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RESEARCH ON STRESS MONITORING
OF CRACKED STEEL BOX GIRDER BASED
ON SELF-MAGNETIC FLUX LEAKAGE
Hu Ma,∗,∗∗ Shangkai Liu,∗ Tao Tang,∗∗ and Runchuan Xia∗

Steel is the most common material in modern engineering [5] and is susceptible to diﬀerent direct or indirect
damage that causes surface cracks [6]. If cracks in a steel
box girder are not detected and processed in time, they
can cause serious economic losses and social impacts [7].
Steel box girder cracking accidents have occurred in
the Severn Bridge [8] in the UK, the German Haseltal [9],
and Sinntal [10] bridges, and other bridges in Japan, the
United States, the Netherlands, and France [11]. Since
1970, numerous experimental studies have been carried out
to specify the crack design of steel box girders [12], [13].
It is necessary to detect the crack initiation in steel box
girders during the bridge operation period [14]. Hence,
how to use non-destructive test results for the structural
reliability evaluation of steel box girders has become an
important research topic [15].
The most commonly used non-destructive test methods for the crack damage evaluation in steel box girders
are ultrasonic testing [16], magnetic particle testing [17],
eddy current testing [18], penetration testing [19], and the
ray detection method [20]. However, these methods have
several limitations and cannot eﬃciently detect cracks in
steel box girders [21]. Moreover, conventional detection
methods cannot detect the stress concentration of components [22]; therefore, they are not viable for the early
diagnosis of cracks [23].
To solve these problems, the self-magnetic ﬂux leakage detection technology has often been used in recent
years. This method reveals the intrinsic relationship between the self-magnetic ﬂux leakage signals and structural
defect characteristics and achieves early damage detection
of steel box girders [24]. The self-magnetic ﬂux leakage
detection technology overcomes the shortcomings of traditional non-destructive testing methods and can diagnose
the stress concentration zone inside ferromagnetic metal
components [25].
In the present research, the location and dimension
of cracks in a steel box girder were determined based on
self-magnetic ﬂux leakage signals. The steel box girder
with cracks was then loaded until it ruptured, and the
relationship between stress and self-magnetic ﬂux leakage
during the loading process was studied.

Abstract
Steel box girder components of long-span bridges inevitably suﬀer
from cracks. The present experimental study of a steel box girder
was carried out based on the self-magnetic ﬂux leakage technology.
The variation of self-magnetic ﬂux leakage signals during the loading
of the cracked steel box girder was obtained, and the inﬂuence
of the crack size on magnetic ﬂux leakage signals was analysed.
It was noticed that the bearing capacity of the steel box girder
was aﬀected by cracks and the strain near the crack was larger
than those in other areas. The tangential and normal components
and the corresponding gradient values of magnetic signals varied
with the crack size.

The obtained stress and magnetic signal

curves manifested a prominent inﬂection point when the stress was
30–50 MPa.

The magnitude of the magnetic signal strength

decreased when the stress value exceeded 30–50 MPa. The method
was veriﬁed to determine the location and size of cracks and the
stress state of the steel box girder.
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1. Introduction
Since the ﬁrst use of a ﬂat steel box girder in the Severn
Bridge (a 988-m-long suspension bridge) in 1966 [1], steel
box girders have been widely used in long-span bridges
due to their advantages of small self-weight, strong spanning ability, and convenient construction [2], [3]. In the
contemporary building structure and traﬃc engineering
design, steel box girders are extensively used as compared
to concrete box girders [4].
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to a tensile force, the magnetic ﬂux leakage signal at the
stress concentration zone was equivalent to the magnetic
ﬂux leakage signal generated by the magnetic dipole [31].
Jiles and Devinc [32] established a theoretical model of
the magneto-mechanical eﬀect of ferromagnetic materials
under unidirectional stress in 1995. This model indicates
that the axial stress can change the internal eﬀective ﬁeld
by magnetostriction and the applied stress can change the
internal eﬀective ﬁeld by the magnetostriction coeﬃcient
[33]. Zhang et al. applied the self-magnetic ﬂux leakage to
an experimental study on the detection of rebar corrosion
in concrete [34].
To apply the self-magnetic ﬂux leakage detection to
engineering practice, it is necessary to combine the existing health monitoring technology [35] and the damage
identiﬁcation system [36] for research.

