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A B S T R A C T

This paper demonstrates a method of measuring the permeability of a pipe based on the magnetic shielding
effect via simulations and experiments. Short pipe specimens are directly cut from a long industrial pipe instead
of machining the pipe into strip, rod, or ring specimens. During measurement, the pipe specimen immersed in
the geomagnetic fields rotates around a vertical axis and the magnetic fields inside are simultaneously recorded.
It is found that original magnetizations can induce magnetic bias inside the pipe, which can be calculated and
removed by using the recorded fields as a function of rotation angle. The magnetic fields without bias are used to
calculate the shielding factor and then uniquely determine the pipe permeability based on the pipe shielding
model. Since employing a pipe itself as the specimen can avoid additional magnetization generated during re-
manufacturing, the measured permeabilities by the proposed method can be used as permeability samples and
references for an on-site pipeline during magnetic abnormity inspections.

1. Introduction

Steel pipelines are the most important infrastructure for trans-
porting oil and natural gas. Security issues are one important aspect of
pipeline operation management. Magnetic measurement of pipeline
deformation and displacement is a novel and promising inspection
method for pipeline integrity [1,2]. Magnetic permeability is a key
parameter for magnetic inspections of a pipeline.

First, the magnetic shielding factor of the pipeline depends on the
magnetic permeability, in addition to the pipe diameter and wall
thickness [3–5]. Therefore, the permeability accuracy employed de-
termines the calculation accuracy of the pipeline direction and trajec-
tory by using the magnetic fields inside the pipeline based on the
magnetic shielding effects [6,7]. Second, when the pipeline is displaced
due to the scouring of ocean currents or the movement of the seabed,
the stress of the pipeline accordingly changes [8,9]. Then the pipeline
permeability also changes due to the magneto-mechanical effects [10],
which can cause the change of the magnetic fields inside the pipeline.
Therefore, via beforehand measuring the magnetic permeability of a
pipeline with no stress change, the pipeline shielding factor and the
internal magnetic fields under normal conditions can be calculated as
important contrasts to those when abnormal deformation and dis-
placement changes occur.

There are many methods for determining the magnetic permeability
of a ferromagnetic material sample, but few suitable for a pipeline.
Most commonly, a coil is wound around a cylindrical or toroidal sample
and a low frequency alternating current is applied to the coil [11], and
the permeability is thus found from the impedance of the coil. Or ac-
cording to the definition, two coils are used, one to measure the mag-
netic flux density in the sample and the other one to generate excitation
magnetic fields with a known intensity, and then the ratio of the two
fields is the permeability [12,13]. For the plate specimen, the perme-
ability can be determined by calculating the ratio of the mutual in-
ductance values with and without the specimen situated in the gaps
formed by a pair of cores [14]. This method is suitable for large plate
specimens so that the tedious preparation of specimens with special
shapes is unnecessary.

As magneto-mechanical effects are ubiquitous for pressurized ves-
sels and pipes, apparatuses for revealing the effects of stress on the
magnetic permeability has also been developed. Makar proposed an
apparatus that can simultaneously stress and magnetize a steel rod for
in-situ measurement of the differential permeability under stress
[15,16]. The apparatus consisted of a strain gauge that was used to
measure the strain on the sample, a coil that was used to measure the
flux density experienced by the sample, and a Hall probe that was used
to measure the magnetic field applied to the sample. Langman proposed
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a new method of measuring the permeability of biaxially stressed steel
plate with vertically magnetization based on the magnetomotive-for-
ce–vane method [17]. C-shaped yoke iron was employed to vertically
magnetize the steel plate at very low frequency (1–2 Hz) and the in-
plane force is applied to the plate along the two horizontal axes.

When applying these methods above to pipes, the pipe must be
manufactured into rod, ring, and plate specimens and large residual
stress is inevitably introduced. Due to the magneto-mechanical effects,
the permeability of the specimen is completely different from that of the
in-situ pipeline.

Eddy current (EC) testing is a possible method of in-situ measuring
the AC permeability of a pipe via local electromagnetic excitations. Yu
found the conductivity invariance (CI) phenomenon and used CI to
separate the impacts of the electrical conductivity and the magnetic
permeability of the sample making permeability measurement possible
[18]. Lu proposed a compensation scheme with regards to the phe-
nomenon of the decrease in zero-crossing frequency with the increase of
liftoff. Such compensation can reduce the errors due to liftoff variances
in estimating both the permeability and zero-crossing frequency via
multi-frequency eddy current measurements [19]. Han proposed a
method of rapidly measuring the magnetic permeability and losses of
structural steel immersed in weak sinusoidal magnetic fields based on
dynamic magnetization with the frequency of 50–300 Hz [20]. Ideally,
the EC probe can be manufactured into a small enough size to fit well
the curved pipe wall and implement the in-situ measurement of the pipe
permeability, but can only measure the AC and local permeability that
is not equal to the permeability of the pipeline sections immersed in
weak and DC geomagnetic fields.

