specimens, which
were cured for 30 days at an air temperature of 18 ◦C and 60% relative humidity. A mortar box frame
was machined into specific sizes of a frame with an inner dimension of 150 mm × 450 mm × 450 mm,
as shown in Figure 3. One block was soaked in distilled water and another in a NaCl (0.05 molar mass)
solution for 24 hours before tests were conducted, while the third was left dry in ideal conditions, i.e.,
25 ◦C in a closed room. The 24-hour time period for soaking the blocks was chosen, as the concrete
blocks were saturated within 24 hours. This was evident, as concrete blocks were weighed after 12, 24,
36 and 48 hours, and it was observed that the weight did not change after the 24-hour period.
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Figure 3. Schematic of complete box frame with inner dimension of 150 mm × 450 mm × 450 mm.

4.2. Testing Methods

Firstly, experimental tests were conducted on the SLC sensor using the coplanar setup shown in
Figure 4a, and the design of the MLC sensor was not introduced until these tests produced unsatisfying
and inconclusive results.
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Figure 4. (a) Mild steel SLC setup and (b) multiple-loop coil (MLC) configuration made from Category
5 (CAT 5) cable.

The MLC design was similar to that of the metal detection technique used by Nabighian [41]
but applied in a new way to detect corrosion in rebars. The outer search coil was the transmitting
port for the current supply and worked as a transmitter, while the inner coil acted as a receiver that
produced voltage signals, as shown in Figure 4b. The frequency of the input current was 20 kHz, and
the voltage was supplied to the transmitter in square pulses. The signal obtained by the receiver had a
sudden spike and then a gradual decline, as anticipated, and was similar to electromagnetic receiver
signals [41]. The experimental setup is shown in Figure 5a. During the first set of experiments, the
sensor was placed coplanarly on the concrete block’s top surface. The ISO-TECH function generator
was used to supply current to the transmitter coil, (i.e., outer loops) at a frequency of 30 kHz. The
NI cDAQ-9174 (National Instruments, US), which contained the NI-9215 current input module, can
handle frequencies of up to 100 kHz. Finally, the voltage induced on the inner coils was measured
using a LabVIEW routine.
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Figure 5. (a) MLC sensor test setup and (b) transmitter and receiver placed on opposite surfaces of
block but lying on same centre line.

The same setup and procedures for generating and obtaining signals as in the first set of tests
for the blocks soaked in distilled water and a NaCl solution were used for the second set, except
that the sensors were placed on opposite surfaces but on the same concentric centre point, as shown
in Figure 5b. Sharma et al. [47] conducted a comparison study on sodium (Na), potassium (K) and
magnesium (Mg), and it was concluded that NaCl solutions are more corrosive than the chloride of
Mg and K.
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5. Results and Discussion

In this Section, the recorded results, with the locations of the maximum and minimum outputs
critical for determining corrosion, are tabulated and analysed.

5.1. Coplanar-Placed Sensors

Three pulses were taken from each wave signal obtained from each block and then separated into
three Sections, one for each pulse. In Table 1, the rows are divided into three Sections for two different
cases (i.e., configurations of sensors placed coplanarly and on opposite surfaces), with each representing
a position on the wave signal obtained, as illustrated in Figure 6; Figure 7 shows different cases.

Table 1. Maximum and minimum values of voltage (V) signals obtained for/from three concrete blocks
with sensors placed coplanarly (COP) and on opposite surface (OPP).

No. Time Interval (s) Dry Block (V) Distilled Water (V) NaCl (V)

COP OPP COP OPP COP OPP

1 0–53,333
Min −0.778 −0.053 −1.138 −0.053 −0.761 −0.044
Max 1.147 0.058 0.793 0.073 1.213 0.044

Pk–Pk 1.925 0.111 1.931 0.126 1.974 0.088

2 53,334–10,666
Min −0.767 −0.057 −1.14 −0.054 −0.758 −0.052
Max 1.14 0.058 0.795 0.08 1.228 0.066

Pk–Pk 1.907 0.115 1.935 0.134 1.986 0.118

3 10,667–16,000
Min −0.774 −0.056 −1.128 −0.053 −0.753 −0.053
Max 1.14 0.059 0.785 0.074 1.247 0.066