Figure 1. Schematic diagram of self-magnetic ﬂux leakage
detection.

2. Self-magnetic Flux Leakage Detection Principle

3. Experimental Procedure

The self-magnetic ﬂux leakage detection technology is
based on the interaction between the working load and the
magnetic ﬁeld of the earth during the operation of a ferromagnetic member. The magnetic domain structure orientation and irreversible reorientation with magnetostrictive
properties [26] occur in the stress and deformation concentration region, and the maximum leakage magnetic ﬁeld
Hp is formed. Hence, the tangential component Hp (x) of
the magnetic ﬁeld has the maximum value, whereas the
normal component Hp (y) changes the sign and has the zero
point (Fig. 1).
The self-magnetic ﬂux leakage detection method works
under a combination of magneto-mechanical and magnetoelastic eﬀects [27]. In the magneto-mechanical eﬀect, the
change of magnetization is closely related to the change of
stress or strain. Under the magnetoelastic eﬀect, when a
certain part of an iron workpiece is under a periodic load
and an external magnetic ﬁeld, it experiences the residual
magnetic induction strength [28]. Under the conditions of
geomagnetism, the magnetic permeability at the defects
decreases, and the leakage magnetic ﬁeld on the workpiece
surface increases.
The magnetic dipole model of the magnetic ﬂux leakage
ﬁeld was ﬁrst proposed in 1966 and the magnetic ﬁeld
of defects was produced by magnetic dipoles of opposite
polarities [29], [30]. When the workpiece was subjected

A combination of artiﬁcial pre-set cracks and a static load
was used to form cracks in the speciﬁc positions of the
steel box girder, and subsequently, the static load failure
test was carried out. The mechanical model for the static
load failure of the steel box girder with cracks was created
in a ﬁnite element. The stress monitoring of the loading
process of the steel box girder with cracks was carried out
under self-magnetic ﬂux leakage.
3.1 Test Sample and Test Instrument
3.1.1 Test Sample
A small steel box girder was prepared by welding Q235B
steel plates (Fig. 2). It had a length of 1,000 mm, a
width of 500 mm, a height of 200 mm, and a top plate
thickness of 10 mm. The remaining part of the steel
plate was 5-mm thick and was welded symmetrically about
150 mm along the width direction. The bottom of the
box girder was 100-mm wide, and the chamfer radius was
100 mm. The steel box girder was prepared by manual
tungsten argon arc welding, and the welding material was
E50. The box girder consisted of two parts – an upper ﬂat
steel plate and a lower non-planar steel plate, and it was
processed from the same batch of steel and welded at the
laboratory.

Figure 2. Steel box girder: (a) dimension diagram of the test piece (mm) and (b) physical map of the steel box girder specimen.
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Figure 3. Test device: (a) diagram of the scanning device; (b) HMR2300 three-axis intelligent digital magnetometer; and
(c) acquisition program interface.

Figure 5. Schematic diagram of crack prefabrication in the
steel box girder test piece.
Table 1
Crack Size

Figure 4. Schematic diagram of scanning.
Number

Length
(cm)

Width
(mm)

Depth
(mm)

1

5

2

2

2

11

2

2

3

11

2

4

3.1.2 Test Instrument and Auxiliary System
A self-developed three-dimensional scanning device consisting of a three-dimensional scanning track, a scanning
platform, a magnetic memory probe, a stepping motor,
and a levelling device was used in this test [Fig. 3(a)].
An HMR2300 three-axis intelligent digital magnetometer (Honeywell International, Morristown, NJ, USA) was
used as the magnetic sensor in this experiment [Fig. 3(b)].
The vc2008 software was used to program and develop
an automatic acquisition program, and the acquisition
frequency was 2 times/s. The program acquisition data
interface is displayed in Fig. 3(c).

