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Abstract

To realize the assessment of the stress damage of the tensile steel

bars in concrete structures, a metal magnetic memory (MMM)

signals acquisition experiment of the concrete rectangular beams

subjected to increasing and decreasing loads was carried out. A

new parameter called “difference of deviation rate curve (dDr)� was

proposed to evaluate the stress damage of tensile steel bars in the

test beams. Experimental results revealed that the change laws of

MMM signals did not coincide during the loading and unloading

process, and the MMM signals of different specimens deviated to

different degrees after unloading. Importantly, the parameter “dDr�

successfully realized the stress damage assessment of tensile steel

bars in the test beams. The results of this paper can effectively

provide a basis for the damage assessment of tensile steel bars in

concrete structures.
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1. Introduction

With the rapid development of transportation, bridges
have a great significance as important nodes of roads. In
recent years, many bridge collapse events have been re-
ported, and the structural safety of bridges deserves crucial
attention [1]. Health monitoring systems for operational
safety monitoring purposes have been set up in a large
number of bridges [2]. Structural health monitoring (SHM)
is a real-time perception, identification, and evaluation of
structural damage and safety states that are executed by
means of sensors. The SHM system generally includes
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various sensors, data acquisition devices, data transmis-
sion systems, data management databases, data analysis
and modelling modules, state assessment and performance
prediction modules, early warning devices, visual user in-
terfaces, and software and operating systems [3]. SHM is
widely used in civil, aerospace, and mechanical engineering
[4]–[12].

With the continuous improvement of science and tech-
nology, strong monitoring and weak diagnosis has become
the main form of current SHM systems. To achieve the goal
of SHM, it is necessary to increase the accuracy of data
processing and health diagnosis by taking the advantages
of automatic and online self-diagnostic technologies.

A classic problem in SHM is the identification of dam-
ages. Currently, no complete theoretical guidance is avail-
able for bridge health monitoring, and no single detection
method can provide correct identification results. Cur-
rent SHM methods mainly work based on vibration shock
[13], [14], artificial neural network [15], statistical pattern
recognition [16], and signal processing [17], [18]. However,
in the structural monitoring of large-scale infrastructure
such as large-span bridges, the application of the above
concepts has many limitations [19]–[21]. In recent years, a
new monitoring method based on metal magnetic memory
(MMM) is proposed to monitor the stress damage of tensile
steel bars inside bridges [22].

The MMM-based detection technology was first pro-
posed by Doubov. This technology uses the changeable
information of the leakage magnetic field on the test piece
surface to diagnose whether the ferromagnetic component
has defects or stress concentrations. In comparison with
other magnetic non-destructive testing technologies, the
MMM-based detection method is simple and cost-effective,
and it requires no manual excitation. To reveal the mecha-
nism of the MMM technology, Jiles [23] made an in-depth
study on the force-magnetic effect of ferromagnetic mate-
rials, discussed the relationship among stress, magnetiza-
tion, and magnetostriction, and established a theoretical
model. Ren et al. [24] published the first monograph
on the MMM technology. Zhou and others [25], [26] used
the MMM technology for the rust detection inside con-
cretes, located the rusted area according to the magnetic
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field’s change information on the surface of the rusted test
piece, and semiquantitatively evaluated the degree of cor-
rosion. The low-frequency magnetic flux leakage detection
technology developed by Jiao et al. [27] could detect in-
ternal and external surface damages of ferromagnetic com-
ponents. Jin et al. [28] proposed a method based on the
piezomagnetic effect to monitor the fatigue damage state
of reinforced concrete members.

In this article, an MMM signal acquisition experiment
of the concrete rectangular beams during the loading and
unloading process was carried out. According to the
experimental results, a new parameter called “difference of
deviation rate curve (dDr)” was proposed to characterize
the degree of stress damage of tensile steel bars in the test
beams.