Pk–Pk 1.914 0.115 1.913 0.127 2 0.119

Pk–Pk
Average 1.915 0.113 1.926 0.129 1.986 0.1185
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The first Section ranges from 0 to 53,333 × 10−4 s, the second from 53,334 × 10−4 to 10,666 × 10−4

and the third from 10,667 × 10−4 to 160,000 × 10−4, with the maxima and minima obtained within
these ranges shown in Figures 6 and 7. The values in Table 2 are the times at which these maximum
and minimum voltage signals occurred within the three Sections (indicated as sample Sections 1–3
in Figures 6 and 7). The time slots in which the maximum and minimum occurred in one Section
were subtracted from those in the others, e.g., the timeslot with the maximum value in Section 2
was subtracted from that in Section 1 and that in Section 3 subtracted from that in Section 2. By
doing this, we obtained offsets for the maximum and maximum values. Then, by averaging the two
results, we arrived at the average time differences (as shown in Table 3) for both cases among the three
different blocks.

Table 2. Locations of maximum and minimum voltage signals for the identification of time delays for
sensors placed coplanarly (COP) and on opposite surface (OPP).

Time (10−4 s)
Dry Block (s × 10−4) Distilled Water (s × 10−4) NaCl (s × 10−4)

cop opp cop opp cop opp

Min 1 30,086 36,601 25,913 18,458 8569 32
Max 1 30,346 32,165 24,565 20,166 8741 324
Min 2 80,026 94,077 73,813 68,790 74,469 69,924
Max 2 81,198 86,201 72,425 71,586 74,329 67,376
Min 3 130,939 148,118 121,758 119,935 139,934 140,901
Max 3 131,063 142,722 120,458 122,555 139,618 143,985

Max2 −Max1 50,852 54,036 47,860 51,420 65,588 76,611
Max3 −Max1 49,865 56,521 48,033 50,969 65,289 76,609

Max (Diff) 50,358 55,278 47,946 51,194 65,438 76,610
Min2 −Min1 49,940 57,476 47,900 50,332 65,900 70,975
Min3 −Min2 50,913 54,041 47,945 51,145 65,465 70,977

Min (Diff) 50,426 55,758 47,922 50,738 65,682 70,976
Average Time Difference 50,392 55,518 47,934 50,966 65,560 73,793

Table 3. Time difference for both configurations (coplanar and opposite).

Samples Dry Block Distilled Water NaCl

OppositeDry Block - 0.45 s 1.83 s
Distilled Water 0.25 s - 2.20 s

NaCl 1.80 s 1.50 s -

Coplanar
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From the results, it is evident that the concept of using EMI to detect the presence of corrosive
chemicals is possible. The signals obtained from the different concrete specimens were different, as they
were subjected to different environmental conditions, and research could results in the development
of novel techniques to detect salts and predict corrosion in concrete. However, further research
is needed in this area as this research was a proof of concept. Further research on different salts
types, salt concentration, period of exposure to salts and the mortar ratio would further enhance the
research methodology.

5.2. Coil Placed on Opposite Surfaces

For the coplanar-placed sensors, the difference in the time delays between the pulses for the dry
concrete block and the concrete block soaked in distilled water was approximately 0.25 s (50,392.5× 10−4

to 47,934.5 × 10−4 s from Table 2), with the latter showing less delay than the former, while the block
soaked in the NaCl solution produced a higher difference than both. The differences were 1.5 s between
the dry block and that submerged in NaCl, and 1.8 s between the blocks submerged in distilled water
and NaCl. Therefore, the time delay (time delay between the transmitting and receiving signal) in a
concrete block soaked in a NaCl solution was more easily detectable than those in a dry block and one
exposed to water. Although the same conclusion can be drawn for the sensor coils placed on opposite
surfaces, the time delays were much larger, as shown in Table 3.

