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To establish an online nondestructive stress testing method for arch bridge suspender based on the principle of magnetic coupling,
the magnetic mechanical property of Q345qD steel is explored taking an arch bridge model structure with Q345qD steel
suspender as the research object. Under the action of magnetic field excited by a coil, the test of the coupling relationship between
stress and excitation flux is carried out. +e theoretical model of stress-magnetic flux is simplified to better meet the requirements
of engineering applications.+e excitation device, magnetic flux measurement device, stress-magnetic flux data analysis program,
and so on are developed, and the magnetic coupling stress detection system is integrated. +e test model structure of a steel arch
bridge with suspenders of Q345qD alloy steel is designed and made; under the different load conditions, the stresses of the
suspenders are tested and studied.+e relationships between induced magnetic flux and technical magnetized voltage, test load of
model structure, and different stress conditions of the suspenders are analyzed; with the induction magnetic flux as the parameter,
the stress-magnetic flux coupling model is established. +e test results based on the stress-magnetic flux coupling model are
compared with those of the traditional stress-strain test in a linear elastic range; it shows that the two testing methods are in good
agreement with each other, and the maximum error is less than 5%.Meanwhile, with the increase in the load on the suspender, the
tension stress increases and the induced magnetic flux decreases, showing a good linear relationship.+e conclusions drawn from
the research can provide important reference for health monitoring of suspenders of arch bridges.

1. Introduction

+e suspender of the long-span steel arch bridge is the key
stress structural member. During the construction, opera-
tion, and maintenance, suspender is affected by the changes
in load, material properties, and environment. +e actual
stress state during the service period is inconsistent with the
design, even reaching or exceeding the design limitation,
resulting in major engineering safety incidents in the ap-
plication of steel bridge structures. +e traditional testing
techniques and methods are mainly based on the stress-
strain constitutive model. It is necessary to consider the
loading path and material nonlinearity of the load. In ad-
dition, the strain monitoring is not easy to realize for the
structure of complex service environment. +erefore, it is
difficult for traditional testing technology to detect the

real-time online tensile strength of suspenders of long-span
steel arch bridges, and it is also difficult to monitor the
changes in material properties of key parts of the suspender
under stress. Stress detection theory based on the magnetic
coupling effect is a new type of magnetic nondestructive
testing method developed in recent years [1–12]. +e basic
principle is based on the magnetic coupling theory of fer-
romagnetic materials [13–15]. Under the action of external
stress, the inverse magnetostrictive effect of ferromagnetic
materials changes its internal magnetic energy [16–18]. +e
magnetic parametric-stress model for stress detection is
established by using the relationship between the magnetic
properties and the stress of the metal structural member
[19–22]. +is method does not need to consider the loading
history and material nonlinearity and can overcome the
shortcomings of traditional detection technology [23–25].
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Scholars have carried out related research work on the theory
and application of the magnetic coupling effect [26, 27].

2. Magnetic Properties

2.1. Bridge Structural Steel Magnetization Performance.
According to the stress characteristics and service envi-
ronment of the steel bridge structure, in the smelting
process of common structural steels, the contents of C, Si,
Mn, S, P, and other elements are often controlled. Among
them, the content of C is the main factor affecting the
magnetic properties. +e C content has an important effect
on the maximum permeability μmax and the coercive force
Hc [28]; at the same time, it also hinders the movement of
the magnetic domain structure and affects the magnetic
coupling effect. +is study is based on the components of
common bridge structural steel and studies the stress
detection based on the magnetic coupling effect. +e
weight percentage of pearlite is about 10%∼20%, the
weight percentage of ferrite is about 90%∼75%, and the
weight percentage of carbon content in steel is about
0.08%∼0.20%.

Bridge structural steel, as one of the wide variety of
magnetic materials, has similar magnetic properties, but the
magnetic domain structure and its movement are different.
Due to the different production process, composition,
structure with other general ferromagnetic materials, the
magnetization process, and magnetization performance,
parameters of the bridge structural steel are also different
mainly in the shape of the magnetization curve and the
hysteresis curve. To find out the magnetization mechanism
of common bridge structural steel, the magnetization curve
of the specimen with the grade Q345qD and diameter of
32mm is tested by the SQUID-VSMmagnetic measurement
system. In the test, by loading the magnetic field at a rate of
100Oe/s at different temperatures, the corresponding re-
lationship between the magnetic field strength and the
magnetic moment is obtained, and then the B-H relationship
curve is calculated. +e Gaussian unit system is selected, the
unit of the magnetic moment is emu, the unit of the
magnetic field H is Oe (10,000Oe is equivalent to 1 T), and
the magnetization of the specimen is equal to the ratio of the
magnetic moment to the volume. Figure 1 shows the initial
magnetization curve of the Q345qD bridge structural steel
specimen under normal temperature conditions from − 1.0 T
to 1.0 T.

