
Received May 10, 2022, accepted June 2, 2022, date of publication June 14, 2022, date of current version June 21, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3183004

Spatial Propagation Law of Magnetic Memory
Signals Detected by Using Magnetic
Tomography Method
LINLIN LIU 1,2, LIJIAN YANG1, AND SONGWEI GAO1
1School of Information Science and Engineering, Shenyang University of Technology, Shenyang 110870, China
2School of Information and Control Engineering, Liaoning Petrochemical University, Fushun 113001, China

Corresponding author: Linlin Liu (dl198182@163.com)

ABSTRACT Magnetic tomography is a new and nondestructive testing technology based on the metal
magnetic memory method, which can perform noncontact testing outside a pipeline. To identify the type
of defect from the characteristics of the magnetic field signal detected by this method, we performed basic
research on the propagation mechanism of a magnetic memory signal outside the pipe. In this paper, a
magnetic field model of the stress concentration zone was first discussed based on the magnetic dipole
theory. A 3-D formulation of the spatial propagation of the magnetic memory signals detected by the
magnetic tomographicmethodwas built, based on the Biot–Savart law and themagnetic vector potential. The
reliability of the model was verified by comparing the field testing signal with the model-calculated values.
The model can well describe the propagation law of the magnetic memory signal for the stress concentration
zone generated on the inner wall of a pipeline.

INDEX TERMS Magnetic tomographic method, law of magnetic field propagation, stress concentration
zone, magnetic anisotropy, magnetic dipole.

I. INTRODUCTION
Metal magnetic memory detection technology [1]–[4] has
been used to detect defects and discontinuous parts in
pipelines in recent years. A magnetic anomaly is formed on
the stress concentration zone after a pipeline is magnetized.
The risk can be effectively evaluated and prevented by deter-
mining the type and location of defects via analyzing the
characteristics of the residual magnetic leak field. However,
many oil and gas pipelines are not easy to implement for
internal inspection due to the laying environment and the
pipeline structure [5].

The magnetic tomography method (MTM) was proposed
by Russian experts, and is a nondestructive detection method
for magnetic memory signals produced by the natural magne-
tization of ferromagnetic materials in geomagnetic environ-
ments [6], [7]. The method has been widely used to inspect
subsea and buried pipelines in recent years. Using the MTM
to examine subsea pipelines in cold regions and the Arctic can
not only identify defects remotely but also record mechan-
ical stress levels based on actual loads. It is claimed that
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risk management in the event of localized corrosion, stress
cracking or loss of stability of the submerged pipeline in the
free-span area can be carried out in parallel with the inspec-
tion [8], [9]. The the feasibility and validity were evaluated by
using the MTM to inspect girth welds on buried pipes [10].

The essence of the MTM lies in the correlation between
the magnetic field parameters of the pipe and the level
of mechanical stress, which has been assessed by many
scholars through simulation experiments and based on metal
magnetostriction and magnetic field stress theory [6], [9].
An image-only relationship between stress andmagnetization
was proposed based on the magnetic dipole model, and a
magnetic-force coupling model based on the Z-L model for
the stress concentration zone was established. The model did
not determine the 3-D magnetic field distribution outside the
pipeline [11]. A gradient model based on a ground leakage
magnetic field (GLMF) was proposed to determine the stress
concentration zone by the change in the gradient modulus
[12]. However, the prediction level would be higher than the
GLMF because the model did not consider the effect of the
magnetic path in the magnetized zone around the pipeline.
An AMR sensor array [13] was designed after evaluating the
factor of the perturbation of the magnetic field surrounding
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the pipeline, and the accuracywas verified by an experimental
study of a flat-bottom defect. At present, MTM detection is
performed by analyzing the gradient changes in the detection
signal to discern the stress concentration zone, and the detec-
tion result has a high error rate. Therefore, a systematic study
of the quantified relationship between the magnetic field of
the stress concentration zone and the MTM detection signal
can provide a scientific basis for the mechanism of the MTM.
At the same time, this research can promote the scientific
application of theMTM. This is also the purpose of this paper.

