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A B S T R A C T   

The growing demand towards life cycle sustainability has created a tremendous interest in non-destructive 
evaluation (NDE) to minimize manufacturing defects and waste, and to improve maintenance and extend ser
vice life. Applications of Magnetic Sensors (MSs) in NDE of civil Construction Materials to detect damage and 
deficiencies have become of great interest in recent years. This is due to their low cost, non-contact data 
collection, and high sensitivity under the influence of external stimuli such as strain, temperature and humidity. 
There have been several advancements in MSs over the years for strain evaluation, corrosion monitoring, etc. 
based on the magnetic property changes. However, these MSs are at their nascent stages of development, and 
thus, there are several challenges that exist. This paper summarizes the recent advancements in MSs and their 
applications in civil engineering. Principle functions of different types of MSs are discussed, and their compar
ative characteristics are presented. The research challenges are highlighted and the main applications and ad
vantages of different MSs are critically reviewed.   

1. Introduction 

Civil construction materials are the building blocks for structures and 
infrastructures such as buildings, facilities, wind turbines, tunnels, and 
bridges with a significant place within the economy and play an 
important role in facilitating the standard of living for the world pop
ulation. These materials and structures are experiencing premature 
damage and can reach their end of life earlier than expected [1]. 
Replacing such structures is time-consuming, labor-intensive and costly, 
therefore, a variety of non-destructive evaluation (NDE) techniques 
have been used to evaluate the safety and structural integrity of these 
structures in order to reduce the financial losses, as well as avoid cata
strophic failure for health and safety issues [2]. NDE can reduce main
tenance costs while improving reliability and safety, creating more 
sustainable infrastructures by providing effective maintenance and 
better resource allocation. Furthermore, it results in increasing service 
life and reducing the rate of consumption of resources and waste 
generation. 

Different NDE techniques have been used in civil applications, some 
examples are visual inspection, optical fiber sensing, resistance strain 
gauges, piezoelectric transducers, vibration and modal analysis, and 

electric and electromagnetic (EM) techniques [3]. Despite all the ad
vantages, NDE usage is limited in civil structures as it is costly, labor- 
intensive, and difficult to implement. The sensing equipment can be 
susceptible to failure under harsh environmental conditions, and 
installation of the systems with cabling and dedicated positions requires 
extensive time and labor efforts. Innovative NDE methods are currently 
being investigated to overcome the technical challenges of conventional 
methods. Extensive research and progress have been made especially 
during the last decade on the use of magnetic sensors (MSs) for NDE [4]. 
MSs offer several advantages such as elevated sensitivity, reduced size 
and the ability to perform as a self-powered sensor [5]. An MS reacts to 
the presence or the interruption of a magnetic field by generating a 
proportional output. Fig. 1 shows a summary of the main MSs used in 
different applications, reflecting a rich and diverse measurement range 
and accuracy. 

This review paper provides up-to-date information on progress made 
on different types of MSs, their working principle and their applications, 
with some insights on their performance and reliability. Fig. 2 presents 
the distribution of reviewed papers on MSs over time. A surge of interest 
is being shown in the application of MSs to structural health monitoring 
of civil materials and structures since 2018. In this review, we conducted 
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an extensive literature search on Google Scholar, using a combination of 
relevant keywords, such as “magnetic,” “sensor,” “non-destructive,” 
“damage,” “defect,” “crack,” “health,” “structure,” “material,” “con
struction,” and “civil.” We screened the search results and eliminated 
irrelevant articles outside the scope of this review. We found that 
Magnetic Flux Leakage (MFL), Eddy current, Magnetoelastic, EM, Hall 
effect, magnetoresistive (MR), magnetomachnaical, microwire, magne
tostrictive, and smart rock sensors were the most frequently studied, in 
descending order. Therefore, this paper will focus on the most studied 
MS technologies for NDE in civil engineering applications. For each of 
them, a brief description of the principle of operation, example appli
cations and recent developments are provided. 

2. Magnetic sensors 

2.1. Hall effect sensors 

According to the Hall effect [8], when a current is applied to a thin 
strip of a conductor in the presence of a magnetic field perpendicular to 
the direction of the current, the charge carriers are deflected by Lorentz 
force. Therefore, an electric potential difference is created between two 
sides of the strip, as shown in Fig. 2. The voltage difference (Hall 
voltage) is proportional to the strength of the magnetic field. The Hall 
effect sensor detects the presence and magnitude of a magnetic field by 
measuring the voltage variation when subjected to a fixed (non- 

changing) magnetic field. 
Zhu et al. [9] developed mobile Hall effect sensors to evaluate the 

structural integrity of steel structures, and it was concluded that this 
method is capable of detecting the damage and its location. Two types of 
damage were simulated by an extra mass block and loosened bolts, and 
transmissibility function analysis was used for signal processing. 

Fernandes et al. [10] used Hall effect sensors by integration of MFL- 
main magnetic flux (MMF) signals, for the detection of corrosion and 
fracture in prestressed strands of prestressed concrete structures. They 
concluded that the MFL signal can detect the presence of corrosion and 
strand breaks, while the MMF signal can estimate the loss of steel due to 
corrosion. This system was demonstrated to be a promising tool for box- 
beam inspection of bridges. Zhang et al. [11] developed a method for 
detecting and measuring the amount of corrosion in concrete re
inforcements, using Hall effect measurement principles as shown in 
Fig. 3. The developed magnetic system can be embedded in concrete and 
has a good capacity for quantitative analysis of corrosion rate. 

Alonso et al. [12] created a permanent magnetic field using a simple 
magnetic structure, as shown in Fig. 4 and measured the magnetic field 
with a Hall effect sensor. According to the measurements, when the steel 
was in the path of magnetic fluxes, the intensity of the magnetic field 
density increased by about 25%, providing a simple, economic, and non- 
invasive MS for the measurement of the changes in internal stress in 
pieces of steel. 

Table 1 presents a summary of the above-reviewed papers. 

Fig. 1. Classification of important field sensing techniques, by measurement range and accuracy [6], the detectable magnetic field strength of the MSs [7].  
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2.2. Magnetoresistive sensors 

In 1857, William Thomson discovered that the electrical resistance of 
a ferromagnetic material changes through an external magnetic field, 
called the magnetoresistive effect [13]. It took more than 100 years 
before the first MR sensor was developed by Hunt in 1971. Generally, 
there are three categories of MR sensors, namely anisotropic magneto
resistance (AMR), giant magnetoresistance (GMR) and tunneling 
magnetoresistance (TMR) sensors. The basic structure of each type of 
MR element is illustrated in Fig. 5. 

The resistance in AMR sensors depends on the angle between the 
current and the magnetization direction, where the resistance is in the 
smallest level at a 90-degree angle and it is in the highest level when the 
current is parallel [14]. GMRs feature 10 to 15% further magnetoresis
tance compared to AMR devices, and it is the reason for coining the 
prefix ‘giant’. They involve very thin layers of ferromagnetic materials 
such as iron, and non-magnetic conductive materials such as copper. 
GMR devices have equal responses to positive or negative fields, but 
their sensitivity to perpendicular fields is small [14]. Additionally, the 
GMRs are able to operate at fields above the operating range of AMRs 
[15]. In TMR sensors, the electrical resistance becomes the smallest 
when the magnetization directions of the pin layer and free layer (as 
shown in Fig. 5) are parallel, causing a large current to flow into the 
barrier layer [16]. But the resistance becomes extremely large when the 
magnetization directions are antiparallel. 

Nicholson, et al. [17] developed an MR sensor-based system to scan a 
defected surface in steel and other ferromagnetic materials. Wincheski, 
et al. [18] developed a self-nulling GMR sensors for the inspection of 
deep flaws, they highlighted favorable performance of the sensors under 
different environmental conditions, and their lower power consump
tion, high sensitivity, small size and sufficient depth of penetration. 
Chady [15] used GMR sensors for quantitative stress evaluation and 
associated stress damage in steel samples. He defined three straight
forward indexes based on the voltage signal from the sensors. The 
measuring time for scanning an area of 41 cm2 was about 10 min which 
can be reduced by using an array of sensors. Additionally, the method 
requires some preliminary treatments such as magnetization and 
demagnetization of samples before testing because the results are 
dependent on the magnetic history of the samples. Lo, et al. [19] 
developed a magnetic imaging system capable of measuring hysteresis 
and Barkhausen effect signals using MR sensors. It can measure sub
surface notches and stress distribution in ferrous materials. Popovics, 
et al. [20] applied GMR sensors for corrosion sensing in concrete 
structures. They showed that corroding steel bars exhibit higher levels of 

magnetic noise as well as higher field gradients. Procházka and Vaněk 
[21] studied blade damage identification through a tip-timing technique 
which is based on the time difference of blade passages. To extract the 
time differences, they used MR sensors that detect the blades made with 

Fig. 2. The growing trend in the number of published research studies on MSs.  

Fig. 3. Working principle of the Hall effect sensor.  

Fig. 4. Schematic diagram of the magnetic-based corrosion evaluation design.  
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ferromagnetic material and studied the amplitudes and time differences 
of generated impulse signals. Yang, et al. [22] utilized two unidirec
tional coils oriented in orthogonal directions that outperform the 
traditional unidirectional coils that cannot detect cracks parallel to the 
direction of linear currents. A GMR sensor was applied to measure the 
flux density of the induced field. Tsukada, et al. [23] developed a 
magnetic measuring system for detecting steel plate thickness and inner 
corrosions. The system includes an induction coil for applying an AC 
magnetic field to the plate and an AMR sensor for detecting the normal 
magnetic component. It was shown that the phase spectrum extracted 
from the magnetic spectrum is a reliable feature for thickness detection, 
and moreover, the differential magnetic vector shortens the measure
ment time and reduces the influence of liftoff. 

Table 2. provides a detailed overview of the applications of MR 
sensors in the literature. 