It can be seen from Figure 1 that the magnetization curve
of the bridge structural steel is substantially similar to the
magnetization curve of the general ferromagnetic material.
+e shape of the magnetization curve is slender, which
indicates that the bridge structure steel Q345qD has the
characteristics of high permeability and low coercivity.
Although impurities such as carbon, nitrogen, oxygen, and
sulfur have influence on magnetic properties, the magnetic
parameters tested in this study can meet the requirements of
stress testing. When the magnetic saturation state is reached,
the variation in the magnetic field strength is small after the
magnetization is saturated. +e maximum magnetization is
1.98A·m2.

2.2. Stress-Magnetic Flux Coupling Model. As the stress
changes, the magnetic domain structure of the bridge
structure steel changes. As the magnetic field conditions
change, the induced magnetic flux of the specimen changes.
In this paper, in the elastic range under the action of active
tension, the coupling relationship between the axial stress of
the specimen and the induced magnetic flux is researched.

+e bridge structural steel belongs to the polycrystalline
ferromagnetic material. When the stress and the external
excited magnetic field act simultaneously, the parametric
which characterizes the magnetic property also changes.
When the specimen is subjected to the axial stress, the axial
deformation causes the magnetization to change. For fer-
romagnetic materials [29],

σ �
3λsMsE

2Ku
B sin2θ0 cos θ0, (1)

where σ is the stress of the specimen, λs is the axial de-
formation constant,Ms is the saturationmagnetization, Ku is
the uniaxial magnetic anisotropy constant, E is the elastic
modulus of ferromagnetic materials, B is the magnetic flux
density, and Φ is the angle between the magnetic field and
the easy axis of magnetization. +e formula (1) expresses the
relationship between the stress and the induced magnetic
flux of the ferromagnetic material sample under the action of
magnetic field and establishes the theoretical model of the
stress-induced magnetic flux of the general ferromagnetic
material. It is an important theoretical basis for the stress test
technology by the induced magnetic flux method. Bridge
structural steel is a kind of ferromagnetic material, and its
stress-induced magnetic flux constitutive relation accords
with formula (1). However, when testing the stress of the
structural member made of bridge structural steel, the pa-
rameters of formula (1) involve the microscopic mechanism
of ferromagnetic materials, which is difficult to determine in
practical engineering applications. For this reason, the test of
stress-induced magnetic flux coupling relationship for the
Q345qD bridge structural steel specimen is done, and a
practical model of stress detection based on magnetic
coupling theory is obtained. In the test, the magnetic field is
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Figure 1: Magnetization curve of bridge steel Q345qD.
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generated by the excitation coil that is adjusted by the ad-
justable power source, the induced magnetic flux of the
specimen is measured by the TD8900 magnetic flux meter,
and the specimen is loaded by the WAW-1000 micro-
computer controlled electrohydraulic servo universal testing
machine.

In the data processing of the tensile stress-induced
magnetic flux constitutive model, only the main magnetic
flux is considered, and the leakage magnetic flux is ignored.
+e distribution of flux at any cross section of the specimen
in the magnetic circuit is uniform. When the specimen is
loaded to yield, the coupling relationship between the stress
and the induced magnetic flux is shown in Figure 2.

It can be seen from Figure 2 that when the tensile stress
of the bridge structural steel specimen increases, the induced
magnetic flux also increases, and the rate of increase is
slightly lower than the rate of stress increase. In the state of
technical magnetization saturation, the induced magnetic
flux remains substantially unchanged when the specimen
reaches the yield strength. Data fitting of the curve of
Figure 2 is carried out to obtain the constitutive equation of
the magnetic flux change value and tensile stress of the
Q345qD bridge structural steel specimen:

σ � a − b × ln(ΔΦ),

ΔΦ �
Φ2 − Φ1
Φ1

,

a � 28.860 + 0.832 × fyk − 7.921 × d − 0.0074 × fyk × d,

b � 0.896 − 0.325 × fyk + 0.0002 × d,

(2)

where σ is the stress value, and the unit is MPa. ΔΦ is the
amount of change in magnetic flux; Φ1 is the magnetic flux
corresponding to the stress of the specimen during the
previous loading step during loading; and Φ2 is the magnetic
flux corresponding to the stress of the specimen during the
next loading step during loading, and their unit is mWb. a
and b are the parameter determined by the diameter of the
grade and the round steel. fyk is the standard value of the
yield strength of the bridge structure steel, and the unit is
MPa. D is the diameter of the test specimen, and the unit is
mm. When σ ≤ 300MPa, the stress-induced magnetic flux
model of Q345qD bridge structural steel can be simplified by
the curve in Figure 2 and fitting formula (2), which can
better meet the needs of stress testing.

