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Abstract

This paper presents a non-destructive testing method for detection

and analysis of rebar corrosion in concrete based on metal mag-

netic memory. A three-dimensional (3D) automatic scanning and

measuring system, composed of a 3D scanning and measuring de-

vice and an automation software, was self-designed and developed.

Two corroded reinforced concrete specimens were prepared by the

accelerated galvanic corrosion test. A series of experiments were im-

plemented by the proposed 3D device. The experimental processes

involve acquiring the spatial position and corresponding 3D mag-

netic flux density near the specimens, judging the rebar’s corroded

region, and assessing the corrosion degree of the specimens. The

results indicate that the curves of tangential magnetic field, obtained

by the Y -scanning, all intersect near the edge of the steel corrosion

zone, and the corrosion region can be qualitatively determined by

the position and distance of the two intersecting points; the curves

of tangential magnetic field, obtained by the Z-scanning, have an

extreme value varying with the lift-off heights (LFHs) of the mag-

netic sensor in the corroded region, and the corrosion degree can be

semi-quantitatively assessed by the LFH of the reversal point. The

findings of this work propose an effective non-destructive detection

method for rebar corrosion in concrete.
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1. Introduction

Corrosion of steel rebar is one of the major diseases leading
to performance deterioration and even the destruction of
reinforced concrete (RC) structures [1], which reduces the
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durability and service life of RC structures [2]. Therefore,
it is of great significance to detect corrosion in the RC
structures, and timely take the reinforcement measures to
the structures with corrosion diseases [3].

Currently, there are many methods to non-
destructively test the rebar corrosion in the analytical [4],
physical [5] and electrochemical [6] ways. The analytical
methods work by measuring some key parameters and then
speculating the corrosion degree according to some predic-
tion models and the field environment. The parameters
include the diameter of rebar, the thickness of the concrete
cover, the strength of concrete, immersion depth of various
harmful ions and the width of the longitudinal cracks
[7]. However, the data analysis extremely depends on
the reliable prediction models, while there are not reliable
prediction models for rebar corrosion [4]. The physical
methods are mainly used to assess the corrosion condition
of rebar by measuring the physical parameters accompa-
nying with corrosion, such as resistance, electromagnetic
property, heat conduction and acoustic wave propaga-
tion. The physics-based measuring methods include the
resistance probe method [8], the eddy current detection
method [9], the X-ray method [10], the infrared thermog-
raphy [11] and the acoustic emission detection techniques
[12]. However, those physical methods are not completely
applicable to the RC structures for the interference of
the concrete. The electrochemical methods include the
half-cell potential method, the linear polarization method
and the electrochemical impedance spectroscopy method
[6]. The half-cell potential method is widely used for the
qualitative detection of rebar corrosion, but this method
needs pre-treatments to the structure surface. The linear
polarization method and the electrochemical impedance
spectroscopy method can be used for quantitative detection
of rebar corrosion. However, on the one hand, the former
cannot judge the early corrosion, and the field operation
is complex. On the other hand, the latter cannot reach
as convenient and accurate as the former, and analysing
the measuring data is sophisticated. Consequently, the
electrochemical impedance spectroscopy method is not
applicable to the field detection [13].

The non-destructive testing (NDT) technology based
on metal magnetic memory (MMM) theory was first
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Figure 1. The structure graph of the 3D scanning and measuring device.

proposed by Dubov in the 1990s [14]. The fundamental
principle of MMM is that the stress concentration (SC) and
damaged regions of ferromagnetic materials produce self-
magnetic flux leakage (SMFL) signals due to the excitation
of the Earth’s magnetic field and mechanical loads, and
the SMFL signals are irreversible after releasing the loads.
MMM is a passive technique to detect the SMFL from the
failure, which does not apply an artificial magnetic field as
the stimulus source. It is known that the Earth’s magnetic
field is very weak (about 40 A/m), so the MMM technique
is a weak-field test method. The information of structural
damage is delivered by the SMFL signal, which is acquired
by the high-precision micro-magnetic sensor [5], [15]. Un-
like conventional NDT methods, the MMM technique can
find early defects induced by high SC of steel structures.
The method does not need any pre-treatment of structure
surface, and it can detect defects not only on the surface
but also inside structures [16]. The MMM method has got
considerable attention for its advantages of time saving and
easy operation [17], and it has been applied in the damage
detections of pipelines, boilers, gas containers, steel wire
ropes and welding cracks [18]. Meanwhile, the steel rebar is
a kind of ferromagnetic material, and the corrosion of rebar
in RC are often accompanied with stress concentration, so
it is also a feasible method to detect the rebar corrosion
based on the MMM technology.