2.3. Eddy current sensors 

Eddy currents are induced by changing magnetic fields and currents 
in closed loops perpendicular to the magnetic field plane (Fig. 6). They 
circulate in conductor-like rotating vortices, and can occur when a 
conductor moves in a magnetic field, or when the magnetic field around 
a fixed conductor is variable. The size of the eddy current is proportional 
to the size of the magnetic field, the area of the ring, and the rate of 
change of the magnetic flux, and is inversely proportional to the 
conductive resistance. Like any current passing through a conductor, an 
eddy current creates its own magnetic field. The Lenz law states that the 

direction of the magnetic-induced current, like an eddy current, will be 
such that the generated magnetic field opposes the change in the mag
netic field that creates it. In general, if the conductor to be tested is 
perfectly uniform and without defects, the magnetic field resulting from 
the eddy currents must also be uniform. Otherwise, if there is a defect or 
crack in the conductor, it changes the magnetic field caused by the eddy 
current. This method can be applied for evaluating a wide range of near- 
the-surface defects and cracks in civil structures with magnetic 
properties. 

Zilberstein, et al. [24] designed a meandering winding eddy current 
sensor with a linear array. After analyzing the output signals of the 
meandering winding magnetometer sensor, they were able to quanti
tatively evaluate the fatigue life percentage and even early detection of 
cracks in a steel specimen. Ricken, et al. [25] applied eddy current coils 
to detect stress in prestressed strand wires in reinforced concrete 
structures. Sodano [26] applied a coil to detect damage in an aluminum 
plate using the principle of eddy currents. With the occurrence of 
damage or corrosion on the conductive surface, the amount of mutual 
induction in the coil changes, and as a result, by measuring the 
impedance of the coil at different excitation frequencies, the location of 
damage can be detected. Park, et al. [27] developed a pulsed eddy 
current sensor to measure the wall thickness of steel pipes. An advantage 
of this application is that there is no need to remove the pipe cover, and 

Table 1 
Types of structures and damages examined by Hall effect sensors.  

Reference Year Damage type, application and main features  

Zhu, et al. [9] 2010 Extra mass block and lossened bolts detections in steel 
strucutres 
- Flexible system architectures with adaptive and high 
spatial resolutions 
- Wide transmission range 
- Real-time 
- Wireless communication 

Fernandes, et al.  
[10] 

2014 Corrosion and fracture detection in pre-stressed steels 
in reinforced concrete such as box-beam of bridges 
- Lag between the MMF and MFL signals 
- Low power usage 
- Lightweight 

Zhang, et al. [11] 2017 Corrosion in reinforced concrete 
- High precision 
- Assess corrosion rate 

García Alonso, 
et al. [12] 

2020 Stress in steel structures 
- Not limited to measuring the surface local strain  

Fig. 5. Scheme of the device with the magnetic fields.  

Table 2 
Types of structures and damages examined by MR sensors.  

Reference Year Damage type, application and main features  

Nicholson, et al.  
[17] 

1996 Surface defects in ferromagnetic structures 
- Limited by the dimensions of the MR sensor 
- Useful for low data density magnetic media 

Wincheski, et al.  
[18] 

2002 Deep fatigue cracks in fastener holes 
- Small size 
- High sensitivity 
- Ease of use 
- Low power requirements 
- Double SNR over previous GMR-based methods 

Chady [15] 2002 Stress degradation in ferromagnetic structutes 
- Small size of the sensors 
- Straightforward measurement 
- High sensitivity to material degradation 
- Tolerance to external noises and lift-off changes 
- Very low cost of sensors 
- Quantitative evaluation of applied stresses 

Lo, et al. [19] 2003 Surface defects in ferromagnetic structures 
- High sensitivity- Wide bandwidth  
(megahertz and above) 
- Small size 
- Capable of measuring both magnetic hysteresis and 
Barkhausen effect signals 

Popovics, et al.  
[20] 

2007 Corrosion in Reinforced concrete 
- Wide sensing range 
- Favorable environmental performance- Low power 
consumption  
(powered by 5-V battery) 

Procházka and 
Vaněk [21] 

2011 Elongation and untwisting in turbine blades 
- Sensing frequencies up to 10 MHz 
- Suitable for tip speeds up to 700 m/sec 
- Detects 1 µm deflections 
- Unable distinguish between blade position drift and 
a position change of blades due to a crack 
development 
- Contactless 
- High sensitivity 

Yang, et al. [22] 2015 Cracks in layered structures 
- Linear sensitivity over a broad range of frequencies 
- Detecting crack orientations 
- Low cost 
- Low power supply requirements 
- Small size 

Tsukada, et al.  
[23] 

2016 Inner corrosions in steel structures 
- High-speed imaging 
- High SNR  
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the thickness of the pipe walls can be measured from a distance of 6 mm. 
Cao, et al. [28] were able to design a system that detects broken strands 
and defects in wire ropes, using the effect of eddy current. They used two 
coils placed in a circle around the wire rope (as shown in Fig. 7). In the 
excitation coil (Ui), alternating current is applied that causes eddy cur
rents in wire ropes. Then, the magnetic field resulting from these eddy 
currents induces a voltage in the detecting coil (Uo). Using quantitative 
analysis based on radial basis function neural networks, they investi
gated defects in the rope by the signal from the eddy current sensor. 

Wincheski and Simpson [29] integrated MR sensors with eddy cur
rent probes. They designed a new eddy current probe incorporating a 
dual induction source which can detect flaws in various depths. Torres, 
et al. [30] presented a multi-sensor scanner system based on eddy cur
rent and MR sensors to monitor suspension bridge cables. By using the 
proposed system, the corrosion through thick barriers was detected and 

the suitability of the resolution and the sensitivity of the MR sensors 
were indicated. Xiu, et al. [31] used a coil and a test specimen as the 
solenoid core, similar to elastomagnetic sensors. In the measurements, 
the sensor impedance was used as a measure of the amount of tension. 
They showed that the impedance of the eddy current sensor has an in
verse relationship with the amount of applied tension. In their circuit 
model, which is seen in Fig. 8., R0 and L0 are the values of the resistance 
and inductance of the coil without specimen, C0 is the effect of coaxial 
cable capacitors and the capacitive effects of adjacent coil turns. L1 and 
R1 are also the effects of eddy currents from the specimen under test. 

Chen, et al. [32] developed a flexible eddy current sensor to monitor 
cracks in welded structures. First, they performed experiments using the 
classical eddy current sensors, and also simulated this sensor using 
CAMSOL software and examined the effects of cracks. Then, by making 
changes in the magnetic field excitation coil they were able to achieve 
higher sensitivity in detecting cracks. Tsukada, et al. [33] and Hayashi, 
et al. [34] designed a crack detection sensor in ferromagnetic materials 
using the eddy current method and, instead of employing a detector coil, 
applied TMR probes achieving linear and 2-D scan of surface cracks. The 
advantage of this method compared to classical eddy current sensors is 
that the magnetic field of the excitation coil does not affect the crack 
detection signal. Sun, et al. [35] designed and fabricated a flexible eddy 
current sensor in a thin film substrate. The thin film sensor was wrapped 
around the bolt and placed at the junction (as shown in Fig. 9). It can 
monitor the bolt junction hole in two dimensions and detect the pres
ence of cracks as well as their growth. 

Sun, et al. [36] performed similar research to [19], but with the 
difference that in this study, the eddy current sensor arrays were ar
ranged vertically and placed around the bolt to monitor cracks and their 
growth in the bolt. Xie, et al. [37] presented an idea to detect defects in 
the body of long metal pipes by eddy current detection. A magnetic field 
excitation coil was placed around a tube and a detector coil was placed 
inside the tube (Fig. 10). According to the numerical results and 
experimental observations, the output voltage of the sensor had 
acceptable changes in the face of defects in the tube body. 

Mukherjee, et al. [38] developed eddy current sensors capable of 
detecting corrosion in reinforced concrete rebars. In this system, as can 
be seen in Fig. 11, a very sensitive AMR sensor was used to detect 
magnetic fields generated by eddy currents. They used the amount of 
phase shift to determine the amount of corrosion. 

Liu, et al. [39] attempted to construct an eddy current sensor in a 
flexible substrate to measure bearing failure in a Carbon-Fiber- 
Reinforced Polymers (CFRP) bolted joint. The structure of this system 
is the same as [19] and [20], meaning that a flexible sensor array con
sisting of induction and excitation coils was installed around the coil and 
measured the structural integrity changes. Guilizzoni, et al. [40] 

Fig. 6. Schematic diagram of AMR, GMR and TMR sensors.  

Fig. 7. Schematic of how eddy currents work.  Fig. 8. Schematic of the eddy current detection setup.  
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presented a method based on low-frequency eddy-current induction, 
which is able to detect wall losses in multilayered steel structures 
including an insulating gap. Since corrosion has the same effect as 
changes in thickness, it can be used for corrosion detection. 

Table 3 provides an overview of the applications of eddy current 
sensors in the literature. As reviewed above, the usual method of 
generating a variable magnetic field is to use an AC coil. Researchers 
have used various techniques to receive and detect the magnetic field of 
the eddy current. In many cases, coils have been used for detection, and 
in some cases to increase the accuracy of MSs, such as Hall effect or TMR 
sensors. Due to the fact that this method requires a time-varying mag
netic field, the excitation current frequency of the exciter coil is 
important. According to research, high frequencies for surface moni
toring and low frequencies for depth monitoring provide better results 
[41]. 

2.4. Electromagnetic sensors 

EM waves have the ability to propagate in different environments 
and are affected by different materials (as shown in Fig. 12), therefore 
they can be used to measure the properties of different materials. When 
magnetic field waves propagate in the environment, they are affected by 
ferromagnetic materials such as iron and steel, and their intensity and 
direction change. Using this feature, we can monitor both inside and 
outside of the ferromagnetic materials in civil structures. 