Comparing the two configurations, it is clear that the sensors placed coplanarly produced much
stronger signals, (i.e., lower average time delays) than those placed on opposite surfaces. This was due
to a decreased distance between the transmitter and receiver, which resulted in a larger EMI strength
that satisfied Equation (4). It should be noted that the potential responses shown are as measured
and they are strictly limited to qualitative interpretations. Further research with extended samples is
currently being undertaken for a quantitative understanding on the origin of these signals.

6. Conclusions

A sensor was developed based on EMI principles following Faraday’s law of EMI. The MLC
design was successful to the extent that it was capable of displaying the differences between a dry
concrete block and blocks submerged in distilled water and a NaCl solution. The differences observed
among the three blocks were in the time delays between the pulses extracted from the data acquisition
process, which, it can be stated, were due to the blocks’ different moisture and chemical contents,
which changed their resistivity levels. Therefore, if a steel-reinforced concrete structure was suspected
of containing any corrosive chemicals, (i.e., NaCl), this chemical could be identified by the proposed
sensor technology. The newly developed prototype proves the concept of detecting corrosive chemicals
present in concrete through the use of EMI-based technology. This was evident, as the results depicted
that the presence of salts alters the received signal. The time delay for the dry block, one submerged in
distilled water and one submerged in NaCl are 0.45, 0.25 and 1.80 s, respectively, for the prototype.

Interesting topics for further research on the time delay between the EMI-induced pulses detected
in each concrete block could be using various thicknesses for testing and acquiring signals from sensors
placed on both coplanar and opposite surfaces; constructing coils with different numbers of turns,
sizes and wire materials to identify the parameters for an optimum sensor design specification; and
determining benchmark values for the time delay of other corrosive solutions (e.g., MgCl2, CaCl2, and
BaCl2).

7. Patents

This research project is part of the patent work in the field of monitoring corrosion in reinforced
steel. An EMI-based sensor for non-destructive corrosion estimation in concrete has been patented
under IP Australia, 2,018,100,760, 2018.



Sensors 2019, 19, 1959 10 of 12

Author Contributions: K.A.M., A.C. and R.N.D. compared the reviewed methods and wrote the manuscript.
A.A.C. structured and organized the manuscript, and supervised the review writing H.R.P. The analysis and
simulation was carried out by F.R.I. and K.A.M., A.A.C. and K.A.P. revised the manuscript. A.C. and R.N.D.
engaged in the analysis of the corrosion in RC structures.

Funding: This research project was funded by the School of Engineering and Physics (SEP) at The University of
the South Pacific (USP).

Acknowledgments: The authors would like to acknowledge the SEP for funding this research project and the
research team for the completion of this project.

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

References

1. Song, H.W.; Saraswathy, V. Corrosion Monitoring of Reinforced Concrete Structures-A. Int. J. Electrochem.
Sci. 2007, 2, 1–28.

2. Revie, R.W. Corrosion and Corrosion Control, 4th ed.; John Wiley & Sons: Hoboken, NJ, USA, 2008.
3. Broomfield, J.P. Corrosion of Steel in Concrete: Understanding, Investigation and Repair, 2nd ed.; E&FN Spon:

London, UK, 2007; p. 277.
4. Baroghel-Bouny, V.; Belin, P.; Maultzsch, M.; Henry, D. AgNO3 spray tests—Advantages, weaknesses, and

various applications to quantify chloride ingress into concrete, Part 1: Non-steady-state diffusion tests in
laboratory and exposure to natural conditions. Mater. Struct. 2007, 40, 759–781. [CrossRef]

5. Zhao, G.; Zhang, D.; Zhang, L.; Wang, B. Detection of Defects in Reinforced Concrete Structures Using
Ultrasonic Nondestructive Evaluation with Piezoceramic Transducers and the Time Reversal Method. Sensors
2018, 18, 4176. [CrossRef] [PubMed]

6. Montemor, H.; Simoes, A.; Ferreira, M. Chloride induced corrosion on reinforcing steel: From the
fundamentals to the monitoring techniques. Cem. Concr. Compos. 2003, 2, 491–502. [CrossRef]

7. Rostam, S. Service life design of concrete structures—A challenge to designers as well as to owners. Asian J.
Civ. Eng. (Build. Hous.) 2005, 6, 423–445.