3. Magnetic Coupling Stress Testing System

3.1. Excitation System. According to the structural charac-
teristics of the arch bridge model structure, the hollow coil
sleeve type excitation device system is designed. +e probe
uses a field coil to generate a magnetic field to magnetize the
member to be tested. +e magnetic field generated by the
field coil has a great influence on the structural design and
measurement effect of the probe.+erefore, it is necessary to
study the formation mode and distribution of the magnetic

field in the exciting coil. A reasonably designed excitation
coil is required to have a strong technology property and to
form a nearly uniformmagnetic field inside the coil in which
the member to be tested is contained. After repeated trial
calculations and magnetic characteristics test, two kinds of
excitation coils for the stress detection of different diameter
suspenders in the test model structure are developed. +e
performance parameters are shown in Table 1.

To achieve the desired magnetization state of the stress
sensitive area of the suspenders to be tested, it is usually
necessary to provide a sufficiently large magnetic field ex-
cited by an adjustable DC power source. First, calculate the
working magnetic field by calculating the axial centre
magnetic field of the coil (at the maximum position of the
magnetic field) and estimate the voltage of the required DC
power supply. In the actual test and control, the basic
principle of capacitor charging and discharging is used to
generate enough adjustment.

3.2. Magnetic Induction Measuring Device System. +e
magnetic induction coil is used to measure the magnetic flux
passing through the cross section of the test specimen, and
themeasuring coil circuit generates a constant magnetic field
in the closed loop formed by the probe and the sample to be
tested. +e measuring coil is made of 0.3mm enameled wire
and wound 150–300 turns. +e magnetic flux measurement
performance of themagnetic induction coil is tested by using
300–400mA DC current. According to the test results, two
different types of measuring coils were developed. +e
measuring coil is connected to the TD8900 flux meter to
measure the change in magnetic flux through the cross
section of the specimen. +e relevant content of the mea-
suring coil is similar to that of the magnetic field excitation
coil, which will not be discussed here.

+e excitation device, the magnetic induction measuring
device, and the measured data processing program are in-
tegrated to form amagnetic coupling stress detecting system.
In this study, the stress and strain tests are also carried out
while designing and testing the magnetic coupling system.
Before the test, a strain sensor is placed on eachmember, and
when loaded, the stress of each member is obtained based on
the measured strain.+e results obtained by the linear elastic
stress-strain test system is used as the control group of the
magnetic coupling test results to test the validity of the
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Figure 2: Curve of stress-induced flux coupling.
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results. +e stress-strain test system adopts the traditional
design method, which will not be repeated here.

4. Experimental Research and Result Analysis

4.1. Structural Design of Steel Arch Bridge Model. +is ex-
perimental study designed a steel arch bridge structure
model, as shown in Figure 3.+emodel structure is designed
according to a project prototype using a 1 :100 scale. +e
calculated span of the model structure is 1240mm, the
calculated height is 248mm, and the height-span ratio is 1/4.
+e arch rib curve of the model structure is designed as a
catenary, the cross section of the arch rib is a hollow circular
cross section with an outer diameter D as 50mm, and a
horizontal connection is set between the two arch rings. In
engineering practice, the suspender is usually made of steel
strand; in this experiment, the main purpose is to make use
of the magnetic coupling stress test system for the stress test
and verify the validity of its application; therefore, the
suspender in this arch model structure is made of Q345qD
round steel. +e length of the suspender can be adjusted by
bolts at both ends to ensure that the position between the
arch rib and the bridge floor is reasonable; at the same time,
different diameter suspenders can be installed according to
different test conditions. +e bridge floor is designed as a
steel truss beam and laid with steel plates. According to the
principle of stiffness equivalent, for the convenience of
production, the arch of the model structure is welded by a
steel plate. According to this design, the steel bridge model
structure can not only meet the test requirements of mag-
netic coupling stress testing but also has certain engineering
application value.