Chen, et al. [42] used an innovative coaxial cable as an external 
electrical conductor. The cable was installed along a concrete beam, the 
return pulses were measured, and the location and severity of failure 
were determined from the ratio of the returning pulse amplitude and 
time. Rumiche et al. [43,44] investigated the structural properties of 
carbon steel alloys using the EM method. By combining an EM sensor 

Fig. 9. Inductor–resistor–capacitor model of eddy current sensor.  

Fig. 10. Eddy current sensor wrapped around the bolt and placed at 
the junction. 

Fig. 11. Structure of magnetic force transmission eddy current array probe.  

Table 3 
Types of structures and damages examined by eddy current method.  

Reference Year Damage type, application and main features 

Zilberstein, et al.  
[24] 

2003 Fatigue life evaluation and early crack detection of 
XX 
- High-resolution imaging 
- Highly reliable and repeatable 
- Capability of detecting short cracks 

H. A. Sodano [26] 2007 Damage and corrosion in an aluminum panel 
- Highly reliable and repeatable 
- Low cost manufacturing 

Park, et al. [27] 2009 Thickness of steel pipes 
- High spatial resolution 
- Less power consumption 
- Peforming better than pickup coils for detecting 
sub-surface defects 

Cao, et al. [28] 2012 Broken strand and defects in wire ropes 
- High sensitivity 
- High speed 
- Non-contact 

Wincheski and 
Simpson [29] 

2011 Flaw detection in aluminum structures 
- Operation from low frequency deep flaw detection 
to high frequency high resolution near surface 
material characterization. 

Torres, et al. [30] 2011 Corrosion in steel cables 
- Investigating penetration depth change by the 
frequency range of 50 Hz to 1KHz 

C. Xiu et al. [31] 2017 Tension in steel 
- Single-coil structure 
- Small size 
- Low cost 

Chen, et al. [32] 2018 Crack in welded structutures 
- The sensitivity of the sensor is at least 19 times that 
of the original sensor. 

Tsukada, et al. [33] 2018 Crack in steel plates 
- High signal-to-noise ratio (SNR) 

Hayashi, et al. [34] 2019 Crack in steel structures 
- New design for reducing the magnetic noise. 

Sun, et al. [35] 2019 Crack in bolted joints 
- FEM simulation is utilized to study the interaction 
between eddy current signals and the damage 
- flexible film designing sensor 

Sun, et al. [36] 2020 Crack in bolted joints 
- Micron-width crack detection 
- High magnetic permeability 

Xie, et al. [37] 2020 Defect in steel pipes 
- Fast detection 
- Low cost 
- High accuracy 
- Applicability to both ferromagnetic and non- 
ferromagnetic materials 

Mukherjee, et al.  
[38] 

2020 Rebar corrosion in reinforced concrete structures 
- Phase sensitivity 
- Quantifying volume loss 

Liu, et al. [39] 2021 Bearing failure in CFRP joints 
- Easy operation 
- High sensitivity 
- Low cost  
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consisting of two coils (a primary coil to excite the magnetic field and a 
secondary solenoid to sense the magnetic field) and a Hall effect sensor 
they were able to find a relationship between the size of the grains and 
the percentage of alloys with the output signal as well as changes in the 
cross section. 

Herdovics and Cegla [45] monitored the health of steel pipes, using 
the EM method and eddy current measurement technique. They 
installed an array of EM elements along the circumference of a pipe and 
used them to monitor the forces acting on the pipe. Arango, et al. [46] 
designed an antenna that can act as a passive sensor using EM waves and 
detect the presence of cracks in structures. The general principle of the 
system was based on a cavity tuned to a specific frequency (2.4 GHz) 
through which the connected antenna can communicate wirelessly with 
the reference system. Li, et al. [47] investigated the corrosion of con
crete reinforcement, combining EM and acoustic emission methods, in 
which they detected the location of cracks and the degree of rust of a 
rebar inside the concrete. In addition, in ref. Li, et al. [48], they were 
able to process and analyze the signals received from the EM sensor 
through digital image correlation. 

Fu, et al. [49] used the EM method and a Hall effect sensor to mea
sure and test corrosion in reinforced concrete reinforcements. They used 
an EM coil with a specific core, which is illustrated in Fig. 13. In this 
method, by placing the sensor in the corners of columns and concrete 
beams, and applying EM field, the degree of corrosion of rebars inside 
the concrete can be measured from outside by Hall effect sensors. 

Diogenes, et al. [50] used a yoke and two coils at its ends (as shown 
in Fig. 14) to detect and measure the diameter of carbon rods in rein
forced concrete. Different waveforms were applied to stimulate mag
netic fields and the effect and efficiency of each were measured. 

Frankowski, et al. [51] utilized a different EM method to detect the 
amount of corrosion and cross-sectional loss of rebars in reinforced 
concretes. Fig. 15 shows a schematic of how this system works. Its 
working principle is that by applying a variable magnetic field into the 
reinforced concrete, magnetic waves propagate along the rebars and are 
converted into mechanical displacement by a permanent magnet. The 
displacement of the magnet was measured with an electronic 

accelerometer, and the received information was analyzed to determine 
the amount of decay and debonding. The greater the amount of rebar 
decay, the greater the cross-sectional loss and the less the connection 
with concrete. 

The details of the reviewed references are presented in Table 4. It was 
reported that the EM method is very extensive and can identify desired 
parameters based on material behaviors and mechanical properties. In 
most cases, variable and adjustable magnetic fields, conventional coils 
with different shapes and configurations or yokes [50] were used to have 
a combination of magnetic fields. The coil or Hall effect integrated cir
cuit sensors [43,44,47–49] were applied to receive the magnetic 
response, in a passive antenna [46] or for receiving vibration response 
[51]. 

Fig. 12. Phase sensitive detection of corrosion system using eddy currents.  

Fig. 13. Schematic example of the affectability of the magnetic field in the face 
of materials. 
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2.5. Magnetoelastic sensors 

The operating principles of this type of this NDE system are based on 
the conversion of the elastic force on cables or ferromagnetic materials 
into an electrical signal. In magnetoelastic sensors, the element is 
monitored at the core of the magnetic coil and acts as a magnetic flux 
conductor media. In most cases, there is a secondary coil to induce the 
EM signal. In another version of the sensor, there is only one self- 
inducting inductor, and the cable acts as a magnetic core. By applying 
tensile force, the magnetic properties of the cable (ferromagnet core) 
change, causing a change in its magnetic permeability and, conse
quently, a change in the output signal. By analyzing the characteristics 
of the output signal, the amount of tension and stress applied to the cable 
or concrete girder can be extracted. Fig. 16 shows a schematic of the 
magnetoelastic sensor mechanism and how the primary and secondary 
coils are placed around the cable. 

Sumitro, et al. [52] used two coaxial magnetic coils in such a way 
that the wire or cable is placed as the core of the coils. By applying a 
tensile force to the cable, its magnetic property changes and as a result, 
the amount of EM induction of the primary coil to the secondary coil 
changes. The effect of the temperature on the amount of permeability 
has a direct relationship with the tensile force applied to the cable. 
Ausanio, et al. [53] made an MS with a ribbon core of an amorphous 
alloy. In this sensor, two coils were located around a tube, and the alloy 
ribbon in the middle was suspended by applying a compressive or tensile 
force to the ribbon core, the length of the ribbon changes, which 
consequently changes the resonant frequency of the sensor. Kim, et al. 
[54] put an MS inside a pre-stressed concrete girder (as seen in Fig. 17). 
In these experiments, the magnetic permeability was measured, which 
decreases by increasing the amount of tensile force. 

Ren, et al. [55] used voltage-to-current ratio instead of induced 
voltage to reduce the measurement error caused by the voltage drop. An 

image of the investigated sensor is shown in Fig. 18. In an experiment, 
using ME sensors, they measured the tension of the radial and circular 
cables of a stadium by the voltage-induced method and the voltage-to- 
current ratio method. Using the ratio method measurement improves 
the relative efficiency of the sensor by 11%.

Zhang, et al. [56] studied the compensation of error due to tem
perature changes in the classical magnetoelastic sensor with primary 
and secondary coils. In order to compensate for the changes of tem
perature, in the range of − 10◦C to 60◦C, they used artificial neural 
networks (ANNs). The prediction of the amount of force after the tem
perature compensation was very close to the actual value, with a 
maximum error of 0.9%. Zhang, et al. [57] investigated the measure
ment of tensile strength of steel cables using a magnetoelastic method, 
with the difference that instead of using excitation and secondary coils, 
they used the self-induction method. Kim and Park [58] installed ME 
sensors in the middle of cables for estimating the stress in cables. They 
used the values of magnetic density, magnetic field strength ratio 
(magnetic permeability) as well as the real tensile force recorded by the 

Fig. 14. Schematic illustration of the external EM sensor.  

Fig. 15. Diagram of the experimental device. Dimensions are in millimeters.  

Table 4 
Types of structures and damages examined by EM method.  

Reference Year Damage type, application and main features 

Chen, et al. [42] 2004 Cracks in reinforced concrete beams 
- Can be over 15–80 times more than commercial 
flexural tests of RC beams 

Rumiche et al.  
[43,44] 

2008 Structural and morphological properties of steel 
- A linear correlation between Bs and the mass loss 
was found in all cases. 