8. De Alcantara, N.; da Silva, F.; Guimarães, M.; Pereira, M. Corrosion assessment of steel bars used in reinforced
concrete structures by means of eddy current testing. Sensors 2016, 16, 15. [CrossRef]

9. Luo, D.; Li, Y.; Li, J.; Lim, K.S.; Nazal, N.A.M.; Ahmad, H. A Recent Progress of Steel Bar Corrosion Diagnostic
Techniques in RC Structures. Sensors 2019, 19, 34. [CrossRef] [PubMed]

10. Femenias, Y.; Angst, U.; Moro, F.; Elsener, B. Development of a novel methodology to assess the corrosion
threshold in concrete based on simultaneous monitoring of pH and free chloride concentration. Sensors 2018,
18, 3101. [CrossRef]

11. Plooy, R.D.; Villain, S.G.; Lopes, P.; Ihamouten, A.; Dérobert, X.; Thauvin, B. Electromagnetic non-destructive
evaluation techniques for the monitoring of water and chloride ingress into concrete: A comparative study.
Mater. Struct. 2015, 48, 369–386. [CrossRef]

12. Moreira, R.R.; Soares, T.F.; Ribeiro, J. Electrochemical investigation of corrosion on AISI 316 stainless steel
and AISI 1010 carbon steel: Study of the behaviour of imidazole and benzimidazole as corrosion inhibitors.
Adv. Chem. Eng. Sci. 2014, 4, 503. [CrossRef]

13. Leckie, H.P.; Uhlig, H.H. Environmental factors affecting the critical potential for pitting in 18-8 stainless
steel. J. Electrochem. Soc. 1966, 113, 1262–1267. [CrossRef]

14. Kilic, G. Integrated health assessment strategy using NDT for reinforced concrete bridges. NDT&E Int. 2014,
61, 80–94.

15. Loto, R.T.; Busari, A. Influence of White Aluminum Dross on the Corrosion Resistance of Reinforcement
Carbon Steel in Simulated Concrete Pore Solution. J. Bio-Tribo-Corros. 2019, 5, 19. [CrossRef]

16. Sangwook, L.; Kalos, N. Non-destructive testing methods in the US for bridge inspection and maintenance.
KSCE J. Civ. Eng. 2014, 18, 1322–1331.

17. Mamun, K.; Islam, F.M.; Deo, R.; Chand, A.; Cakacaka, A.; Prasad, K. An Emi Sensor for Non-Destructive
Corrosion Estimation in Concrete. Available online: http://repository.usp.ac.fj/id/eprint/10940 (accessed on 9
March 2019).

18. Ryan, T.W.; Hartle, R.A.; Mann, J.E.; Danovich, L.J. Bridge Inspector’s Reference Manual; Report No. FHWA
NHI 03-001; Federal Highway Administration National Highway Institute: Arlington, VA, USA, 2006.

http://dx.doi.org/10.1617/s11527-007-9233-1
http://dx.doi.org/10.3390/s18124176
http://www.ncbi.nlm.nih.gov/pubmed/30487440
http://dx.doi.org/10.1016/S0958-9465(02)00089-6
http://dx.doi.org/10.3390/s16010015
http://dx.doi.org/10.3390/s19010034
http://www.ncbi.nlm.nih.gov/pubmed/30583463
http://dx.doi.org/10.3390/s18093101
http://dx.doi.org/10.1617/s11527-013-0189-z
http://dx.doi.org/10.4236/aces.2014.44052
http://dx.doi.org/10.1149/1.2423801
http://dx.doi.org/10.1007/s40735-018-0211-7
http://repository.usp.ac.fj/id/eprint/10940


Sensors 2019, 19, 1959 11 of 12

19. Parmar, D.S.; Sharp, S.R. Acoustic emission for non-destructive testing of bridges and other transportation
infrastructure. In Beyond the Crossroads: A National Conference on Transportation Infrastructure & Regulatory
Policy; University of Denver: Denver, CO, USA, 2009.