In this paper, the MMM method is applied to detect
the rebar corrosion in concrete with the assist of a self-
designed three-dimensional (3D) automatic scanning and
measuring equipment. The results indicate that the pro-
posed method can qualitatively detect the corrosion posi-
tion and semi-quantitatively evaluate the corrosion degree
in RC structures.

2. Design of 3DAutomatic Scanning andMeasuring
System

The SMFL signal of the ferromagnet is weak, and it is sen-
sitive to the location of measuring sensor, so it is necessary
to build an accurate spatial position measurement system,

which can carry the sensor and scan automatically. To
investigate the relationship between the SMFL signal and
the degree of rebar corrosion, a 3D automatic scanning and
measuring system [18], [19], composed of a 3D scanning
and measuring device and an automation software system,
is designed and built.

2.1 3D Scanning and Measuring Device

Figure 1 shows the self-designed 3D scanning and measur-
ing device for acquiring the 3D magnetic flux density and
its corresponding spatial position around a specimen. The
device consists of a 3D mechanical displacement system,
a high-precision micro-magnetic sensor and an ethernet to
serial converter (ESC) which owns two RS485 serial ports
and one ethernet port.

The 3D mechanical displacement system is made up
of a 3D aluminium alloy track and bracket system, three
stepping motors and their corresponding motor drivers, a
programmable logic controller (PLC) system and a non-
magnetic stainless steel pipe to support the sensor. Each
motor driver can receive the PLC’s commands and return
the stepping motor’s current displacement. The displace-
ment accuracy of every stepping motor driver is as high
as 0.1mm. A cable-stayed-like structure is used in the
scanning device to improve the stability of the supporting
bar when the device is moving. The Honeywell HMR2300
magnetometer is employed as the micro-magnetic sensor.
It is a three-axis smart digital magnetometer, and the three
axes oriented in orthogonal directions of HMR2300 magne-
tometer can measure the X, Y and Z vector components
of magnetic flux density. The output range of HMR2300
magnetometer is ±2Gs with a resolution of ∼70µGs. The
PLC and HMR2300 magnetometer both have one RS485
serial data interface, and they can independently connect
with the ESC via two disparate RS485 serial buses. The
ESC can intelligently convert network data and serial data
to each other. Thus, the proposed 3D scanning and mea-
suring device can synchronously output the information
of magnetic flux density (Bx , By and Bz ) and spatial
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Figure 2. The interface of the scanning and measuring software.

Figure 3. The accelerated galvanic corrosion test of the specimens.

position coordinates (X , Y and Z ) by the ethernet inter-
face of the ESC.

2.2 Automation Software System

An automatical scanning and measuring software, running
on a computer, is developed by the C# programming
language for the automatic test, and the software operation
interface is illustrated in Fig. 2. A series of rules generating
the automatic scanning and measuring commands are self-
defined in the program. The rules comprise the fields
of the “Checked”, “X Destination”, “Y Destination”, “Z
Destination”, “X Speed”, “Y Speed”, “Z Speed”, “Save
Data” and “Delay”. The data acquisition frequency can
reach up to 10 Hz. The software is capable of real-time
showing measuring data and saving them in a text file and
SQLite database simultaneously. Once all the measuring
tasks are completed, this software can send an e-mail to

the experimenters whose e-mail addressed have scheduled
in the software settings.