2. J-A Theory

Two main physical theories are available on the inter-
nal friction of the magnetization process and hysteresis:
(i) Preisach model and (ii) Jiles–Atherton (J-A) model.
The J-A model was first proposed by Jiles et al., and
it is suitable to predict the magnetization of anisotropic
ferromagnetic materials. According to the J-A model, the
energy loss caused by the irreversible magnetic wall dis-
placement is mainly considered. The original J-A model
has been extended to include the magnetization due to
hysteresis losses, the magnetization of isotropic materials,
and the magnetization of materials under stresses.

The establishment of the J-A magnetization model
consists of two parts:
• the establishment of a no-lag magnetization model and
• the quantification of the energy loss due to the irre-
versible magnetic domain wall effect.
No hysteresis magnetization refers to an ideal mag-

netization state that can eliminate irreversible magneti-
zation. Based on thermodynamics, Jiles and Atherton
established a non-magnetic hysteresis curve by the
Langevin relationship:

Man = Ms

[
coth

(
H

a

)
− a

H

]
= f(H), (1)

where a is the material planning constant, a = μ0m
kBT ; μ0 is

the vacuum permeability (N/A2), μ0 = 4π× 10−7; m is the
magnetic moment (A·m2); T is the temperature (K); kB
is the Boltzmann constant (J/K), kB =1.3806488× 10−2;
and Ms is the saturation magnetization.

When a material is under an external magnetic field
in a single direction, the magnetic domain wall produces
two types of changes: (i) reversible magnetization – this
process mainly occurs due to domain wall bending and
is accompanied by the storage and release of the domain
wall energy (no energy loss occurs) and (ii) irreversible
magnetization – this process mainly occurs due to magnetic
domain wall displacement and it is accompanied by energy
loss.

Let us assume that the magnetic domains of reversible
and irreversible magnetization are m′ and m, respectively,
then their corresponding angles to the external magnetic

field are θ and 0. A pinning effect acts between these two
magnetic domains, and the strength of the nailing action
depends on two factors: (i) the self-factor of the pinning
effect and (ii) the opposite direction of the magnetic do-
mains on both sides. When the magnetic domain magneti-
zation state changes from m′ to m, the energy change can
be expressed as:

ΔE = μ0m ·H − μ0m
′ ·H. (2)

The energy loss caused by the moving distance x of
the magnetic domain wall in area A is:

Epin =

∫ x

0
n

(
1

2
μ0 < επ > (1− cos θ)

)
Adx, (3)

where n is the pinning density. The irreversible magneti-
zation change of the ferromagnetic material caused by the
movement of the magnetic domain wall can be expressed as:

dMirr = m(1− cos θ)Adx. (4)

Under the action of an external magnetic field, the
ferromagnetic material becomes magnetized, exhibits mag-
netism to the outside, and generates a magnetic field
around it. The generated magnetic field also adversely
affects the magnetization state of the ferromagnetic mate-
rial, and this phenomenon is known as the self-coupling of
ferromagnetic materials. Therefore, a truly effective mag-
netic field (He) should be superimposed on the external
magnetic field by a coupling field of intensity αM (α is the
coupling coefficient), which can be expressed as:

He = H + αM. (5)

The magnetization energy of a ferromagnetic mate-
rial is equal to the non-lag magnetization energy minus
the energy loss. The energy balance equation can be
expressed as:

μ0

∫
MirrdHe = μ0

∫
MandHe−μ0k

∫
dMirr

dMe
dHe. (6)

Now, the simultaneous differentiation on both sides of
(6) results in the following equation:

Mirr = Man − kδ
dMirr

dHe
, (7)

where δ represents the directional change of the external
magnetic field, δ ± 1. When dH

dt > 0, δ = 1 and when
dH
dt < 0, δ = −1. The reversible magnetization (Mrev) can
be expressed as:

Mrev = c(Man −Mirr), (8)

where c is the magnetic domain wall bending constant.
The total magnetization M can be divided into two

parts: (i) the reversible magnetization (Mrev) caused by
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Table 1
Reinforcement Information 12 Pieces of Test Beam

Number Reinforcement Information

Tensile Steel Bars Compression Steel Bars Stirrup

B1 Two deformed bars of No compression steel bars No stirrups in the pure
B2 HPB235 with a diameter in the pure bending section bending section
B3 of 8 mm