20. Sassine, E.; Laurens, S.; François, R.; Ringot, E. A critical discussion on rebar electrical continuity and usual
interpretation thresholds in the field of half-cell potential measurements in steel reinforced concrete. Mater.
Struct. 2018, 51, 93. [CrossRef]

21. Celaya, M.; Nazarian, S.; Rao, C.; Von Quintus, H. Delamination detection of HMA airport pavements with
NDT devices. In Proceedings of the 2010 FAA Worldwide Airport Technology Transfer Conference, Atlantic
City, NJ, USA, 20–22 April 2010.

22. Huston, D.; Hu, J.Q.; Maser, K.; Weedon, W.; Adam, C. GIMA Ground penetrating radar system for
monitoring concrete bridge decks. J. Appl. Geophys. 2000, 43, 139–146. [CrossRef]

23. Scott, M.; Rezaizadeh, A.; Delahaza, A.; Santos, C.G.; Moore, M.; Graybeal, B.; Washer, G. A comparison of
nondestructive evaluation methods for bridge deck assessment. NDT&E Int. 2003, 36, 245–255.

24. Yaman, I.O.; Inci, G.; Yesiller, N.; Aktan, H.M. Ultrasonic pulse velocity in concrete using direct and indirect
transmission. ACI Mater. J. 2001, 98, 450–452.

25. Liu, L.P.; Yeh, L.P. Spectral tomography of concrete structures based on impact echo depth spectra. NDT&E
Int. 2011, 44, 692–702.

26. Stimolo, M. Passive infrared thermography as inspection and observation tool in bridge and road construction.
In Proceedings of the International Symposium on Non-Destructive Testing in Civil Engineering 2003, Berlin,
Germany, 16–19 September 2003.

27. Szymanik, B.; Frankowski, P.K.; Tomasz, C.; Robinson, C.; Chelliah, A.J. Detection and Inspection of Steel
Bars in Reinforced Concrete Structures Using Active Infrared Thermography with Microwave Excitation and
Eddy Current Sensors. Sensors 2016, 16, 234. [CrossRef]

28. Hellier, C. Handbook of Nondestructive Evaluation; McGrawHill: Columbus, OH, USA, 2001.
29. Naqvi, A.A.; Nagadi, M.M.; Al-Amoudi, B.S.O. Nondestructive evaluation of concrete samples using PGNAA

technique. J. Radioanal. Nucl. Chem. 2007, 271, 151–154. [CrossRef]
30. Zhang, P.; Wittmann, F.H.; Zhao, T.; Lehmann, E.H.; Vontobel, P. Neutron radiography, A powerful method

to determine time-dependent moisture distributions in concrete. Nucl. Eng. Des. 2011, 241, 4758–4766.
[CrossRef]

31. Wang, X.; Chung, D.D.L. Short carbon fiber reinforced epoxy coating as a piezoresistive strain sensor for
cement mortar. Sens. Actuators A Phys. 1998, 71, 208–212. [CrossRef]

32. Uemoto, T. Maintenance of concrete structure and application of non-destructive inspection in Japan.
In Proceedings of the International Symposium Non-Destructive Testing in Civil Engineering, Tokyo, Japan,
25–27 April 2000.

33. Rehman, S.K.; Ibrahim, Z.; Memon, S.A.; Jameel, M. Nondestructive test methods for concrete bridges:
A review. Constr. Build. Mater. 2016, 107, 58–86. [CrossRef]

34. Oleksandr, M.; Vincent, F. High-Resolution Microwave Near-Field Surface Imaging Using Resonance Probes.
IEEE Trans. Instrum. Meas. 2016, 65, 189–200.

35. Al-Mattarneh, H. Determination of chloride content in concrete using near-and far-field microwave
non-destructive methods. Corros. Sci. 2016, 105, 133–140. [CrossRef]

36. Bois, K.J.; Benally, A.D.; Zoughi, R. Near-field microwave non-invasive determination of NaCl in mortar. IEE
Proc. Sci. Meas. Technol. 2001, 148, 178–182. [CrossRef]

37. Dérobert, X.; Iaquinta, J.; Klysz, G.; Balayssac, J. Use of capacitive and GPR techniques for the non-destructive
evaluation of cover concrete. NDT&E Int. 2008, 41, 44–52.