3. Experiment Details

3.1 Accelerated Galvanic Corrosion of Specimens

Two similar RC specimens were prepared for corrosion
experiment and MMM testing. Each specimen was a rect-
angular concrete block in which an HRB335 reinforcement
bar was inserted. The diameter and the length of the rebar
were 25mm and 150 cm, respectively. The dimensions of
the two concrete blocks were 100 cm× 10.5 cm× 12.5 cm.
The concrete grade and cover thickness of each specimen
were C30 and 3 cm, respectively. These specimens were
corroded under a current intensity of 0.2A in the fixed po-
sition based on an accelerated galvanic corrosion method
illustrated in Fig. 3. One end of the rebar was connected
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Figure 4. The 3D automatic scanning and measuring system in operation.

with the positive electrode of the power supply via wires,
while the auxiliary electrode was connected to the nega-
tive electrode. The electrolyte of 5% NaCl solution was
prepared in advance, and the towel was soaked above the
auxiliary electrode in the electrolyte. In this way, the elec-
trolyte could pass the towel into the concrete based on the
siphon effect, and the internal rebar of concrete could be
corroded at a specified location. The corrosion level was
controlled by the corroded current and time according to
the Faraday law, and the two RC samples were corroded
under a current intensity of 0.2A and the corrosion time is
4, 7 and 9 days, respectively. The preconceived corrosion
length of each specimen was 20 cm.

3.2 Scanning and Measuring Test

The scanning paths and methods of the magnetometer are
illustrated in Fig. 4, where By is defined as a tangential
component of the magnetic flux density for the specimens.
The distance between the bottom of the sensor and the
top of the specimen is defined as the lift-off height (LFH).
The corrosion region was in the range of Y =600–800mm.
The initial LFH of the magnetometer is ∼1 cm (where
Z =975mm). The magnetometer was moved at a speed of
5.0 cm/min, and all the test data, including X , Y , Z , Bx ,
By , and Bz components, were automatically acquired and
recorded with a frequency of 2Hz.

4. Experimental Results and Discussions

The results of the two RC specimens share similar tendency,
so just data from one representative specimen are addressed
in this paper.

Before the specimen was corroded, we scanned and
measured the magnetic field of the sample along the Y
direction at the LFH of 1, 2 and 3 cm, respectively, and
obtained the By–Y curves as shown in Fig. 5(a). In the

same way, we obtained the By–Y curves corroded for 4, 7
and 9 days as shown in Figs. 6(b), (c) and (d), respectively.
Figure 5 shows that the curves with different LFHs are
almost parallel to each other in the intact condition, while
the curves with different LFHs intersect at two points when
the sample is corroded for 4, 7 and 9 days, respectively. The
distances between the two intersecting points are 130, 156
and 168mm for the different corrosion time, respectively;
these distances are all less than 20 cm (Y =600–800mm).
The result indicates that: the longer the corrosion period
is, the closer the distance is to the real length of the
corrosion region; the smaller the LFH is, the bigger the
absolute value of the extrema of By in corrosion area
is, namely, the stronger the SMFL signal is; the position
and region of corrosion can be estimated qualitatively by
analysing the position and interval of the two intersecting
points, respectively. These experimental phenomena have
a phenomenological model referred to [5].

We scanned and measured the magnetic field of the
specimen according to the Z-scanning paths illustrated
in Fig. 4 and obtained the By–Z curves at different Y
positions of the specimen corroded for 4 days as shown in
Fig. 6. A difference observed from Fig. 6 demonstrated
that the tangential component values of the magnetic flux
density, namely By , approach to a certain value with the
increase in the LFH at the non-corroded positions such
as Y =20mm and Y =900mm, however at the corroded
positions, i.e. Y =620mm, Y =640mm, Y =700mm and
Y =740 mm, the signals of By appear a peak with the
increase in the LFH. The peak point is defined as the
reversal point in this paper. Because there is not any
reversal point in the non-corroded areas, the Z values of
the initial scanning point are regards as the Z values of
reversal points for plotting curves conveniently.

Figure 7 shows the Z values of reversal points in the
different positions of the specimen for various corrosion
period. The experimental corrosion area was the region of
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Figure 5. The By–Y curves at different lift-off heights of the magnetometer: (a) no corrosion; (b) corroded for 4 days;
(c) corroded for 7 days; and (d) corroded for 9 days.

Figure 6. The By–Z curves at different Y positions corroded for 4 days. The vertical dashed line indicates the position of
the reversal point.
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Figure 7. The Z values of reversal points in the different
positions of the specimen for different corrosion time.