B4 Two deformed bars of Two deformed bars of One deformed bar with a
B5 HPB235 with a diameter of HPB235 with a diameter diameter of 8 mm and model
B6 8 mm of 8 mm HPB235. Stirrup spacing 100 mm

B7 Two deformed bars of No compression steel bars No stirrups in the pure
B8 HPB235 with a diameter in the pure bending section bending section
B9 of 12 mm

B10 Two deformed bars of Two deformed bars of One deformed bar with a
B11 HPB235 with a diameter HPB235 with a diameter diameter of 8 mm and model
B12 of 12 mm of 8 mm HPB235. Stirrup spacing 100 mm

the magnetic domain wall bending and (ii) the irreversible
magnetization (Mirr) caused by magnetic domain wall
displacement:

M = Mrev +Mirr. (9)

The focus of the present article is to obtain the follow-
ing two important information based on the Jiles–Atherton
model and related experiments:

• The periodic stress causes the magnetization of a fer-
romagnetic material to evolve irreversibly. Therefore,
the magnetization cannot recover after the ferromag-
netic material returns to the initial state, which causes
MMM signal changes.

• Plastic deformation generates microcracks and mi-
cropores inside the material. The microcracks and
micropores act as crystal defects to cause local mag-
netization, which hinders material magnetization (the
plastic deformation concentrated area become internal
magnetic source) and causes outward scattering, and
eventually leads to the MMM phenomenon.

3. Experimental Process and Analysis

3.1 Production of Test Pieces

Based on the earlier theoretical analysis, it is theoretically
feasible to monitor the stress damage of tensile steel bars
of reinforced concrete structures. For practical verifica-
tion, an MMM signal acquisition experiment of 12 pieces
of concrete test beams was carried out during loading and
unloading. In the experiment, 12 pieces of C40 concrete
beams with a size of 100 mm × 200 mm × 1,850 mm
were prefabricated. As shown in Table 1, the test beams
were divided into four categories according to the different
reinforcement methods. For each type of reinforcement
concrete, three pieces were prepared. The thickness of
the concrete protective layer was 25 mm, and the stirrup

was Φ8 at 100 (stirrup diameter = 8 mm and spacing =
100 mm) single limb hoops. The schematic map and rein-
forcement diagram of the experimental reinforced concrete
beam are shown in Fig. 1. The dashed line in Fig. 1
indicates that there were or were not steel bars in the pure
bending section.

3.2 Loading and Unloading Monitoring Test

3.2.1 “Four-Point Bending� Loading and Unloading

After the curing of the test beams, the MMM signals mon-
itoring was carried out on 12 test beams. The loading
method called four-point bending was executed. Four-
point bending tests are commonly used to measure the
bending properties of materials or structures. The mid-
dle position of two loading points was the pure bending
section and it was not affected by the shear force. A Hon-
eywell HMR2300 magnetic flux acquisition sensor with an
accuracy of 70 micro-Gauss was used to acquire magnetic
signals. The layout of the test beam during loading was
presented in Fig. 2.

If any of the following phenomena occurs, it was con-
sidered that the test beam had reached the ultimate bear-
ing capacity; then, the loading process was stopped and
unloading process started.

• The main ribs are pulled.

• The maximum vertical crack width of the tensioned
steel bars is 1.5 mm.

• The deflection reaches 1/50 of the span.

• The concrete in the compression zone is crushed.

In the experiment, the steel bars were continuously
loaded to reach the ultimate bearing capacity and then
unloaded until the external load of the test beam became
zero. Simultaneously, the MMM signals of the reinforced
concrete test beam were continuously collected. The test
beams’ loads were measured by a strain gauge, and the
ultimate bending moment was obtained.
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Figure 1. Diagrams of the reinforced concrete test beams (unit: mm): (a) elevation drawing and (b) sectional drawing.

Figure 2. The layout of four-point bending load test.

3.2.2 Measuring Point Arrangement

In this experiment, five measuring points, numbered as
01–05, were selected to monitor MMM signals and the
unloading process. Among them, four measuring points
were located directly below the tensile reinforcement at the
bottom of the beam, and one measuring point was located
at the position at the web of beam, as shown in Fig. 3.