Herdovics and 
Cegla [45] 

2016 Mass addition to pipes 
- The random noise level in the ultrasonic signal is 
less than 240 dB 

Arango, et al. [46] 2019 Crack in aluminum sheets 
- Crack growing identification 

Li et al. [47,48] 2020 Corrosion in reinforced concrete structures 
- The apparatus was miniaturized in order to improve 
the signal-to noise ratio 
- Using differences in permeability to detect the 
reinforced corrosion 
- Coupling of application of EM sensors and digital 
image correlation technique 

Fu, et al. [49] 2020 Corrosion in reinforced concrete structures 
- The change of magnetic flux density has a good 
accuracy in estimating the mass loss of steel 
- Steel bar, as a ferromagnetic material, possesses a 
100 times higher permeability than corrosion 
products 

Diogenes, et al.  
[50] 

2021 Rebar diameter monitoring in concrete structures 
- Two waveforms were used in order to improve the 
resolution of the hysteresis curve 

Frankowski, et al.  
[51] 

2021 Corrosion in reinforced concrete structures 
- Examining the bond between rebars and concrete 
with higher sensitivity 
- Fully non-contact 
- Achieving high sensitivity and repeatability  
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load cells to train and estimate force values using different machine 
learning algorithms. Kim, et al. [59] conducted research on the appli
cability of embedded magnetoelastic sensors to measure the tensile 
strength of prestressed concrete girders. According to the measure
ments, the area of the hysteresis curve was inversely related to the 
elastic force. Feng, et al. [60] used a magnetoelastic sensor with a pulsed 
power source to measure the stress of bridge cables, as seen in Fig. 19. It 
was observed that, in the time domain, the parameters measured in the 
sensor were significantly dependent on the temperature. 

Zhang, et al. [61] did research with the aim of investigating the 
history of elastic force in monitoring the force of cables. It was 
concluded that if the fluctuations in tension are less than 30% of the 
design tension, the secant line of the unloading stage can be used to 
calculate the approximate tension with an error of less than 10%, 
otherwise, the relative monitoring error will reach 20%. 

Table 5 provides a detailed overview of the applications of magne
toelastic sensors in the literature. The use of magnetoelastic sensors 
consisting of primary and secondary coils as well as self-inducting in
ductors has advantages such as high sensitivity to stress and magnetic 
permeability and the ability to be buried in concrete. In most cases, the 
amount of stress applied to cables or girders is converted to a graph (B- 
H), and features such as the hysteresis area of a curve or the loa
ding–unloading phase curve are used to find the relationship between 
changes in the force applied to cables or concrete girders and changes in 
permeability is inverse. 

The sensitivity of the sensor to the temperature and EM waves of the 
environment cannot be ignored. To the noise and errors caused by the 
EM waves in the environment, a metal shield is usually deployed to 
cover the perimeter of the sensor. The problem of temperature depen
dence is very important because it can cause a shift in the output voltage 
diagram or cause an error in the extracted amount of permeability. In 
this regard, several solutions have been proposed: using pulse excitation 

Fig. 16. Working principle of Magnetic force induced vibration evaluation (M5) method.  

Fig. 17. Schematic of a magnetoelastic sensor.  

Fig. 18. Embedded EM sensor and its sheath on carbon steel tendon as core 
(taken from [54]). 

Fig. 19. EM sensor (taken from [55]).  
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signal instead of AC signal to reduce power loss and heat output, nu
merical methods to compensate for the effect of temperature on the 
output signal and predicting the amount of net pressure using curve 
fitting, neural network and machine learning, as well as frequency signal 
analysis in the frequency domain. If the temperature dependence be
comes eliminated or minimized, this method can be an attractive option 
for measuring the tensile force or stress in structural elements. 

2.6. Magnetic flux leakage 

A permanent magnet or an electromagnet in the form of a yoke can 
generate a nearly uniform magnetic field. By placing a ferromagnetic 
object in the field, it can be magnetized and work as a magnet. As a result 
of the crack, an air gap forms between the two sides. Since the air gap 
cannot transmit as much magnetic field per unit volume as the ferro
magnetic object, the magnetic field spreads out. The larger the flaw, the 
more MFL. Putting a sensor, such as a Hall sensor, near the damaged 
area, MFL can be detected, and the damage can be identified. This 
mechanism is illustrated in Fig. 20. Having measured the MFL signal, 
statistical or signal processing techniques might be applied to improve 
the signal resolution and detection accuracy. 

Park et al. [62] proposed an inspection system to localize damage in 
steel cables, as shown in Fig. 21. They designed and manufactured an 8- 
channel MFL sensor equipped with one Hall sensor installed in each 
channel. It was observed that the sensing intensity is sensitive to the 

distance, thus a threshold, based on generalized extreme value (GEV) 
distributions, was determined to detect damage locations with a confi
dence level of 99.99%. 

Sun et al. [63] provided an MFL-based open magnetized method for 
online health monitoring of ferrous ropes through changes in signals. 
They developed rigid and free tracking ring-shaped variants of the de
vice, as illustrated in Fig. 21, and compared them with the traditional 
yoke magnetization method. They showed that the approach produces 
less friction, which leads to higher service life in comparison with con
ventional sensors. Further, it is robust against shaking noise and in
dicates a higher sensitivity to damage. Sakai et al. [64] developed a 
ferrite yoke equipped with an MR sensor to detect backside-defects such 
as acid and galvanic corrosion of steel plates. By measuring the magnetic 
field, the system was able to detect changes correlated with the position 
and thickness reduction of the plate. Park et al. [65] applied a yoke-type 
electromagnet to magnetize the cable and utilized an openable search 
coil to measure the total magnetic flux over the area of the coil. This 
apparatus is shown in Fig. 21. Kim et al. [66] applied an extremely low- 
frequency alternating current (ELF-AC) to a primary coil at the EM yoke 
to magnetize cables, and a search coil sensor to measure the flux. As 
shown in Fig. 21, the apparatus was similar to that of Ref. [65]. They 
provided a relationship between the slope and cross-sectional loss. Kim 
and Park [67] fabricated a sensor module including two pairs of yokes, 
made with high-strength Nd-Fe-B permanent magnets, plates of carbon 
steel as magnetizers, and Hall sensors as signal measurement compo
nents. A schematic of this equipment is illustrated in Fig. 21. After 
measuring and processing the signals, the GEV distribution was used to 
localize damage with a 99.99% confidence level. Moreover, to quantify 
damage, they proposed three new indexes, namely the peak value of 
envelope (Ep), the width of the envelope (Ew) and the area of the en
velope (EA), and tested their sensitivity to width, depth, and length of 
damage. Compared with traditional peak-to-peak value (P-Pv) and peak- 
to-peak width (P-Pw) indexes, the proposed width and area of envelope 
indexes featured more reliability in quantifying the mentioned damage 
severities. These indexes are depicted in Fig. 22. 

Kim and Park [68] continued their previous study (Ref. [67]) in 
several aspects. First, to increase the sensitivity of the device and cover 
wider angles of circumference, they increased the number of channels to 
8, as shown in Fig. 21. Second, another index called Full Width at Half 
Maximum (FWHM) was proposed in addition to previously introduced 
indexes. It was shown that P-Pv, Ev, Ew, and EA have positive correlations 
with damage depth. FWHM and P-Pw indicate increasing patterns as the 

Table 5 
Types of structures and measurements examined by magnetoelastic sensors.  

Reference Year Damage type, application and main features 

Sumitro, et al.  
[52] 

2003 Tensile force of steel cable 
- Less than 10% error 
- Resistant to water and mechanical injury 
- Over 50 years service life 

Ausanio, et al.  
[53] 

2005 Tensile force of metal structures 
- About 200 times higher sensitivity compared with the 
vibrating wire strain gauge 
- About 4 times higher sensitivity than resistive strain 
gauge 

Kim, et al. [54] 2017 Tensile force of PSC tendons 
- Measuring the magnetic responses of unrevealed PS 
tendon located inside the concrete 

Ren, et al. [55] 2018 Tensile force of steel cable 
- Less than 8.3% relative error 
- Large measurement range 
- Long life 
- Not requiring physical contact 
- Linear relationship between the measured parameter 
and tension 
- Real-time 

Zhang, et al.  
[56] 

2018 Tensile force of steel cable 
- The maximum relative error of measurement is within 
±0.9% 
- The root mean square error is less than 0.4 

Zhang, et al.  
[57] 

2019 Tensile force of steel cable 
- High sensitivity 
- Real-time 
- Easy installation 

Kim and Park  
[58] 

2020 Tensile force of steel cable- The maximum error rate of 
radial basis function network (RBFN) was 7.5% while 
that of feedforward neural network (FNN)  
was 9.8% 

Kim, et al. [59] 2019 Tensile force of PSC tendons 
- Short measurement time 
- Small equipment size 

Feng, et al.  
[60] 

2019 Tensile force of steel cable 
- Less sensitive to temperature. 
- Fast 
- Unaffected by manual operations 

Zhang, et al.  
[61] 

2021 Tensile force of steel cable 
- Considering high-stress levels. 
- Establishing a relationship between the inductance 
increments and stress  

Fig. 20. The field test pictures of magnetoelastic sensor (taken from [60]).  
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damage width increases. Third, to quantify the damage depth and width, 
a two-stage ANN classifier was designed, which was able to estimate the 
depth in the first stage and identify width in the second stage, as seen in 
Fig. 23. 

Zhang et al. [69] utilized a micro-magnetic sensor to measure the 
self-magnetic field leakage (SMFL) signals stimulated by Earth’s mag
netic field and caused by corrosion or stress concentration in rebars. 
Plotting the tangential field (Hx) distributions at different lift-off 
heights, they found that the distance between these intersections was 
almost equal to the length of the corrosion region, especially in old 
corrosions. Xia et al. [70] enhanced this method by quantifying the 
corrosion’s severity. They applied a combined horizontal and vertical 

scanning to determine the x-z curve reflecting the degrees of corrosion as 
well as the range of corroded area in unstressed strands. Considering the 
trapezoidal corrosion section, the curves indicate an inverted U-shape, 
as shown in Fig. 24, whose maximum value increases as the corrosion 
time goes on. They verified the experimental results through a theoretic 
magnetic dipole model and Faraday’s first law of electrolysis. Mosharafi, 
et al. [71] proposed a passive method for corrosion detection in concrete 
rebars and investigated self-magnetic behavior through numerical and 
experimental data recorded by iCaMM device. It was shown that there 
are identifiable differences between the standard deviation, mean, fre
quency content and trend of recorded magnetic flux density of intact and 
corroded rebars. 