In this paper, a spatial propagation model of magnetic
memory signals is proposed, which can quantitatively explain
the relationship between the magnetic field of the stress
concentration zone and the magnetic signal detected by the
MTM. The distribution of the stress concentration zone mag-
netic signal on a pipeline and in the air based on magnetic
dipole theory and the Biot–Savart law is determined. The
distribution characteristics are determined by a numerical
analysis of the model. Moreover, the validity of the model
proposed in this paper is verified in engineering experiments.

This paper is composed of six sections. In Section 2,
we introduce the basic principle of magnetic tomography
detection in detail. This is followed by Section 3, where we
determine equivalent model of the stress concentration zone
and the spatial propagation model of the MTM. In Section 4,
we analyze the spatial propagation model using a numeri-
cal method. After that, by comparing the theoretical results
and experimental results, the effectiveness of the theoretical
model is verified in Section 5. Section 6 offers the conclusion
of this paper.

II. PHYSICAL PRINCIPLE OF MAGNETIC TOMOGRAPHY
METHOD
A. MAGNETIC TOMOGRAPHY DETECTION
A buried oil and natural gas pipeline is affected by the geo-
magnetic field, and magnetic memory signals are formed on
ferromagnetic materials because of the Villari effect. These
magnetic domains are subject to displacement or irreversible
rearrangement, which manifests as an abnormality in the
magnetic signal when there is a local stress concentration
on the pipe. The distorted magnetic signal remains in the
ferromagnetic material after the charge is removed.

The magnetic memory signal can be measured by anMTM
detector due to the propagation of magnetic field from the
pipeline through the soil to the ground surface. A schematic
diagram of MTM detection is shown in Figure 1. The mag-
netic memory signal is measured with a handheld magne-
tometer [14] that by a staff member walking axially along the
buried pipeline. By analyzing the detection signal, the stress
concentration zone is discriminated by the gradient change of
the magnetic memory signal.

B. THEORETICAL MODEL
The magnetic configuration of a ferromagnetic pipeline is a
multiaxial magnetic crystal structure. The magnetic domain

FIGURE 1. Schematic diagram of MTM.

structure is altered, under the action of a magnetic field.
Therefore, the magnetic field strength is different in different
directions of the crystal structure. The distribution character-
istics of the magnetic field on the pipeline show anisotropy.

In an anisotropic magnetic medium, the magnetic vector
potential [15] is expressed as follows:

Ai =
1

4π
√
|µmn|

3∑
i=1

1im

∫
jld�[

3∑
j=1

3∑
k=1

(µjk)−1RjRk

] 1
2

,

i = 1, 2, 3 (1)

where |µmn| is the determinant of the tensor permeability
µmn (m, n= 1, 2, 3), 1im is the algebraic cofactor of per-
meability µθ l , jl is the free current density, Rj is the axial
component of the vector diameter from the magnetic source
to any point in space and d� is the integral volume element.
If the expression of the magnetic vector potential A is

known, then the magnetic flux intensity B can be determined
by Equation (2), as follows:

B = ∇ × A (2)

The relationship between the magnetic vector potentialA and
the free current density J can be described as follows:

∇ ×

(
µ−1·∇ × A

)
= J (3)

Thus, we deduct the Biot–Savart law [16] in the anisotropic
magnetic medium from (2) and (3), as follows:

B =
1
4π

∫ Jd�×
3∑
j=1

3∑
k=1

(
µjk
)−1 Rjej[

3∑
j=1

3∑
k=1

(
µjk
)−1 RjRk]3/2

(4)

III. SPATIAL PROPAGATION MODEL OF MAGNETIC
TOMOGRAPHY METHOD
To simplify the analysis, the research in this paper is based
on the assumption that the stress concentration zone is
located directly above the inner wall of the pipeline, with-
out considering the influence of the geological environment.
The magnetic field model of the stress concentration zone is
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FIGURE 2. Magnetic dipole model.

established by a magnetic dipole model. The magnetic field
generated by the current-carrying coil is considered to be a
magnetic dipole field [17], [18]. The current-carrying coil is
set on the inner wall of the pipeline, and P1 is any point on
the pipe wall. P is any point in the outer space of the pipeline,
where the measurement sensor is located in Figure 2. The
radius of the current carrying coil is much smaller than the
radius of the pipeline. Thus, the pipe wall can be regarded as
a plane in comparison with the current-carrying coil.
I is the intensity of the current of the current carrying coil