4.2. 7e Model Structure Making. +e arch rib adopts the
representative steel grade SUS304 of the nonmagnetic iron
system. +e arch ring and the suspenders are bolted to-
gether, and the chord of the suspenders and bridge deck
truss beam is also adopted through bolt connection. During
the test, the suspenders can be exchanged to facilitate the
stress test of different diameters or materials of the sus-
penders, and the connecting rod between the two arch ribs is
welded.+emodel structure of the steel arch bridge is shown
in Figure 4. In order to facilitate the analysis of the test
results, the positions of the 16 suspenders of the model
structure are numbered, as shown in Figure 4.

4.3. Loading Scheme. In the test, a concentrated load is
applied to a steel plate supported by four force-transmitting
steel short columns, and the load is evenly transmitted to the
bridge deck by four force-transmitting steel short columns at
equal points of the bridge deck length. It is loaded within the
linear elastic range of the suspension in steps of 5 kN, and the

loading speed is controlled at 0.15–0.25N/(mm2·s). +e load
in this test is a static load, and the applied load is shown in
Figure 5.+e curtain in Figure 5 is to reduce the interference
of the environmental magnetic field in the test.

4.4. Test Results and Analysis. +e magnetic coupling stress
testing system developed by this study is used to carry out
stress testing on the suspenders of the arch bridge model
structure. Limited by the length of the paper, according to
the symmetry of the model structure, from the test results of
all tested suspenders, the test results of representative sus-
penders are only selected for analysis in detail, and the
analysis method of the test results of other suspenders is the
same. Taking the results of the stress testing of the model
structure of the Q345 suspender with a diameter of 12mm as
an example, by analyzing the characteristics of changes in
the excitationmagnetic field parameters, magnetic induction
parameters, stress, and strain, the relationship between
magnetic and stress is revealed, and the corresponding
application model of stress testing theory is proposed.

Figure 2 of this paper expresses the stress-induced
magnetic flux curve of the Q345qD bridge structural steel,
which can describe the relationship between the stress before
the yield and the induced magnetic flux of the Q345qD
bridge structural steel. +e purpose of this test is to obtain a
method for detecting the stress of the structural members of
the arch bridge model by the magnetic coupling stress de-
tection system and to analyze the effect of the test. Such a
research purpose does not require stress of the suspender to
reach 345MPa. +erefore, in order to facilitate the experi-
mental loading of the model structure, the loading stress of
the suspender of the arch bridge model is controlled to
150MPa, which can not only simplify the test but also
achieve the purpose of the test.

4.4.1. Test Results of Suspender in Position 1. Under the
excitation of the DC power supply, the excitation device
magnetizes the suspension rod, and the magnetic induction
measuring device is used to monitor the change of the
magnetic flux of the model structure suspender under dif-
ferent excitation voltages. Figure 6 shows the stress-mag-
netic flux relationship of the suspender in position 1 when
the input DC power supply voltage of the excitation device is
4 V, 6V, 8V, and 10V, respectively.

It can be seen from Figure 6 that, after magnetization,
under the action of constant excitation magnetic field
strength, as the stress of the suspenders increases, the
magnetic flux also becomes larger, and there is a substan-
tially linear relationship. Under the same stress, the induced
magnetic flux increases as the excitation voltage increases. In
order to determine the optimal excitation voltage for stress
testing, the relationship between the DC voltage and the

Table 1: Technical parameters of the exciting coil.

Coil name Length-diameter ratios Turns Conductor diameter (mm) Coil inner diameter (mm)
JLXQ-1 10 2000 0.2 12
JLXQ-2 10 1000 0.2 6
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magnetic flux required for the excitation field strength of the
excitation coil in the developed excitation device is studied,
and the stress of the suspender at the 1st position is kept
constant; when the excitation power supply voltage is 2V,
4V, 6V, 8V, 10V, 12V, and 14V, the inducedmagnetic flux
of the No. 1 position suspender is tested under different
excitation voltage conditions, and the test result is shown in
Figure 7.

As can be seen from Figure 7, the DC power supply
voltage input to the excitation coil has an influence on the
magnetic flux of the test suspender. When the excitation
voltage does not exceed 10V, the excitation voltage and
magnetic flux basically have a linear relationship, and the

induced magnetic flux increases with the excitation voltage
at a faster rate. When it exceeds 10V, the rate of the induced
magnetic flux decreases with the increase in the voltage,
basically does not increase, and maintains a relatively stable
value, which indicates that the number 1 suspender is in a
state of technical magnetization saturation when the exci-
tation voltage is about 10V.