Fig. 21. A schematic of the MFL method.  

Fig. 22. Damage detection apparatuses based on MFL.  
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Sun et al. [72] proposed the open EM flux leakage device shown in 
Fig. 21, which can be applied for damage detection of wire ropes and 
rebar structures. The device includes a C-shaped ferrous core, covered 
with a C-shaped loop-coil, and a Hall-array sensor to record leakage 
signals. Unlike the traditional tubular (cylindrical) coils, it can encircle 
rebars without head and tail. It was observed that the open magnetized 
coil possesses a stronger magnetic field and an excellent defect-detection 
capability than tubular coils. Zhang et al. [73] applied the circumfer
ential multi-circuit permanent magnet exciter (CMPME), drawn in 
Fig. 21, to excite wire ropes more easily and uniformly. They installed a 
magnetic concentrator to increase the angular sensitivity range of Hall 
sensors, reduce the number of involved sensors, and thereby simplifying 
the signal processing task. Elyasigorji et al. [74] fabricated an MFL 
apparatus with two DC permanent magnets connected and a steel plate, 
placed a Hall sensor between the magnets, as seen in Fig. 21. It was 
demonstrated that peak-to-peak index and duration index increase when 
the percentage loss is increased. These indexes are illustrated in Fig. 22. 
Elyasgorji et al. [75] extended the previous research [74] and considered 
the effects of steel shear reinforcement (stirrups) using the device shown 
in Fig. 21. The moving MFL apparatus developed at the University of 
Wisconsin-Milwaukee [76], consisting of two DC permanent magnets 

and 64 axial longitudinal and vertical Hall sensors, was passed along the 
length of strands. They utilized correlation analysis to identify the 
location of stirrups, and then their effects were removed from the 
measured signals to discover damage locations. Azari et al. [77] devel
oped a robotic system that includes two magnets, an array of MSs, and a 
robotic rover crawling along the I-girders of a prestressed concrete 
bridge. The system should not be employed on severely spalled and 
indented surfaces, since rough surfaces obstruct the smooth movement 
of the robot and thereby inducing confusing signals. Hayashi et al. [78] 
proposed unsaturated AC magnetic flux leakage (USAC-MFL) that uses 
an alternating magnetic field without the need for a strong applied 
magnetic field compared to the conventional MFL methods. A schematic 
of this device can be seen in Fig. 21. Considering various lift-offs and 
crack locations, they compared the distribution of magnetic fields. The 
sensor array was able to detect the change in the field distribution 
caused by the cracks, but there was no difference in the case of half-crack 
rebar when the location of the crack was different. Mujika et al. [79] 
utilized the inspection of trends of integrity and operation system, 
consisting of an arrangement of MFL, tool movement, magnet, and 
caliper sensors for inspection of 23.9 km of a Colombian gas pipeline. 
First, weld points were detected using windowed overlapping root mean 
square of all MFL signals, to update the weld chart. Second, to find 
damages, sections whose recorded variables behaved differently than 
the mean were detected, in terms of Q and T2 statistical indices obtained 
by applying PCA. 

As listed in Table 6, in this section some of the most important ar
ticles that applied MFL for damage detection are reviewed. This method 
is mostly used for detecting cross-sectional damage in elongated ferro
magnetic materials, such as fracture and corrosion in steel cables, and 
wire ropes. The magnetizer used in MFL techniques plays an important 
role in stimulating the ferromagnetic structures. They can be electro
magnets [65,66,72] or permanent ones [67,73–75], each of which has 
its own advantages and shortcomings. Electromagnets, unlike perma
nent ones, are adjustable, but they need an energy source, and they 
produce heat that should be cooled via heat dissipation tools. Although 
some of the research studies considered self-magnetism, their applica
tion was limited to unstressed strands. To measure MFL, Hall sensors are 
used more than others [62,64,67,72–75], whereas other types of sen
sors, such as MR [64], AMR [78], and search coils [65,66], are utilized 
occasionally. The measured raw signals usually need to be denoised or 
processed for ease of anomaly detection through a low-pass filter, offset 
correction and Hilbert [67] or fast Fourier transform [78]. In order to 
detect and quantify the damage objectively and automatedly, thresh
olding [62,67], feature extraction [67,68,74], regression [65,67], and 
machine learning methods [68] are used. An MFL apparatus can move 
along the structure at a constant speed and inspect the structure. In most 

Fig. 23. Damage indexes for MFL signal.  

Fig. 24. The architecture of the ANN used for estimation of different characteristics of damage.  
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studies, the MFL technique is used for elongated objects such as rebars, 
and cables, although there are few studies investigating plates [64] and 
pipelines [79]. The apparatus should be tailored to the operational 
condition, for example, some studies investigating the rebars, such as 
Ref. [72], cannot function for rebars inside the slabs or beams due to 
shape incompatibilities. MFL is prone to misdetections caused by sudden 
operational movements, large distances between the sensors and the 
object [62], Signal-to-noise ratio (SNR) [67], welding [79], stirrups 
[75,77], edges [63], etc. 

2.7. Magneto-Mechanical sensors 

In this technique, a Magneto-Elastic Active Sensor (MEAS) is applied 
for generation of elastic waves via eddy current. MEAS consists of a coil, 
initiating eddy currents within metallic structure, and a permanent 
magnet above the coil, generating the elastic wave via Lorentz force in 
nonferromagnetic metals. As seen in Fig. 25, the magnetic induction 
field, shown in red, extends into the metallic element. The electricity in 
the coil induces eddy current whose mutual orientation with the mag
netic induction produces Lorentz force transferred to lattice ions. The 
force initiates both longitudinal and flexural elastic waves exciting thin- 
walled metallic structures. The waves travel in the structure and pro
duce modal spatial patterns at respective resonance frequencies. It has 
been indicated that the electrical impedance response of the sensor re
flects local mechanical changes (defects) in the structure [80]. In other 
words, MEAS excites vibrations in the structure and simultaneously the 
vibrations reflect themselves in the impedance response. 

Zagrai and Çakan [81] tested the structural diagnostic capabilities of 
the Magneto-Mechanical Impedance (MMI) technique on different 
samples, including honeycomb panel, adhesive joints, bolted joints and 
large panels with simulated cracks. They observed that deteriorations in 
bonds and loosening of the bolts and cracks can manifest themselves in 
alterations in the position and amplitude of the peaks of the impedance 
responses. The sensor can be applied in physical contact or non-contact 
modes with the test structure. Doyle, et al. [82] investigated the diag
nostic capabilities of MMI for bolt loosening. It was observed that 
removing and placing back the sensor does not make significant change 
in the resultant impedance. Additionally, as the bolts are loosened, the 
peaks and energy densities shift downward to lower frequencies. Zagrai 
and Çakan [83] showed that the excitation of vibration modes depends 
on the MEAS position in physical contact mode. It was demonstrated 
that the impedance response can be improved by adding further turns in 
the coil, using stronger magnets, and reducing the lift-off gap between 
the sensor and the test element. It was also concluded that since the 
elastic wave occurs in surface-adjacent volume, it can be applied to 
damage identification in thin layers and high-temperature non-contact 
assessments. Shuai and Tang [84,85] formulated a mathematical model 
describing the sensor-structure interaction and impedance response 
with a given lift-off distance. According to their conducted experiments, 
the new model can accurately predict the peak values and their corre
sponding frequencies. Roskosz and Fryczowski [86] conducted an 
analysis on determining the active stress in steel elements by measuring 
different magnetic methods, including two active methods - Barkhausen 
noise and impedance in in-series LCR circuits (consisting of an inductor 
(L), capacitor (C) and resistor (R)) - and a passive method - residual 
magnetic field (RMF) components. The Barkhausen effect and RMF 
components are only usable for ferromagnetic or austenitic steels, while 
the impedance parameter can be applied for all steel grades and even for 
Al- and Cu-alloys. It was indicated that stresses can be identified using 
the parameters of the Barkhausen noise quantity, and stresses correlate 
with the impedance frequencies. But the RMF components do not 
correlate with the stresses resulting from more than one cycle of loading. 
Due to the magneto-mechanical phenomenon, change in stress condition 
of ferromagnetic elements can change the material magnetization in
tensity. Szulim and Gontarz [87] studied changes in magnetic fields to 
assess the stress condition of steel samples. They observed that the stress 

Table 6 
Types of structures and damages examined by the MFL method.  

Reference Year Damage type, application and main features 

Park, et al. [62] 2014 Cross-sectional loss of steel cables 
- Accurate method 
- Not requiring an expert 
- Light weight 
- Not requiring any power for magnetization 

Sun, et al. [63] 2015 Cross-sectional loss of steel cables 
- High resolution 
- High sensitivity 
- Fast computation 
- Real-time 
- High SNR 
- Reliable 
- Causing less wear and damage 
- Small size and light weight 

Sakai, et al. [64] 2015 Back-side corrosions of steel plates 
- Requiring minimal labor 
- High sensitivity 
- Fast measurement 

Park, et al. [65] 2015 Cross-sectional loss of steel cables 
- Low-pass filtering and DC drift correction for high 
resolution 

Kim and Park [67] 2018 Cross-sectional loss of steel cables 
- Less error compared with P-P index. 
- Real-time 
- No power required for magnetization 
- Light weight 

Zhang, et al. [69] 2016 Corrosion of rebars 
- Easy and fast operation 
- Inexpensive 
- Using Earth’s magnetic field 

Sun, et al. [72] 2018 - Consuming more electric energy 
- The rebar should be ferromagnetic 
- Real-time 
- Suitable for elongated objects without heads and 
tails 

Kim and Park [68] 2018 Cross-sectional loss of steel cables 
- Error is close to zero 
- Reliable 
- Real-time 
- Non-contact 

Zhang, et al. [73] 2019 - High sensitivity 
- Accurate and reliabe 
- Real-time 

Kim, et al. [66] 2019 Cross-sectional loss of steel cables 
- A cross-sectional loss of less than 2% can be 
detected 
- Reliable 

Xia, et al. [70] 2019 - The error does not exceed 5%.