38. Robert, A. Dielectric permittivity of concrete between 50 MHz and 1 GHz and GPR measurements for
building materials evaluation. J. Appl. Geophys. 1998, 40, 89–94. [CrossRef]

39. Scott, W.R. Broadband electromagnetic induction sensor for detecting buried landmines. In Proceedings of
the 2007 IEEE International Geoscience and Remote Sensing Symposium, Barcelona, Spain, 23–28 July 2007;
pp. 22–25.

40. Pajewski, L.; Benedetto, A.; Derobert, X.; Giannopoulos, A.; Loizos, A.; Manacorda, G.; Marciniak, M.;
Plati, C.; Schettini, G.; Trinks, I. Applications of Ground Penetrating Radar in civil engineering—COST action
TU1208. In Proceedings of the 2013 7th International Workshop on Advanced Ground Penetrating Radar,
Nantes, France, 2–5 July 2013; pp. 1–6.

http://dx.doi.org/10.1617/s11527-018-1221-0
http://dx.doi.org/10.1016/S0926-9851(99)00053-1
http://dx.doi.org/10.3390/s16020234
http://dx.doi.org/10.1007/s10967-007-0121-5
http://dx.doi.org/10.1016/j.nucengdes.2011.02.031
http://dx.doi.org/10.1016/S0924-4247(98)00187-3
http://dx.doi.org/10.1016/j.conbuildmat.2015.12.011
http://dx.doi.org/10.1016/j.corsci.2016.01.010
http://dx.doi.org/10.1049/ip-smt:20010482
http://dx.doi.org/10.1016/S0926-9851(98)00009-3


Sensors 2019, 19, 1959 12 of 12

41. Nabighian, M.N.; Macnae, J.C. Time domain electromagnetic prospecting methods. Electromagn. Methods
Appl. Geophys. 1991, 2, 427–509.

42. Yao, J.; Tjuatja, S.; Huang, H. Real time vibratory strain sensing using passive wireless antenna sensor. IEEE
Sens. J. 2015, 15, 8, 4338–4345. [CrossRef]

43. Cheng, H.; Ebadi, S.; Ren, X.; Gong, X. Wireless passive high temperature sensor based on multifunctional
reflective patch antenna up to 1050 degrees centigrade. Sens. Actuators A Phys. 2015, 222, 204–211. [CrossRef]

44. Girbau, D.; Ramos, A.; Lazaro, A.; Rima, S.; Villarino, R. Passive wireless temperature sensor based on
time-coded UWB chipless RFID tags. IEEE Trans. Microw. Theory Tech. 2012, 60, 3623–3632. [CrossRef]

45. Sanders, J.W.; Yao, J.; Huang, H. Microstrip patch antenna temperature sensor. IEEE Sens. J. 2015, 15,
5312–5319. [CrossRef]

46. García-Martín, J.; Gómez-Gil, J.; Vázquez-Sánchez, E. Non-destructive techniques based on eddy current
testing. Sensors 2011, 11, 2525–2565. [CrossRef] [PubMed]

47. Sharma, K.K.; Deo, R.N.; Kumar, A.; Mamun, K. Rebar corrosion due to chlorides in synergy with sodium,
potassium, and magnesium. Constr. Build. Mater. 2018, 165, 533–540. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/JSEN.2015.2416672
http://dx.doi.org/10.1016/j.sna.2014.11.010
http://dx.doi.org/10.1109/TMTT.2012.2213838
http://dx.doi.org/10.1109/JSEN.2015.2437884
http://dx.doi.org/10.3390/s110302525
http://www.ncbi.nlm.nih.gov/pubmed/22163754
http://dx.doi.org/10.1016/j.conbuildmat.2017.12.201
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	EMI Sensor Principles 
	Sensor Design 
	SLC 
	MLC 

	Experimental Design and Tests 
	Materials 
	Testing Methods 

	Results and Discussion 
	Coplanar-Placed Sensors 
	Coil Placed on Opposite Surfaces 

	Conclusions 
	Patents 
	References