4. Test Results and Analysis

The dynamometer strain curves of 12 pieces of test beams
during the loading and unloading process were studied.
Besides, the MMM signal monitoring data of five measur-
ing points on each test beam were obtained. The ulti-
mate bearing capacity of the test beam was calculated by
the dynamometer strain curve of the entire loading and
unloading process.

It should be noted that the obtained MMM signal data
at each measuring point included three magnetic compo-
nents of Bx, By, and Bz. By comparing and analysing
the Bx, By, and Bz curves of each test beam, the Bx

component could be used to avoid the influence of the pure
curved stirrups. Therefore, the Bx component that was
in the direction of longitudinal tensile reinforcement was
selected for the analysis.

4.1 Ultimate Bearing Capacity Test Result

During the loading process, vertical cracks occurred, as
shown in Fig. 4. From the development form of the cracks
in the figure, it could be seen that it was a typical damage
of the under-reinforced beam. After loading, the ultimate
bearing capacities (Mu) of all test beams were listed in
Table 2. It is evident that the same type of test beams
had a similar ultimate bearing capacity without a large
dispersion, and the result is reliable.

4.2 Bx Component Monitoring Results

The variations of the Bx curves of the 12 test beams
monitored during the entire loading and unloading process
were almost the same. Hence, only the Bx curves of the
beams B1, B4, B8, and B11 were given to describe the
experimental results. The relationship curves of Bx and
bending moments (M) are shown in Fig. 5.

In Fig. 5, MMM signals Bx were sensitive to changes
of M . The results obtained by the four types of beams
were basically similar. Further analysis showed that the
change law of Bx during the loading process did not co-
incide with the unloading process. The reason for the
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Figure 3. Layout of magnetic moment monitoring measuring points (Strain-type dynamometer).

Figure 4. Crack development in the 8-D-1 test beam.

Table 2
Ultimate Bearing Capacities (Mu) of 12 Test Beams

Lable B1 B2 B3

Mu/kN·m 9.18 9.69 10.02

Lable B4 B5 B6

Mu/kN·m 11.24 10.71 10.71

Lable B7 B8 B9

Mu/kN·m 19.46 18.89 18.25

Lable B10 B11 B12

Mu/kN·m 18.43 18.96 19.81

above phenomenon was that the loading process include
not only the elastic deformation but also the microscopic
plastic damage. In the unloading process, it was mainly
manifested as elastic deformation. During the loading pro-
cess, due to the microscopic plastic damage, the changes
of the magnetic domains were constrained, thus affecting
the change of magnetization. Therefore, in the macro-
scopic view, the loading and unloading path could not be

repeated. Moreover, the non-coincidence of the Bx signals
from the loading start point and the unloading end point
could also reflect the impact of microplastic damage on the
MMM signals. Therefore, the degree of deviation of the
MMM signals after loading and unloading could be used to
qualitatively characterize the stress damage of reinforced
concrete.

4.3 Stress Damage Classification Criterion

The Bx curves from the loading phase to the unloading
phase at the same load (stress) level were extracted, and
the “deviation rate curves” were plotted based on the Bx

values in the loading phase. The stress damage of the
tensile steel bars inside the test beam was evaluated based
on the “deviation rate curves”.

The extraction of a “deviation rate curves” was carried
out in two steps: (1) determination of a load (stress)
level and (2) calculation of the “deviation rate curves”
corresponding to the loaded into the unloading interval at
the load (stress) level.

Considering that the load (stress) level of the self-
weight in the actual reinforced concrete beam bridge was
slightly higher (0.5 times) than the limit load (stress), 0.5
times of fold ultimate load (stress) was selected as the
reference to plot “deviation rate curves”:

Dr =
B −B0.5L

B0.5L
(10)

where B refers to the value of any Bx signal in the loading
and unloading interval corresponding to 0.5 times of the
ultimate load and B0.5L is the value of any Bx signal loaded
to 0.5 times of the ultimate load. Due to space limitation,
the “deviation rate curves” of four test beams are plotted
in Fig. 6.