Elyasigorji, et al.  
[74] 

2019 Corrosion of PSC tendons 
- Reliable 
- Cost-effective 
- Time-saving 

Elyasigorji, et al.  
[75] 

2020 Corrosion of PSC tendons 
- A cross-sectional loss of less than 2.4% can be 
detected 

Mosharafi, et al.  
[71] 

2020 Corrosion of rebars 
- Time and cost effective 

Azari, et al. [77] 2020 Corrosion of rebars 
- Near real time 
- High sensitivity 
- High SNR 
- Linear performance 

Hayashi, et al. [78] 2021 Fracture of rebars 
- Covering a wide scanning range 
- Time-effective 
- Reduced labor 
- Applicable at high lift-off conditions 
- Low power consumption 

Mujica, et al. [79] 2021 Welding and abnormal condition of pipes 
- Unable to identify the type of damage 
- Capable of traveling inside pipelines 
- Demanding high-capacity memory  
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state of the material in the elastic zone can be identified by spatial 
fluctuations of the magnetic field, but in the plastic zone the fluctuations 
were considerably smaller. 

A summary of the reviewed papers in this section are provided in 
Table 7. 

2.8. Magnetostrictive sensors 

Al-Hajjeh, et al. [88] fabricated a stress sensor based on Villari effect 
(inverse magnetostriction) using a magnetostrictive composite material 
(MCM) and epoxy resin. Due to the effect of external mechanical stress 
magnetic domains in the MCM expands, which can be estimated through 
measuring inductance probe, as shown in Fig. 26. The sensor can be used 
for determining defects as well as the stress vector – magnitude and 
direction – in steel structures. 

Fang and Tse [89] presented a kind of magnetostrictive transducer 
with axial magnetized patch for defect detection in concrete-covered 
pipe risers, as shown in Fig. 27(a). It was shown both theoretically 
and experimentally that higher signal amplitudes can be obtained using 
magnetized iron cobalt patch and larger length–width ratios. Also, the 

axial magnetized transducer works better than the ordinary version in 
terms of reduced energy leakage and distinguishability of the end echo. 
Fang and Tse [90] developed a similar technique for determining the 
axial and circumferential location of damage in small-diameter pipes 
(Fig. 27(b)). Six thin films of flexibly printed circuits were pasted around 
a sheet of magnetostrictive material to generate axial dynamic magnetic 
field, and consequently induce normal strain via the Joule effect. When a 
defect occurs in the pipe, there will be echoes that can be used for 
detecting its location. Although the results were satisfying, it encounters 
many challenges, such as low detectability of small cracks, especially in 
presence of multiple cracks; and significant discrepancies between the 
numerical and experimental models. 

Gullapalli, et al. [91] proposed a method for strain sensing in fiber- 
reinforced composites. They used inkjet-printed copper induction 
coils, as senors, with hand-wound coils and AMR sensor. In addition, two 
different forms of actuators, including FiSiB ribbon cocured onto the 
surface of composite and magnetic particles impregnated into epoxy. It 
was observed that inductance generally decreases with decrease in 
strain. The best reponse was acquired by FiSiB as acutator and 10-turn 
monofilar inkjet-printed sensors. 

The details regarding the reviewed references are provided in 
Table 8. 

2.9. Magnetic microwire sensors 

In this section, a sensor is introduced that can use magnetic prop
erties to detect stresses applied to non-ferromagnetic structures. Mag
netic microwires (MM), usually made by the Taylor-Ulitovski method, 
have a very thin ferromagnetic core covered with a layer of glass 
(Fig. 28). This component is placed inside composites or any material 
whose stress measurement is required. Next, a magnetic field moving 
coil is employed to apply a magnetic field to the microwire, and the field 
is felt near this microwire by a sensor coil. By applying stress to the 
composite, and consequently to the microwire, a change in the magnetic 
properties occurs that results in a change in the sensor coil signals. 

Olivera, et al. [92] proposed a magnetic microwire embedded in 
cement-based composite (MMCC) that is able to monitor stress varia
tions in concrete by means of EM induction (Fig. 29). The MMCC was 
equipped with pick-up and excitation coils protected with Teflon, and a 
digital oscilloscope captured the output of pickup coil. It was shown that 
compressive stress has an inverse relation with both peak position and 
peak amplitude, but the peak position exhibits significantly higher de
viation in higher compressive stresses (larger than 18 MPa). 

Atalay, et al. [93] performed experiments on FeSiB amorphous 
magnetic wire by changing the annealing time and investigating the 
magnetic properties, such as resonance frequency and amplitude under 
DC exciting magnetic field produced by a magnetoelastic sensor (two- 
wire winding as exciting and pick up coils). They found some relation
ships between annealing time and magnetic property, and investigated 
resonance frequency and amplitude in a constant magnetic field with a 

Fig. 25. Diagram of an x-z image produced by scanning a corroded steel strand.  

Table 7 
Summary of the studies on magneto-mechanical sensors.  

Reference Year Damage type, application and main features 

Zagrai and Çakan  
[81] 

2008 Disbond joints, cracks, and loose bolts of metal 
structures 
- Suitable for high-temperature non-contact 
applications 
- Suitable for through-paint and dirt inspection 
- High accuracy 
- High SNR 

Doyle, et al. [82] 2009 Disbond joints, cracks, and loose bolts of metal 
structures- In low frequencies  
(1–10 kHz), it can be applied in a non-contact way 
- Real time 
- Long wavelength of elastic waves limits the 
detection capability to the sensor near-field. 

Zagrai and Çakan  
[83] 

2010 Disbond joints, cracks, and loose bolts of metal 
structures 
- Suitable for high-temperature non-contact 
applications 
- Suitable for through-paint and dirt inspection 
- High SNR 

Shuai and Tang  
[84,85] 

2013 Change in thickness of electrically conductive 
structures 
- Real-time 
- Non-contact 

Roskosz and 
Fryczowski [86] 

2020 Stress in steel structures 
- Quantitative relations between applied stresses 
and the Barkhausen noise 

Szulim and Gontarz  
[87] 

2021 Stress in steel structures 
- Requiring movement of the object in relation to 
the magnetic field 
- Predicting the plastic range 
- High accuracy  
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magnetic wire. It was indicated that the magnetic wire can detect the 
viscosity of the media. 

Churyukanova, et al. [94] presented an experiment on tensile force 
measurement in composite through Fe-based magnetic microwires and 
developed an experimental setup as shown in Fig. 30. By applying stress 
to microwire, it changed magnetostriction coefficient and measured 
Barkhausen effect. The picking-up coil detected this effect and changed 
the magnetic property by variation of EM induction, resulting from 
change in the pick-up coil’s voltage amplitude. 

Olivera, et al. [95] developed a pressure measuring system, using 
three magnetic microwires, a commercial strain gauge embedded inside 

the concrete, a pick-up coil, and an exciting coil outside the concrete. 
They validated the results of MM sensor, comparing its results with those 
of a strain gauge. Ali et al. (2021) [96,97] applied a bistable magnetic 
microwire to measure strain in a beech plywood strip. To detect the 
switching field and transform it into a sensing signal, a pickup coil was 
attached near the microwire. It was observed that there is almost a linear 
dependence between the switching field and applied stresses. The small 
size of the sensor makes it possible to be applied for constructing self- 
monitoring smart plywood. 

Table 9 summarizes the reviews provided for the microwire sensors. 

2.10. Smart rocks 

The measurement of the scour depth around bridge piers and abut
ment corners is difficult during flood event. During such harsh situa
tions, it is critical to monitor scour depth and prevent scour-induced 
collapses of infrastructures. Chen, et al. [98] proposed a methodology to 
embed permanent magnets in acrylic balls – smart rocks – and integrate 
them with the process of scouring. The applicability of most of the 
existing technologies is limited in terms of accuracy, however, smart 
rock seems a promising method to timely warn the users and owners 
during such situations and in real-time. When the smart rocks fall into 
the bottom of scour hole, the maximum scour depth can be determined 
with a magnetometer. They showed that the sensitivity of smart rocks to 
the change in the hole is sufficient for the monitoring process. The 
method is remarkably cost-effective that can also be applied in other 
vulnerable places, such as dams, river banks, and levees. The spatial 
localization of smart rocks is a critical problem in this method yet to be 
addressed. 

Tang, et al. [99] proposed and validated two types of smart rocks, 
including Arbitrarily Orientated System (AOS) and Automatically 
Pointing to South System (APSS), for bridge scour monitoring. APSS 
involves a sophisticated configuration and is automatically pointing to 
the south geomagnetic pole of the Earth. In addition, an effective algo
rithm was devised to localize the position of smart rocks by minimizing 
the difference between the measured and estimated location. Fig. 31 
illustrates a schematic of the field application of them for scour moni
toring. They observed that the localization error of the APSS is less than 
0.1m and the algorithm’s computation time is in the order of a few 
seconds. The maximum scour depth for effective monitoring using the 
tested smart rock was limited to 12.1m. Fig. 32.Fig. 33.. 

Zhang, et al. [100] applied the Unmanned Aerial Vehicle (UAV), 
equipped with a high-resolution magnetometer and GPS, as a mobile 
station to measure the magnetic fields of smart rocks for scour moni
toring. Unlike the previous studies which required blocking traffic, the 
proposed approach did not need any traffic control during inspection, 
and led to competitive results. They concluded that the UAV and steel 
used in bridge structures – steel girders and bars – cause magnetic 
inference when they are placed in the proximity of the magnetometer. 
Additionally, to limit the dynamic effects, the fly speed of the UAV 
should not exceed 2m/s. 