In addition, Figure 7 also reflects the influence of the
change of magnetic flux when different stress values. Under
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Figure 3: Model structure of steel arch bridge: (a) plan view of the steel arch bridge model (1 :100); (b) elevation view of the steel arch bridge
model (1 :100).
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Figure 5: Model structure loading.
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the same excitation voltage condition, although themagnetic
field strength of the technical magnetization is constant, the
cross-sectional area of the suspenders decreases as the stress
increases. +e induced magnetic flux increases, and the
tendency to increase with stress is basically the same. In
addition, Figure 7 also reflects the effect of changes in
magnetic flux at different stress values. Under the same
excitation voltage condition, although the magnetic field
strength of the technical magnetization is unchanged, as the
stress increases, the cross-sectional area of the suspender
decreases, so the measured induced magnetic flux increases,
and the increasing tendency is basically the same as the
increasing tendency with stress.

4.4.2. Induced Magnetic Flux of Suspender at Different
Positions. In the study, the variation in the induced mag-
netic flux of the suspender at different positions under the
same condition is further studied. According to the sym-
metry of the model structure, a quarter symmetrical
structure is taken; that is, the suspension rods at positions 1,
3, 5, and 7 are taken as test objects; when the excitation
voltage is 10V, the induced magnetic flux of these sus-
pension rods under different loads is shown in Figure 8.

It can be seen from Figure 8 that, under the same load,
the inductive magnetic flux of the suspender with larger
stress is also larger. When the magnetic field excitation is the
same, under the action of tensile stress, the induced mag-
netic flux of the suspender at different locations increases
with the increase in tensile stress, and the induced magnetic
flux of the suspender at position 7 is the largest. From the
perspective of bridge structure statics, combined with the
loading of this test, the stress of the suspender at position 7 is
the largest. +is conclusion is consistent with the curve in
Figure 8.

4.4.3. Comparison between Magnetic Stress Testing Method
and Strain Test Results. In the magnetic stress testing of
suspender, all the suspenders are within the linear elastic
range; therefore, the stress-strain relationship in the model
structure loading can be used to verify the validity of the
magnetic coupling relationship. Firstly, the strain of the
suspenders is measured by a strain gauge installed on the
suspender, and the actual stress value of the suspender is
obtained according to the stress-strain constitutive rela-
tionship of Q345qD. Secondly, according to the stress-
magnetic flux relationship of Q345qD established in the
foregoing, the induced magnetic flux is calculated. Finally,
the induced magnetic flux under the same stress condition is
measured and compared with the results obtained by the
established stress-magnetic flux model to verify the validity
of the stress-magnetic flux relationship of the arch bridge
model structure. +is paper gives the stress-magnetic flux
linear regression equation of the No. 7 position suspender at
the technical magnetization voltage of 10V:

Φ � 0.000082σ + 0.0628, (3)

whereΦ is the magnetic flux, σ is the stress derived from the
relationship between stress and strain, and strain is the test
value.

According to formula (3), the magnetic flux of suspender
at position 7 under different stress conditions can be ob-
tained, and the stress is obtained from the constitutive re-
lation through the measured strain. By comparing the
magnetic flux calculated by formula (3) with the magnetic
flux measured in this paper, the error curve is shown in
Figure 9.

It can be seen from Figure 9 that, under the same stress
condition, compared by magnetic flux obtained by the
stress-strain constitutive relation and the regression equa-
tion, the error of the magnetic flux detected by the developed
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magnetic coupling detection system are within 5%, which is
very consistent and can meet the requirements of engi-
neering applications.

5. Conclusion

+rough the magnetic coupling stress testing of suspender of
the steel arch bridge model structure, the main conclusions
are as follows:

(1) Under the action of external magnetic field, the
induced magnetic flux of the bridge structural steel
specimen with the grade Q345qD is related to the
stress of the specimen. When σ ≤ 300MPa, the in-
duced magnetic flux increases with the increase in
stress, which is similar to the linear relationship.

(2) +e induced magnetic flux of the arch bridge model
structure suspender are related to the stress of the
suspender. When the technical magnetization rea-
ches saturation, the induced magnetic flux and stress
are basically linear.

(3) Under the same magnitude loading condition of the
arch bridge model structure, the induced magnetic
flux of the suspender at different locations increases
with the increase in the excitation voltage. +e
technical magnetization saturation excitation voltage
of a suspender with a diameter of 12mm is 10V.
Under the condition of technical magnetization
saturation, the change trend of the induced magnetic
flux of each suspender is basically the same.

(4) In the range of linear elasticity, the stress obtained
from the stress-strain constitutive relationship agrees
well with the stress obtained from the magnetic
coupling stress detection system developed in this
study.
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