[19], and a is the radius of the coil. O is the center of the
coil, and coincides with the origin of the Cartesian coordinate
system. The y-axis is parallel to the axis of the cylindrical
cavity of themagneticmaterial and located in the innerwall of
the pipe. The x axis is perpendicular to the internal diameter
of the cylindrical cavity, and the z-axis is perpendicular to the
cylindrical cavity. H is the vertical distance between P1 and
the Oxy plane, L is the length ofOM, ris the vector diameter
from O and P1, and R is the vector diameter from the current
element Idl to P1.
For the direction of magnetic flux intensity, only a few

crystal axes are the same as themagnetic source itself, accord-
ing to the symmetry law of cubic crystals of anisotropic
magnetic materials [20]. These few crystal axes are the main
axes ofmagnetic anisotropy. To simplify the analysis, the case
in which the three linear and orthogonal principal axes of
the magnetic anisotropic medium coincide with the coordi-
nate axes of the Cartesian coordinate system is considered.
Thus, x’, y’, and z’ are the three main axes of the magnetic
anisotropic material, and they coincide with the origin of the
coordinate axes of the current carrying coil. In this case, only
the main diagonal permeability component of the permeabil-
ity tensor matrix is nonzero, and the permeability µmn can be
expressed as follows:

[µmn] =

µ11 0 0
0 µ22 0
0 0 µ33

 (5)

The conversion relationship between the volume distribu-
tion and line distribution of the free current density is as
follows:

Jd� = Idl (6)

By substituting (6) into (4), the magnetic flux inten-
sity of P1on magnetic anisotropic materials can be

expressed as follows:

B =
µ
′′′

4π

∫
Idl× R(

R2x
µxx
+

R2y
µyy
+

R2z
µzz

)3/2 (7)

whereµ
′′′

= (µxx/(µyyµzz))1/2exex+(µyy/(µxxµzz))1/2eyey+
(µzz/(µxxµyy))

1/2ezez.

The angle between Id
⇀

l and x-axis is assumed to be ϕ, and
the angle between r and O is θ .

I = acosϕex + asinϕey (8)

Idl = aI(−sinϕex+cosϕey)dϕ (9)

R = (L − acosϕ) ex − asiney + Hez (10)

R = Rex+Rey+Rez (11)

where Rx = L − acosϕ, Ry= −asinϕ, Rz = H .
Substituting (9) and (10) into (7), the following equa-

tion (12) is obtained:

dB =
µ
′′′

4π

∫
Idl× R(

R2x
µxx
+

R2y
µyy
+

R2z
µzz

)3/2

=
aIµ

′′′

4π

Hcosϕex + Hsinϕey + (a− Lcosϕ)ez[
(L−acosϕ)2

µxx
+

a2sin2ϕ
µyy
+

H2

µzz

]3/2

(12)

B is given in terms of the integral of (12). There-
fore, the three components of the magnetic flux inten-
sity of the magnetic field of the stress concentration zone
at any point [21] of the pipeline can be expressed as
follows:

B1x =
aI
4π

√
µxx

µyyµzz

2π∫
0

Hcosϕ[
(L−acosϕ)2

µxx
+
a2sin2ϕ
µyy
+
H2

µzz

]3/2 dϕ
(13)

B1y =
aI
4π

√
µyy

µzzµxx

2π∫
0

Hsinϕ[
(L−acosϕ)2

µxx
+
a2sin2ϕ
µyy
+
H2

µzz

]3/2 dϕ
(14)

B1z =
aI
4π

√
µzz

µxxµyy

2π∫
0

a− Lcosϕ[
(L−acosϕ)2

µxx
+
a2sin2ϕ
µyy
+
H2

µzz

]3/2 dϕ
(15)

The magnetic memory signal propagates from the pipe
to the space outside. The pipe and the outer space
of the pipe are two different propagation media. Thus,
the magnetic field intensity changes when the mag-
netic field line passes through different media [22], and
the propagation relationship meets the Dirichlet boundary
condition.
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According to the boundary connection condition of static
magnetism and the Gaussian theorem of∇·B = 0, the normal
component of magnetic induction intensity is continuous at
the boundary between the pipe and the air, as follows:

B1n = B2n (16)

Thus, the normal component of the magnetic flux intensity
of the stress concentration zone outside the pipeline is as
follows:

B2n =
aI
4π

√
µzz

µxxµyy

2π∫
0

a− Lcosϕ[
(L−acosϕ)2

µxx
+
a2sin2ϕ
µyy
+
H2

µzz

]3/2 dϕ
(17)

According to the nondispersive of magnetic field [23] and
the Ampere loop theorem, the relationship between magnetic
flux intensity B and current intensity I can be expressed as
follows: ∮

L
B · dl = µ0

∑
Lin

I (18)

Under magnetostatic conditions, no conducted current
exists on either side of the pipe wall or the bound-
ary of the space environment. Therefore, the continuity
relationship of the tangential component of the magnetic
field intensity between different propagation media is as
follows:

H1t = H2t (19)

According to the refraction relation of the magnetic induc-
tion line at the medium interface and the electromagnetic
property, Equation (20) is:

Bs =
∑3

i=1
µsiHi, s = 1, 2, 3 (20)

The relationship among the tangential components of mag-
netic flux intensity between different media is obtained as
follows:

B2t =
µ2

µ1
B1t (21)

where B2t is the tangential component in the air, B1t is
the tangential component on the pipe, µ2 is the permeabil-
ity of free space and µ1 is the permeability of the pipe
material.

µ2

µ1
= µr [µmn]−1 = µr

[µmn]∗

|µmn|
(22)

By calculating the adjoint matrix and determinant, (22) can
be written as (23):

µ2

µ1
= µr

 1/µxx 0 0
0 1/µyy 0
0 0 1/µzz

 (23)

Hence, the tangential component of the magnetic flux
intensity at any point outside the pipe is obtained as
follows:

B2t = µr [µmn]−1
aI
4π

√
µxx

µyyµzz
(24)

2π∫
0

Hcosϕ[
(L−acosϕ)2

µxx
+
a2sin2ϕ
µyy
+
H2

µzz

]3/2 dϕ (25)

where [µmn]−1 = µ−1 = µ−1xx exex+µ
−1
yy eyey+µ

−1
zz ezez.

IV. MODEL CALCULATION AND ANALYSIS
A. PROPAGATION ON PIPELINE WALL
This section presents the numerical calculation of the model
that corresponds to the magnetic flux intensity on the
pipeline. As described in Sections 2 and 3, the pipeline dis-
tribution model parameters are as follows: a = 0.05 m, I =
1 A. The magnetic flux intensity of different thicknesses on
the outer wall is calculated as shown in Table 1.

TABLE 1. Peak value of magnetic flux intensity.

Themagnetic flux intensity on the outer wall of the pipeline
decreases gradually as the thickness value increases, as shown
in Figure 3. The peak value decreases by 47.8% when the
thickness decreases from 15 mm to 8 mm. This finding is
consistent with the conclusion of the relationship between
the detection height and themagnetic signal strength obtained
by previous experiments [24]. A similar trend of distribution
exists for all magnetic flux intensities with increasing thick-
ness increases.

B. PROPAGATION OUTSIDE PIPELINE
This section discusses the numerical calculation of the space
propagation model of the magnetic memory signal. The
parameter setting is the same as that in the previous section.
Figure 4 shows the tangential and normal components of the
magnetic flux intensity along the x-axis for the pipeline with
different lifting values.

Figure 4(a) indicates that tangential component curves
cross zero, which is the same trend as the curves shown in
Figure 3. The absolute value of the tangential component
of the spatial magnetic flux intensity of the magnetic mem-
ory signal decreases significantly with increasing measuring
height compared with the same measuring point of the axial
direction. Figure 4(b) shows that the normal component is
symmetrical with a peak on the symmetry axis. The normal
component of the magnetic flux intensity decreases rapidly
with increasing measurement points.
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FIGURE 3. Curves of horizontal components of magnetic flux intensity of four pipeline thicknesses (a) the thickness is 8 mm (b) the
thickness is 11.5 mm (c) the thickness is 12 mm (d) the thickness is 15 mm.

Analyzing the curves, the characteristics of the spatial
propagation law of the MTM are determined. Under the
action of a weak magnetic field, a magnetic field distortion
signal is generated in the stress concentration zone, which
is represented by the prominent peak value. When the mea-
surement position is far greater than the thickness of the
pipeline, the peak value trend of the distorted magnetic flux
intensity can be detected, which also verifies the effectiveness
of the MTM.