The reviews provided for the smart rocks are summarized in 
Table 10. 

Fig. 26. Electro-mechanical sensor: (a). A schematic of the sensor, (b). Interaction of the coil and structure.  

Fig. 27. The MCM sensor (taken from [88]).  

Table 8 
Types of structures and damages examined by magnetostrictive method.  

Reference Year Damage type, application and main features 

Al-Hajjeh, et al.  
[88] 

2016 Stress in aluminum substrates 
- Easy operation in the field because of wireless coupling 
between the sensors and probe 
- Low cost 

Fang and Tse  
[89] 

2018 Defect in steel pipes 
- The static magnetic field intensity should be controlled 
in a suitable range 
- The more the length–width ratio, the higher the 
maximal magnetic field intensity 
- Robust against noise and suitable for concrete-covered 
riser defect identification 

Fang and Tse  
[90] 

2019 Defect in steel pipes 
- Determining the axial location and circumferential 
orientation of defects 
- High efficiency 
- Low cost 
- Good control over wavelength 
- Real-time 
- Small size 
- Easy installation 

Gullapalli, et al. 
[91] 

2021 Strain in composites 
- High accuracy 
- High sensitivity 
- Real-time 
- Low-cost and easy fabrication 
- Light weight 
- Large surface area  
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2.11. Other magnetic sensors 

Zhixiang, et al. [101] proposed a smart film with MSs for surface 
crack monitoring in concrete bridges. To reduce the fragility and 
expensiveness of the common smart films, they replaced silver wire and 
resin film by magnetic enameled copper wire and self-adhesive plastic 
film, respectively. After adhering the wires on the structure, the plastic 
film was peeled off, and the on–off signals could signify cracks. The 
mechanical and electrical durability of the smart film were analyzed, 
and it was indicated that it can preserve its performance when cracks 

appear. A real-world application of the smart film is shown in Fig. 34. 
The smart film can cover and monitor entire area of the critical zones in 
structures. The cover might have benefits regarding preventing from 
propagation of the cracks. The method is limited to surface cracks, and 
subsurface cracks cannot be monitored. The performance of the method 
still needs to be investigated under harsh chemical and environmental 
conditions, such as PH variation and raining. In future studies, one may 
also consider the optimal orientation of wires considering the elements 

Fig. 28. Magnetostrictive patch transducers: (a) axial magnetized (b) segmented axially magnetized (taken from [89;90]).  

Fig. 29. Schematic of a magnetic microwire.  

Fig. 30. The schematic of MMCC sensors.  

Table 9 
Types of structures and damages examined by magnetic microwire sensors.  

Reference Year Damage type, application and main features 

Olivera, et al. [92] 2014 Tensile force in concrete structures 
- Contacless excitation and pick-up coils 

Atalay, et al. [93] 2016 Viscosity in liquids 
- Small size 
- High sensitivity 

Churyukanova, et al. [94] 2018 Tensile force in composites 
- High stress sensitivity 

Olivera, et al. [95] 2019 Stress in concrete structures 
- Small size 
- Light weight 
- High sensitivity 
- Fast production 
- Low cost 
- Contactless 
- Very fast 

Ali et al. [96,97] 2021 Strain in beech plywood 
- High sensitivity 
- Small size 
- Possibility for contactless monitoring  

Fig. 31. The scheme of experimental setup.  
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to be monitored. 
Kurz, et al. [102] applied micromagnetic sensors for long-term 

structural health monitoring (SHM) in stay cables of a real bridge in 
Germany. Both the maximum Barkhausen noise amplitude and the 
harmonic distortion factors featured a 50% size effect. The results 
demonstrated that changes in load and breaks in wires clearly correlate 
with signal peaks recorded by the sensors. However, the method re
quires an objective signal processing system to identify and interpret 
signal changes. Kypris and Markham [103] developed a low-frequency 
magnetic system to measure 3D displacements within concrete. They 
used three mutually-perpendicular coils at both transmitter and receiver 
sides, whose relative displacement can be estimated by optimizing the 
magnetic field distribution model against the measured data. Since 
dielectric media – such as concrete, soil and water – are transparent to 
low-frequency magnetic fields, the system can be embedded inside 

concrete structures. In Table 11, the maximum range, degree of 
freedom, resolution, and linearity (with respect to the full-scale output) 
of the designed sensor are compared with other popular position mea
surement sensors gathered in ref. [103]. 

Davis, et al. [104] embedded magnetic shape memory alloys 
(MSMA) inside concrete beams and investigated their application in 
SHM. As seen in Fig. 35, the model consists of a permanent magnet on 
one side of the beam, a MS (probe) on the opposite side, and an MSMA 
wire in between. Under bending, a localized phase change occurs in 
MSMS and alters the magnetic field lines, which is detected by MS. Both 
the numerical and experimental results indicated that there is a signif
icant correlation between the cross-sectional area of MSMA and the 
magnetic field strength. 

Pospisil, et al. [105] applied metal magnetic memory technique and 
utilized magnetometer data to diagnose magnetic field strength in 
concrete rebars and locate their missing parts. The magnetogram data 
and its gradient were derived in both contacted and contactless states 
with 50 mm distance from the surface. The zones with missing rein
forcing were detectable with an increase in gradient. The method is 
prone to false positive detection because the residual magnetization of a 
material may stem from factors other than damage, such as production 
process, machining, cutting, welding, bending, heat treatment, cooling, 
and operational stresses. Yin, et al. [106] showed that there is a high 
correlation between the magnetic induction intensity and load intensity 
of concrete samples because of piezoelectric, crack propagation, and 

Fig. 32. An illustration of application of smart rocks for bridge scour monitoring [2].  

Fig. 33. Smart film used on Taipingzhuang bridge (taken from [101]).  

Table 10 
Types of structures and damages examined by smart rocks.  

Reference Year Damage type, application and main features 

Chen, et al. [98] 2014 Scour depth in bridge piers 
- Real-time 

Tang, et al. [99] 2019 Scour depth in bridge piers 
- Low error 
- Able to trace the trajectory of smart rock. 

Zhang, et al. [100] 2021 Scour depth in bridge piers 
- Real-time  

Fig. 34. An illustration of the application of MSMA wire in a concrete beam 
(taken from [104]). 
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friction effects in different stages. According to the phenomenon, they 
designed a non-contact MS, by which linear elastic, plastic and failure 
stages of the loading were distinguishable. Nazar, et al. [107] conducted 
numerical and experimental studies on crack identification of steel 
plates deploying smartphone magnetometer sensor. In order to enhance 
the magnetic field, four Neodymium magnets were installed on the 
plate. The results showed that as the crack progresses the magnetic field 
intensity increases; therefore, cracks can be identified through tracking 
changes of the magnetic field. The method is cost-effective, but it loses 
its accuracy when the distance increases and its application in the 
detection of cracks in different orientations need to be studied. To detect 
internal corrosion in ferromagnetic pipelines, a sensor consisting of a 
strong permanent magnet, a Fiber Bragg Grating (FBG) strain sensor and 
a non-magnetic material was developed [108,109]. Corrosion in the 
pipe decreases the thickness of its wall, and consequently, the magnetic 

attraction force between the wall and the magnet decreases. A sensor 
attached to the pipe can monitor the strain changes caused by magne
tostatic force acting on the magnet. Shiryayev, et al. [110] designed two 
variations of this sensor, as presented in Fig. 34. In the first version 
(Fig. 34 (a)), the magnet was encased in a ferromagnetic enclosure, and 
the second version (Fig. 34 (b)) included a magnetic counterbalance 
placed on the opposite side of the first magnet. It was observed that the 
first case provides larger magnitudes of the force and the second case 
improves the sensitivity of the sensor. Additionally, finetuning the po
sition of the magnet near the equilibrium state can improve the sensi
tivity of the sensor. 

Lei, et al. [111] numerically analyzed the performance of Magnetic 
Corrosion Detector (MCD) in quantitative monitoring of the corrosion 
process of steel rebars in concrete structures. MCD works based on the 
magnetic medium theory, relating the induction intensity change 
around a corroded steel to its geometric change caused by corrosion. It 
was indicated that the corrosion can be estimated through a linear 
relation between the corrosion and the voltage reduction measured by 
the device. However, the steel rebar should be placed right at the center 
of the test area for higher accuracy. 

Powering of wireless sensors is another advantage of MSs. Although 
radio-frequency techniques have reduced the need for wired monitoring 
systems, the power supply is a serious challenge yet to be solved. 
Andringa, et al. [112] proposed an unpowered wireless corrosion sensor 
to detect the extent of corrosion in reinforced concrete. The sensor is 
hermetically sealed and involves an inductive coil of wire magnetically 
coupled to a reader coil outside the structure which powers and in
terrogates the sensor. Studying the impedance through the reader 
inductor, it was shown that the resonance of the sensor is detectable as a 
dip in the phase curve, and the corrosion manifests itself in increasing 
the resistance and shifting the frequency. Additionally, it was indicated 
that a pseudo-quality factor calculated by Eq. (1) can be adopted as a 
more informative feature for NDE. 

Q =
ω0

Δω (1)  

where, ω0 is the resonant frequency of the sensor and Δω is the width of 
resonance, derived from the phase response of the reader. The method 
needs to be investigated in long-term corrosions and when the structure 
is exposed to other corrosive materials. Kim, et al. [113] developed a 
magnetic resonance-based wireless power transmission (MR-WPT) sys
tem (shown in Fig. 35) that can supply large amount of energy whenever 
it is needed and without sharp degradation of power transmission effi
ciency (PTE) despite the increase of transmission distance. They showed 
that the existence of concrete structure improves PTE compared with air 
because of paramagnetic properties of cement, but the PTE of reinforced 
concrete is 3% lower than that of unreinforced concrete. 