Instead, Desjardins and Luo via deploying the coils coaxial with the
pipe used EC method to measure the overall permeability of a small
pipe [21,22]. In [21], the excitation and pick-up coils were outside the
pipe, while in [22], the coils were inside the pipe. This method is based
on the dependence of the propagation impedance between the trans-
mitting and receiving coils on the permeability. However, this method
is impractical for a field pipeline, as the diameter is too large for the coil
to generate large enough electromagnetic fields covering the pipe sec-
tion.

This paper proposes a method for measuring the overall DC per-
meability of a steel pipe immersed in geomagnetic field based on the
magnetic shielding effect. Instead of machining the pipe into strip, rod,
or ring specimens, the tested specimen is a section of an intact pipe that
has already gone through all the manufacture procedures. The test only
needs to rotate the pipe around the vertical axis in an open area, and
measure the internal magnetic fields to calculate the permeability. The
pipe permeability measured by this method is equal to that of a field
pipeline and are therefore of great significance for the magnetic in-
spections of on-site pipelines. This paper will demonstrate the validity
of the proposed method via simulations and experiments.

2. Measurement principle

Ferromagnetic cavity attenuates the ambient magnetic fields that
enter the cavity, which is known as the magnetic shielding effect and is
measured by the magnetic shielding factor in a certain direction:

=λ B B/in out (1)

wherein, Bin is the flux density in the cavity and Bout is the flux density
outside the cavity.

Classical magnetic shielding model formulates the radial magnetic
shielding factor λr of a cylindrical shell, namely a pipe, as follows [5]:
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However, the original magnetization in the pipe wall will introduce
fixed original magnetic fields inside the pipe, which need to be removed
before calculating the shielding factor and permeability.

Establish the global earth coordinate system O-XeYeZe and the pipe
coordinate system O-XpYpZp as shown in Fig. 2. The axes Xe, Ye, Ze point
to the east, north and the sky, respectively. The axis Xp is parallel to the
pipe axis, Yp is horizontal and perpendicular to the pipe axis, and Zp is
parallel to Ze. The pipe is rotated together with O-XpYpZp around the
axis Zp. The rotation angle is denoted as φ, φ∈ [0°, 360°]. In two cases
with and without the steel pipe, the magnetic field at the center of the
pipe measured by the magnetometer can be expressed as:

= + +B λ B θ φ φ Bcos cos( ) ¯mY r Y0 0 0 (4)

and

′ = +B B θ φ φcos cos( )mY 0 0 0 (5)

where θ0, φ0, B0 are the magnetic inclination, declination and norm of
the geomagnetic field, and B̄Y is the magnetic bias caused by original
magnetizations. B̄Y can be determined by using the maximum and
minimum of Bmy as follows:

= +B B B¯ ( )/2Y mY mYmax min (6)

The magnetic shielding factor is calculated as Eq. (7) and then
substituted into Eq. (3) to calculate the permeability. Both the y and z
axes are along the radial direction of the pipe. Since the pipe is ax-
isymmetric, the results of calculating the radial shielding factor using
these two components are the same. This paper only uses y component
to measure the axial shielding factor to calculate the permeability.

= − ′λ B B B( ¯ )/r mY Y mY (7)

3. Simulation verifications

3.1. Magnetic shielding factors of homogeneous pipes

The radial magnetic shielding factors of pipes with different wall
thicknesses and diameters are calculated via two methods: finite

Fig. 1. Cylindrical magnetic shield cavity.

Fig. 2. Definition of the rotating pipe coordinate system.
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element simulation and infinite pipe model (IPM). The finite element
simulation is implemented by COMSOL software. The steel pipe is
placed in air domain and ambient fields are provided as follows:

=

=

= −

H H θ φ
H H θ φ

H H θ

cos sin
cos cos

sin

x 0 0 0

y 0 0 0

z 0 0 (8)

where H0= B0/μ0. In Tianjin, θ0= 58.7°, φ0= 5.8°, and H0= 40 A/m.
The sweeping range of the relative magnetic permeability of the

pipe is set as μr∈ [50,200]. Three groups of simulations are performed:
(1) Pipe length L=2m, diameter D=80mm, wall thickness t∈{4mm,
6mm, 8mm, 10mm}; (2) Pipe length L=2m, wall thickness
t=4mm, diameter D∈{60mm, 80mm, 120mm, 200mm}; (3) pipe
diameter D=80mm, wall thickness t=4mm, length L∈{0.5 m, 1m,
1.5 m, 2m}. The results of two methods are shown in Fig. 3. For pipes
with different wall thicknesses, diameters and lengths, λr decreases

with the increase of μr. Two methods confirm each other's correctness
when calculating λr. The change of pipe length has no effect on λr,
which indicates that the pipe sample adopted in experiments does not
have to be very long.