Because only the sensors numbered 02–05 were placed
at the bottom of the test beam, the Dr data of sensors
numbered 02–05 were used to evaluate the stress damage
of the steel bars later. In addition, combined with the
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Figure 5. Change laws of Bx signal with the bending moment at all measuring points of test beams: (a) B1 test beam;
(b) B4 test beam; (c) B8 test beam; and (d) B11 test beam.

Figure 6. The “deviation rate curves” of all measuring points of four test beams: (a) B1 test beam; (b) B4 test beam; (c) B8
test beam; and (d) B11 test beam.
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Figure 7. “Mean deviation rate curves” of all test beams: (a) B1, B2, and B3 test beams; (b) B4, B5, and B6 test beams;
(c) B7, B8, and B9 test beams; and (d) B10, B11, and B12 test beams.

Figure 8. The dDr values of all test beams.

actual engineering situation, considering the difference in
the working conditions corresponding to the data measured
by the four sensors in the pure curved section, that is,
the stress values of the different measuring points caused
by the concrete cracking should be different. However,
considering that the range of pure bending was not large
and no concrete fracture occurred at dense cracks and
pure bends, a small difference was noticed between the
experimental results of different measured points.

Therefore, the mean value curves of the “deviation rate
curves” corresponding to the four sensors numbered 02–05
in the pure curved section were taken as the “deviation
rate curves” of each test beam. The “mean deviation rate

curves” at 0.5 times of ultimate load (stress) for all 12 test
beams are displayed in Fig. 7.

Although the “deviation rate curves” shown in Fig. 7
did not occur with perfect regularity, the following three
important information could still be found:

1. The change of the deviation rate curve mainly man-
ifests in two forms: (i) monotonously increased and
(ii) first increased and then decreased.

2. The final values of the curves deviated from the initial
zero points to varying degrees.

3. The deviation rates (Dr) of all test beams ranged
between 0 and 1.8, and it indicated that the MMM
signals caused by the stress had a certain range and
can be quantified.

The deviation of the final values of the curves from
the initial zero point mainly occurred due to stress dam-
age. Therefore, the differences between the final values
of the “deviation rate curves” and the initial zero value,
called dDr, could be extracted to qualitatively evaluate the
stress damage. The dDr values of all 12 test beams are
summarized in Fig. 8.

It is noticeable from Fig. 8 that the dDr values of
all test beams fluctuated within the range of 0.17–1.74.
According to the distribution of dDr values, three lines
could be drawn: minimum line (dashed line), mean line
(solid line), and the largest line (dotted line).

When the dDr value is close to the dotted line, the
stress damage degree of the test beam is low, which indi-
cates that the bridge can be used normally in reality, and
only routine maintenance is required.
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When the dDr value was close to the solid line, the
stress damage degree of the beam bridge was large, which
indicates that the bridge is approaching the limit use
condition in reality, and has serious problems. Therefore,
special inspections are needed depending on the actual
situation.

When the dDr value is close to the dashed line, the
stress damage degree of beam bridge is very large, which
indicates that the bridge has reached the limit use condition
in reality, and may collapse at any time. It is necessary to
immediately prohibit the passage or construction to ensure
the safety of personnel.

Therefore, the dDr can be used to realize the assess-
ment of stress damage and early warning monitoring of
bridges.

5. Conclusion

In this article, the reinforced concrete beams were loaded
and then unloaded. The corresponding MMM signals are
collected. The main conclusions are described as follows:

1. The theoretical analysis based on the classical Jiles–
Atherton magnetic-force coupling model expressed
that it was feasible to apply MMM signals to monitor
the stress damage of tensile steel bars in concrete
bridges.

2. The loading and unloading paths of the Bx monitoring
curves of all 12 test beams did not coincide, and the
Bx signals of the loading start point and unloading end
point were deviated. The reason for the phenomenon
was due to the microplastic damages during the loading
and unloading process.

3. A parameter called dDr was proposed and it could
qualitatively evaluate the degree of stress damage of
tensile steel bars.
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