Figure 8. Schematic diagrams of the magnetic field distri-
bution around the corroded rebar bar.

Y =600–800mm, but the actual corrosion area is the part
of Y =580–782 mm, because of the electrolyte, absorbed
by the towel, soaked into the concrete randomly. Namely,
the corrosion does not occur in an intentional way. Figure
7 shows that the more severe the corrosion degree is, the
smaller the Z of reversal point is, namely, the higher the
LFH of the reversal point is.

It is well known that a weak magnetic field exists near
the surface of the Earth generated by the planet itself. It
can be seen as a stable and uniform magnetic field in a
relatively small space compared with the Earth. When a
ferromagnetic material is put into the magnetic field, the
ferromagnetic materials will be magnetized so that it can
be treated as a magnet. Rebar is a typical ferromagnetic
material, and it has a higher magnetic permeability than
it in air or concrete. Figure 8 shows that higher magnetic
flux density passes through the rebar when the rebar has
not been corroded. The magnetic flux density, detected by
the magnetometer, is the vector superposition of the Earth
magnetic field and the demagnetizing field of the magnet.
The demagnetizing field of the magnet plays a dominating
role near the surface of the magnet when the rebar has not
been corroded, so the tangential component value of the
magnetic flux density approaches to a certain value with
the increase in the LFH at the non-corroded positions, and

the certain value approximates to the tangential compo-
nent of the Earth magnetic field. However, once the rebar
has been corroded to a certain degree, a magnetic flux leak-
age signal will be generated from the corroded position due
to the high magnetic permeability gradient in the vicinity
of the corrosion area, so it is the so-called self-magnetic
flux leakage. The direction of SMFL is opposite to the
orientation of the demagnetizing field as shown in Fig. 8.
Hence, there is a competition between the demagnetizing
field and the SMFL above the corrosion area. The SMFL
dominates near the rebar, and the demagnetizing field is
gradually increasing with larger of the LFH of the sensor.
When the demagnetizing field intensity is larger than the
SMFL at a certain LFH, the data reversal phenomenon
appears. On the one hand, the more severe the damage
is, the larger the SMFL is. As a result, the total magnetic
flux density is decreasing. On the other hand, the SMFL
influences the wider space with a larger degree of the cor-
rosion, so the LFH value of the reversal point is higher.
Thus, the LFH value of the reversal point can serve as a
judging criterion to assess the corrosion degree of the rebar
qualitatively, and then the corrosion level of the RC can be
obtained.

5. Conclusion

In this work, a 3D scanning and measuring device and
its software are the essential tools for experimental study.
The proposed 3D system not only can accurately acquire
the spatial position and corresponding 3D magnetic flux
density but also can be regarded as a high-precision 3D
scanning platform for further study. Therefore, we will
install new sensors on the device in the future.

The corrosion region of rebar in concrete can be qual-
itatively estimated as follows. Firstly, scan and measure
the magnetic field of the specimen along the Y direction at
the two or more LFHs. Secondly, plot all the By–Y curves
in one figure and then investigate whether or not there are
two intersecting points. Thirdly, if these points are identi-
fied, their positions and the distance between them imply
the presence of the corrosion. Namely, the more severe
the corrosion is, the closer the distance is to the length of
corrosion region.

The corrosion degree of rebar in concrete can be semi-
quantitatively assessed as follows. Firstly, scan and mea-
sure the magnetic field of the specimen along the Z di-
rection at different corroded positions. Secondly, plot the
By–Z curves and then investigate whether or not have
an extreme value varying with the LFHs of the magnetic
sensor. Thirdly, assess the corrosion degree by the LFH
of the reversal point semi-quantitatively. The assessment
standard is that the more severe the corrosion degree is,
the higher the LFH of the reversal point is.

This work is a significative exploration for rebar cor-
rosion detection, but some experimental factors have not
been fully considered yet, including the pressure induced
by the corrosion expansion of the rebar, the physical pa-
rameters of the rebar, the strength of concrete, the cou-
pling of two or more rebars, etc. They are addressed in the
future.
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