V. EXPERIMENTS AND ANALYSIS
A. EXPERIMENTAL METHOD
To verify the validity of the model proposed in this paper,
a pipeline sample was tested on location. Testing was con-
ducted using a current carrying coil, a detection sensor,
an upper computer, and a data processing system, as shown
in Figure 5.

The test object is anX80 nonweld pipe fitting, with a length
of 5 m. Its inner diameter is 450 mm, and its wall thickness
is 20 mm. The current-carrying coil was placed on the inner

wall of the pipe, the radius of the coil was 50 mm, and the
direct current intensity was 1 A. The center of the coil was
considered the origin of the coordinate system. The detection
sensor was fixed on a frame made of nonmagnetic material
that wasmoved at a uniform speed outside the pipe tomeasure
the magnetic flux intensity.

Before detection, the geomagnetic field distribution in the
test area was measured to isolate valid data for later pro-
cessing. The area to be measured was far away from other
magnetic materials to ensure that the test results were not
affected by other magnetic field components.

B. RESULTS AND ANALYSIS
The spatial propagation magnetic signals of the stress con-
centration region magnetic signal are shown in Figure 6 and
Figure 7. The lifting values were separately 50, 100, and
150 mm, and the center of the current-carrying coil was
located 100 mm from the origin of the detection axially.

The magnetic anomaly appears where the current-carrying
coil is located. As shown in Figure 6, the tangential curve
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FIGURE 4. (a) The tangential component of magnetic flux intensity and
(b) the normal component of magnetic flux intensity at different lifting
values H when the length L is varied in the short length range.

FIGURE 5. Schematic diagram of the test method.

of magnetic flux intensity passes through the zero point, and
has a peak and trough. The normal component has a peak
in Figure 7. As the propagation distance increases, the inten-
sity of the magnetic signal decreases. There is a difference
between the theoretical values and testing values due to a
remnant magnetism in the pipeline; however, the distribution
trend has not changed significantly.

The normal magnetic flux density curves of the actual
testing and theoretical calculation above the pipeline are
shown in Figure 8 when the lift-off is 150 mm. A peak value

FIGURE 6. Tangential curves of testing value at H = 50 mm, 100 mm and
150 mm.

FIGURE 7. Normal curves of testing value at H = 50 mm, 100 mm and
150 mm.

FIGURE 8. The normal magnetic flux density curve of the theoretical
calculation and actual testing when H = 50mm.

point appears at approximately 105 mm of the axial position
above the pipeline and its value is 290.3 nT for testing. The
current-carrying coil is set in the pipeline at 100 mm from the
axial position. The peak value error between the theoretical
calculation and testing is 5%. The relative errors for differ-
ent lift-off are separately 85.1% for H = 5 mm, 94.2% for
H = 10 mm and 95.6% for H = 15 mm. The maximum rel-
ative error appears when the lift-off is 15 mm. The deviation
between the peak point and the center of the current-carrying
coil is 5 mm. The deviation is because the detection signal is
a weak magnetic signal, which is susceptible to shocks and
interference factors.

The overall trend of the magnetic field and the position
of the stress concentration region outside the pipeline are
basically consistent with the magnetic distribution of the
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current-carrying coil. According to the analysis, the model
is valid for calculating the position and magnetic distribution
of the stress concentration region.

VI. CONCLUSION
MTM technology has a broad application prospects in subsea
and buried pipeline detection. However, there is no scien-
tific basis for the relationship between a stress concentration
region characteristic and the magnetic signal detected by
using the MTM. The spatial propagation model presented in
this paper can well describe the location and characteristics
of a stress concentration region generated on the inner wall of
a pipeline. The spatial propagation law of magnetic memory
signals is concluded as follows:

1) The magnetic memory signal can be detected outside
a pipeline. The magnetic flux intensity of the signal
attenuates faster in a pipeline than in the air. The rel-
ative error increases as the detection height increases.

2) The magnetic flux density decays significantly as
the propagation distance increases, indicating that the
detection range of the MTM is related to the physical
characteristics of the covering materials.

3) The characteristic and the location of the magnetic
memory signal detected outside a pipeline are consis-
tent with the stress concentration region.

MTM detection has been applied in many projects, and the
effective distance of vertical measurement and the size and
the type of detectable defects remain to be explored in the
future.
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