(2) Scanning of the steel box girder specimen after damage
Three macroscopic defects (each lateral spacing was
2 cm, and it increased step by step) were pre-set on
the weld position on one side of the steel box girder
(denoted as A side) with a hand-held cutter (Fig. 5).
These defects were parallel to the weld and simulated
the cracks in the steel box girder. The centre of the
crack was at the centre of the steel box girder along
the length of the weld. Magnetic ﬁeld scanning was
performed to analyse the positions and sizes of the
cracks in the steel box girder specimen (Table 1).

3.2 Loading Preparation and Test Plan
3.2.1 Magnetic Signal Detection before Loading
(1) Scanning of the steel box girder test piece with no
damage
Before processing the test piece, the background magnetic ﬁeld of the scanning platform and the magnetic
induction intensity of the initial leakage magnetic ﬁeld
of the test piece were measured and compared. The
magnetic induction intensities Bx , By , and Bz recorded
by the magnetic memory intelligent scanning device
correspond to the sensor probe moving directions X,
Y , and Z, respectively. The schematic diagram of
sweeping is presented in Fig. 4.

3.2.2 Stress and Magnetic Signal Detection during the
Loading Process
A jack loading system was used to simulate the applied
load with an upper limit of 100 tons. The steel box girder
loading diagram and the loading system are displayed in
Figs. 6 and 7, respectively. A load pressure sensor was
used to control the loading of the jack step by step. Each
stage was loaded with the pressure sensor to monitor the
change in the appearance of the test piece, and then the
3

Figure 9. Static load failure diagram of the steel box girder
test piece.
Figure 6. Loading diagram.

next loading stage was started until the test piece was
destroyed. The load added by the jack in each stage is
presented in Table 2.
The stress test and the magnetic signal strength test
were carried out simultaneously. The stress test adopted
the traditional paste strain gauge method, and the magnetic signal test used the magnetic sensor monitor mode.
The pre-set crack side of the steel box girder was the
A side. Strain gauges were symmetrically attached to the
lower edge of the top plate, the web, and the bottom plate.
The lower edge of the A-side top plate, the web, and the
bottom plate was numbered as A1–A4, A5–A9, and A10,
respectively. The strain gauge attachment site is displayed
in Fig. 8(a).
Three magnetic signal measuring points (C1, C2,
and C3) were arranged in the lower edge of the top plate
of the box girder A, the web, and the lower edge of the
B-side plate, respectively. The magnetic sensor mounting
positions are displayed in Fig. 8(b).

Figure 7. Loading system diagram.

Table 2
Loading Level
Series

4. Test Results and Analysis

Load (kN)

Series

Load (kN)

1

20

6

120

2

40

7

140

3

60

8

160

4

80

9

180

5

100

10

190

4.1 Stress Analysis of the Steel Box Girder with
Cracks
When a load of 100 kN was added to the jack, local buckling
occurred at the contact between the steel box girder test
piece support and the bottom plate and also at the top
plate loading position. When a load of 190 kN was added
to the jack, the local deformations of the test piece support
and the bottom plate were too large to continue loading
(Fig. 9).

Figure 8. Sensor layout: (a) strain gauge attachment diagram and (b) magnetic sensor layout.
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Figure 10. Specimen load–strain curves: (a) compression zone and (b) tension zone.

Figure 11. Distribution of scanning magnetic ﬂux leakage signals in the Y -direction: (a) variation of Bx − Y signals; (b)
variation of By − Y signals; and (c) variation of Bz − Y signals.

The detected strain values at the measuring points
during the loading process were analysed, and the corresponding load–strain curves in the compression zone and
the tension zone were plotted (Fig. 10).
It is evident that the time of entering the yielding
stage in A and B sides was diﬀerent, resulting in an uneven
force on both sides and early failure on one side, and this
phenomenon weakened the overall bearing capacity of the
steel box girder.