Lu, et al. [114] proposed a local, mechanical rail-mounted energy 
harvester based on EM-induction principle to power wireless 

Table 11 
Comparison among different commercial position measurement sensors.  

Sensor Maximum 
Range 

Resolution Linearity Degree of 
Freedom 

Capacitative     
CapaNCDT 6110 10 mm 0.01% ± 0.05% 1-D 
Capteura 250 Series 

System 
2.5 mm 0.0015% ± 0.05% 1-D  

Eddy Current     
eddyNCDT 3001 4 mm 0.1% ± 0.7% 1-D 
ECL202 15 mm 0.01% ± 0.2% 1-D  

Inductive     
induSENSOR VIP 

series 
150 mm 0.03% ± 0.25% 1-D 

BIP 103 103 mm 0.08% ± 0.4% 1-D 
EX-500 series 10 mm 0.03% ± 0.3% 1-D 
ECL202 15 mm 0.002% 

− 0.009% 
± 0.2% 1-D  

Magneto-inductive     
mainSENSOR 55 mm <0.05% < ±3% 1-D 
BIL 60 60 mm 0.0003% ± 1.67% 1-D  

RFID     
RFID displacement 

sensor (MIT) 
40 mm 6.2% Unreported 1-D 

RFID displacement 
sensor (TU 
Darmstadt) 

4 mm 6% Unreported 2-D  

Low-frequency 
magnetic     

Kypris and Markham  
[103] 

50 mm 0.5% ± 3.5% 3-D  

Fig. 35. Two conceptual configurations of MSs (taken from [110]).  
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rechargeable sensor nodes. As shown in Fig. 36, the harvesting system 
contains a suspended magnet placed inside a tube of copper-made coil 
and between a couple of top and bottom repelling magnets. Further 
studies in energy harvesting for railway applications can be found in 
[115,116].Fig. 37.. 

Since the WPT through obstacles can be challenging due to pene
tration, reflection and attenuation, Wang and Markham [117] consid
ered the fact that almost all structural concretes are reinforced with 
steel, and the rebars can act as a magnetic conduit for low-frequency 
magneto-inductive fields. They applied a constant phase element 
(CPE) to simulate the complex multi-coupled physics mechanisms. 
Despite the losses in the rebar path (because of the resistance in CPE), 
the method possesses higher coupling compared to air, especially at long 
distances. Therefore, sufficient amounts of power can be harvested at 
large distances by employing intermediate sensors acting as resonators 
along the rebar. The method can be utilized for energy supply and 
probably information communication for embedded sensors. 

Furkan, et al. [118] transformed a suit of wired sensors into wireless 
units to confirm their laboratory and field applications. Among their 
sensors, six magnetic strain gauges were verified, where the friction 
between the steel surface and gauges was leveraged by a magnet. This 
connection accelerated the installation and removal operations 
compared with welding and adhesives. 

Table 12 summarizes the reviews provided for the MSs in this 
section. 

3. Conclusions and future research directions 

In the present paper, the applications of MSs in NDE of civil engi
neering applications are overviewed. The sensors provide a wide spec
trum of applicability from load detection to corrosion monitoring. MSs 
provide reasonably cheap solutions that can expedite the NDE process. 
Their low power consumption, high sensitivity and small size provide 
opportunities for green and sustainable sensing and pave the way for IoT 
and smart structures. 

While the accelerometers must be firmly attached to structures near 
the vibration sources, the MSs can be employed in a dynamic fashion 
through robots, thereby covering a large area. Additionally, because of 
the penetration capability of the magnetic field, inner damages and 
corrosions can be identified by this type of sensor which is a key 
advantage compared to vision-based techniques. 

When choosing an MS for a specific application, it is important to 
carefully consider the advantages and disadvantages of each type of 
sensor. 

Hall effect sensors are a cost-effective option and can be conveniently 
integrated into monitoring systems. They are compact in size and 
consume minimal power, making them a suitable choice for wireless 
corrosion detection in reinforced concrete structures. However, it is 
important to note that their performance is adversely impacted by noise 
and environmental factors like temperature changes. Unlike, Hall effect 

sensors, which are inexpensive, MR sensors are rather expensive. But 
they can provide an SNR at least 10 times higher than that of Hall effect 
sensors, as well as a 100 times higher field resolution. 

EM sensors offer a wide frequency range for monitoring structures, 
such as detecting rebars in reinforced concrete structures. Nevertheless, 
they are sensitive to environmental interferences, such as nearby elec
trical equipment or magnetic fields generated by other sources. Further, 
unlike Hall effect sensors, they usually require significant power for 
operation, which means that they are not suitable for use in remote lo
cations or in situations where power is limited. 

For detecting subsurface defects in steel structures, MR and eddy 
current sensors are commonly used. Eddy current sensors are proper for 
measuring non-ferrous materials like aluminum and offer durability and 
resistance to environmental factors. On the other hand, MR sensors have 
a higher sensitivity to small variations in magnetic fields, are smaller in 
size, and have lower power consumption compared to eddy current 
sensors. 

For detecting cross-sectional loss in cables, MFL sensors are preferred 
as they are fast, efficient, and non-contact, and provide high-resolution 
images of the cable’s internal structure. Magnetoelastic sensors are ideal 
for measuring very small changes in magnetic fields, making them a 
great option for measuring forces in cables. They are also durable and 
can withstand harsh environmental conditions. On the other hand, 
magnetostrictive sensors offer real-time monitoring of steel pipes and 
are cost-effective. However, they have challenges in detecting small 
cracks. 

For monitoring structures with many bolts like steel bridges, 
magneto-mechanical sensors are a suitable choice as they can be 
installed quickly and provide real-time assessment of bolt loosening. 
They are also robust against noise and require minimum power con
sumption. For monitoring scour, smart rocks provide cost-effective real- 
time monitoring but may be limited in size and potential interferences 
from other magnetic materials. 

The choice between these sensors is dependent on the required 
application. Enhanced accuracy and reliability can be obtained through 
their combination, which is almost neglected in the literature. 

Although MSs received remarkable attention from the civil engi
neering community in recent years, there is still room for improvement. 
In the following, several challenges and prospects in this field are pre
sented, upon which further studies and developments can be planned: Fig. 36. The fabricated spiral type resonance coil (taken from [113]).  

Fig. 37. The physical model of the energy harvester.  
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- A magnetic shock can affect the output of most MSs (e.g., Hall effect, 
MR, eddy current, magnetoelastic, MFL, magneto-mechanical, 
magnetostrictive, magnetic microwire, and smart rock sensors) by 
an offset. Although it can be remedied through periodic magnetiza
tion, strong pulses should be avoided during instalment and appli
cation of the sensors.  

- Fluxgates and MR sensors are prone to the Crossfield effect arising 
from magnetic fields perpendicular to the sensing direction – e.g., 
Earth’s field. This issue can be addressed by feedback-compensated 
signal processing and magnetic anisotropy. 

- Environment conditions such as temperature and humidity can in
fluence the signals and performance of the MSs, especially Hall effect 
and magnetoelastic sensors. In this regard, appropriate temperature 
and humidity sensors as well as experimental results can be involved 
in the process to provide a calibration system and relevant correction 
factors to compensate for these effects. 

- The magnetic fields exhibit sensitivity to element coating and ge
ometry – e.g., thickness and element edge – which requires position- 

dependent calibration. Expanding on this topic is currently a vibrant 
area of research in the field of EM sensors.  

- The loading history of materials can alter some of their magnetic 
properties, such as residual magnetic field, without occurring any 
damage. This shows the necessity of proper techniques and feature 
selection for specific applications, especially for MR sensors. The 
same goes for the material type of test structures.  

- Most studies are just concentrated on the detection of damage 
presence or damage location. Various numerical, statistical and 
computational models can be developed to map the acquired signals 
to higher levels of SHM, such as the quantification of damage 
severity and damage prognosis. 

- The MSs can be embedded in structures as contactless or inner per
manent sensors (e.g., Magnetic Microwire Sensors). To resolve the 
power supply issue of this kind of implementation, high-performance 
nanogenerators and wireless power transmission techniques can be 
employed.  

- Dynamic MSs (e.g., MR sensors) are usually designed and tested for 
speeds lower than 1 m/s. Developing high-speed scanning sensors is 
highly demanded. 
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Table 12 
Details of the reviewed papers.  

Reference Year Damage type, application and main features 

Andringa, et al.  
[112] 

2005 Corrosion in reinforced concrete structures 
- Not requiring a battery within the sensor 
- Simple and inexpensive 
- Embedded in the concrete 
- Wireless 

Altpeter, et al.  
[119] 

2009 - The magnetic Barkhausen noise profile is influenced 
by the total stress state of the material 

Zhixiang, et al.  
[101] 

2010 Crack in concrete structures 
- Not able to detect subsurface cracks. 

Kurz, et al. [102] 2013 Breaks in bridge cables 
- The resolution limit of the micromagnetic 
measurement should be approximately in the same 
order of magnitude as the traffic load. 

Kim, et al. [113] 2015 Corrosion in reinforced concrete structures 
- Wireless 
- Not requiring a battery within the sensor 

Kypris and 
Markham [103] 

2017 3D Displacement in concrete structures 
- Low error 
- Able to measure position and strain at 3D 

Davis, et al. [104] 2018 Crack in concrete structures 
- Low power consumption 
- Wide sensing range. 

Lu, et al. [114] 2018 Corrugation of rail 
- Wireless 
- Not requiring a battery within the sensor 

Wang and 
Markham [117] 

2020 Corrosion in reinforced concrete structures 
- A long, flat coil transmits power more efficiently 
over long ranges, but a thick, short solenoid performs 
better over short ranges. 

Furkan, et al.  
[118] 

2020 Acceleration in aluminum beams 
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