The magnetic sensor was scanned in parallel to the
crack length (referred to as the direction of the slit)
(Fig. 11).
In the vicinity of the crack existence
area (Y = 1,400–1,500 mm), the tangential components
(Bx and By ) of the magnetic ﬁeld abruptly changed. The
peak appeared at the centre of the crack, and its value
increased with the increase of the crack size. The normal component of the leakage magnetic ﬁeld (Bz ) passed
through the zero point at the centre of the crack.
To further explore the relationship between the crack
size of the steel box girder and the leakage magnetic ﬁeld
components, the original values of the unbroken steel box
girder were deducted from the magnetic ﬁeld components
after the formation of the crack. The gradient of the
magnetic ﬂux leakage signal along the Y -axis (parallel to
the length of the crack) was obtained, and the leakage
magnetic ﬁeld normal component gradient (dBz /dy) and
the leakage magnetic ﬁeld tangential component gradient
(dB x ) were calculated. The relationships between dBx /dy,
dBy /dy, and Y -axis coordinates are shown in Fig. 12. The
arrow refers to the centre position of the crack.

4.2 Magnetic Signal Analysis of the Unloaded Steel
Box Girder
The bottom of the steel box girder with cracks was
placed horizontally on the ﬁxed area of the test platform
(X = 255 mm, the position of the weld), and the sensor
moved in the Y -direction. The scanning area was Y = 950–
1,950 mm, and the lifting height was 1 cm. The magnetic
induction intensities and scan path curves of the three
axial leakage magnetic ﬁelds are displayed in Fig. 11,
where Bx − Y and By − Y are the tangential components
of the leakage magnetic ﬁeld scanned along the Y -axis and
Bz − Y is the normal component of the leakage magnetic
ﬁeld. The arrow is located at the centre of the crack.

It is clear from Fig. 12 that in the crack existence
area (Y = 1,400–1,500 mm), the tangential components
(Bx and By ) of the magnetic ﬁeld after the deduction of
5

Figure 12. Scanning magnetic ﬂux leakage signals and gradient distributions in the Y -direction: (a) Bx − Y diagram; (b) Bx
gradient–Y diagram; (c) By − Y diagram; (d) By gradient −Y diagram; (e) Bz − Y diagram; and (f) Bz gradient − Y diagram.
the original values had a sudden peak. The peak value
appeared at the centre of the crack and varied with the
crack size. When the crack length increased from 4 to
11 cm, the Bx and By peaks became larger. When the
crack depth was deepened, the Bx and By peak values also
increased; however, the change was small.
In the normal component (Bz ) of the leakage magnetic
ﬁeld, two opposite peaks appeared in the vicinity of the
crack and passed through the zero point at the centre of
the crack. The peak value increased with the increase
of the crack size. For the leakage magnetic ﬁeld normal
gradient (dB z /dy ), a peak appeared near the centre of
the crack, and its value increased with the increase of
the crack size, whereas for the tangential gradients of the
leakage magnetic ﬁeld (dB x /dy and dB y /dy ), two peaks
in opposite directions appeared near the crack and passed
through the zero point at the centre of the crack. When the
crack length increased from 4 to 11 cm, the peak areas of
dB x /dy and dB y /dy became larger and the peak-to-peak
value increased.

to the vertical axis and the horizontal axis of Fig. 13,
respectively.
The magnetic signal measuring point C1 was located
in the compression zone under the crack side of the steel
box girder. With the increase of the compressive stress,
the absolute values of the normal (Bz ) and tangential
(By ) components increased. After the compressive stress
reached 50 MPa, the absolute values of the normal and
tangential components gradually decreased and tended
to be gentle. The magnetic signal measuring point C2
was located in the tension zone of the steel box girder
web. The absolute values of the normal and tangential
components ﬁrst increased and then decreased, and a
prominent inﬂection point appeared when the tensile stress
was 30 MPa. The magnetic signal measuring point C3 was
located in the compression zone under the roof of the steel
box girder, which always existed in the elastic phase. The
absolute values of the normal and tangential components
ﬁrst increased, then decreased, and eventually tended to
be ﬂat, and a prominent inﬂection point was formed when
the compressive stress was 40 MPa.

4.3 Variation of Magnetic Signals in the Steel Box
Girder during Loading

Therefore, the magnitude of the magnetic ﬂux leakage
signal ﬁrst increased with the increase of the stress value;
however, when the stress value exceeded a certain point,
it decreased with the increasing stress. When the stress
was 30–50 MPa, the stress magnetic signal curve had an
obvious inﬂection point, and a very complex non-linear
relationship was noticed between magnetization and stress.

To reveal the relationship between the normal and tangential components of the leakage magnetic ﬁeld strength and
the stress values at the magnetic signal measuring points
C1, C2, and C3, the leakage magnetic ﬁeld strength components and the corresponding stress values are assigned
6

Figure 13. Variation between magnetic signals and stress values at each measuring point: (a) normal component at C1;
(b) tangential component at C1; (c) normal component at C2; (d) tangential component at C2; (e) normal component at C3;
and (g) tangential component at C3.
The obtained test results were consistent with the ﬁndings of the magneto-mechanical theoretical eﬀect model.
At the beginning of the elastic phase, the magnetic memory
signal weakened the geomagnetic ﬁeld. To overcome the
initial-state instability within a certain loading range, the
magnetic memory signal manifested a local enhancement
phenomenon. In the later stage of the elastic phase, the
external load generated stresses in diﬀerent parts of the
specimen. The stress weakened the magnetic ﬂux leakage signal strength and, ﬁnally, approached the hysteresis
state; therefore, the magnetic memory signal intensity decreased with the increase of the stress value. As the steel
plate at the measurement point of each magnetic signal had
just entered the plastic phase, the relationship between the
stress and the magnetic signal in the plastic phase was not
obvious; hence, the relationship between magnetization
and stress at this stage was more complicated.

stage early. The strain increased rapidly after yielding,
resulting in an asymmetric deformation of the symmetrical structure, and consequently, the overall loadcarrying capacity of the steel box girder was weakened.
(2) Magnetic signals in the steel box girder with cracks of
diﬀerent sizes varied according to the following rules:
the tangential component and normal gradient of the
leakage magnetic ﬁeld had a single peak at the centre of the crack, whereas the normal component and
the tangential gradient appeared in the vicinity of the
crack. Two peaks in opposite directions appeared near
the crack and passed through the zero points at the
centre of the crack. The peak value increased with
the increase of the crack size. With the increase of
the crack length, the peak area of the tangential component became larger, and when the crack depth was
deepened, the tangential gradient peak area became
larger.

5. Conclusion

(3) Experimental and simulation results revealed that the
stress–magnetic signal curve of the steel box girder had
a prominent inﬂection point when the stress was 30–50
MPa; the magnitude of the magnetic signal intensity
increased with the increase of the stress value. When
the stress value exceeded 30–50 MPa, the magnitude
of the magnetic signal intensity decreased with the
increasing stress value. In the initial stage of the elastic
phase, to overcome the instability of the initial state
within a certain loading range, the magnetic memory

In the present research, the distribution of self-magnetic
ﬂux leakage signals in an unloaded steel box girder and the
relationship between stress and self-magnetic ﬂux leakage
during the loading process of the steel box girder with
cracks were studied. The main observations are depicted
below.
(1) The bearing capacity of the steel box girder was signiﬁcantly aﬀected by cracks as an uneven force was
generated and the nearby area entered the yielding
7

signal manifested a local enhancement phenomenon.
In the later stage of the elastic phase, the strain
generated stresses in diﬀerent parts of the specimen.
The generated stress weakened the magnetic memory
signal strength and ﬁnally approached the hysteresis
state; thus, the magnetic memory signal intensity
decreased with the increasing stress value.
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