3.2. Magnetic shielding factors of pipes containing original magnetizations

Considering the pipeline may contain original magnetizations, in
the simulation model fixed magnetization domains (FMDs) are ran-
domly distributed in the pipe wall, and the magnitude and direction of
the magnetization Mi (i=1, 2…) of each FMD are also random, as
shown in Fig. 4. The magnetic permeability of the remaining portion
excluding the FMDs is μe. Totally, five groups of simulations are per-
formed: pipes containing 1, 2, 3, 10 and no FMDs. For each group of
simulation, φ0 is swept in the range of φ0∈ [0°, 360°], which is
equivalent to the scenario that the pipe is rotated around the vertical
axis in a fixed geomagnetic field. The midpoint on the pipe axis is se-
lected as the observation point.

The results of By-φ curve simulations are shown in Fig. 5. For an
ideal pipe without fixed original magnetization, By-φ curve is exactly
the same as that calculated by Eq. (5). Compared to the pipe with no
original magnetization, the By-φ curves of pipes with different magne-
tizations are parallel with different offsets. The offset is caused by the
fixed original magnetization. It indicates that the fixed original mag-
netization will introduce magnetic bias in a certain fixed direction in-
side the pipe. This magnetic bias will vary with the change of the size
and number of fixed original magnetization of the pipe and must be
removed.

According to Eqs. (6) and (7), λr is calculated by using the data in
Fig. 6, and the results are shown in Fig. 6. Removing the magnetic DC
bias is equivalent to removing the original magnetization of the pipe.
With the bias removed, λr of the pipes containing different original
magnetizations are identical. The calculated λr is independent of the
angle between the pipe axis and the ambient field. It is proved that no
matter what the original magnetization value is and whether the
magnetization distribution is uniform or random, the influences of
original magnetizations can be completely eliminated via DC-removing,

Fig. 3. Radial magnetic shielding factors of pipes with different t, D and L.

Fig. 4. A pipe containing randomly distributed original magnetizations.

Fig. 5. By-φ curves of pipes containing different original magnetizations.
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and the radial magnetic shielding factor can be exactly obtained. The
magnetic permeability of the pipeline can be also exactly measured
according to Eq. (3).

4. Experiments

Considering nonuniform distributions of the magnetic fields inside
the pipe specimen, magneto resistive sensor array is used to measure
the spacial magnetic fields, and a relatively uniform part in the middle

is selected to calculate the shielding factor and permeability. As shown
in Fig. 7(a), the magnetic field measurement system is placed inside the
pipe. The sensors are evenly distributed on 10 measurement planes
named S1–S10. Fig. 7(b) is a photograph of the assembled circuit board

Fig. 6. Radial magnetic shielding factors of pipes calculated after removing DC
biases.

Fig. 7. Experimental method and apparatus.

Fig. 8. Measured magnetic fields inside one steel pipe.

Fig. 9. Magnetic fields inside pipes and ambient fields at different rotation
angles.

Fig. 10. Measured shielding factors of one steel pipe vs rotation angles.

Table 1
Measured permeabilities of pipes with different specifications.

Pipe number Dimension Parameters/
mm

Shielding
factor

Calculated permeability

D L t λr μr by Eq. (3) μr by FEM

Pipe1,2# 80 500 4 0.1374 134.1689 135.5063
0.1467 124.4554 125.6935

Pipe3–8# 80 1000 4 0.1712 103.9183 103.7714
0.1582 114.0234 113.8628
0.1800 97.9064 97.7668
0.1666 107.3137 107.1635
0.1326 139.7153 139.5203
0.1279 145.5496 145.3487

Pipe9# 80 1500 4 0.1389 132.5142 131.9691
Pipe10# 80 2000 4 0.1716 103.6317 103.1413
Pipe11# 89 1 8.5 0.0700 155.7978 155.5332
Pipe12# 89 1.5 8.5 0.0775 139.7939 139.0792
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for magnetic measurements. As shown in Fig. 7(c), six magnetic sensors
are evenly distributed on each semicircular measurement curve and one
of them is located at the center. The data of each magnetic sensor are
synchronously collected by the FPGA controller and uploaded to the
computer through the USB bus for data analyses and magnetic perme-
ability calculations.

The test site is selected in an open area to avoid any interference
from other magnetic sources. As shown in Fig. 7(d), the computer
controls the turntable carrying a steel pipe to rotate with a constant
speed, and simultaneously measures and records the radial magnetic
field component BmY. There is a tall enough aluminum support between
the steel pipe and the turntable motor, which keeps the steel pipe far
away from the motor to avoid magnetic interference. For comparison as
shown in Fig. 7(e), the ambient fields ′BmY in the same rotating frame
are measured by using a non-magnetic aluminum pipe with the same
size to hold the circuit board. Finally, the pipe permeability is calcu-
lated according to Eqs. (6), (7) and (3). A total of 12 different sizes of
steel pipes are measured, with lengths of 0.5m–2m, wall thicknesses of
4mm and 8.5 mm, and outer diameters of 80mm and 89mm. Each
steel pipe is measured for four times. Each time the pipe is rotated by
90°around the X axis, namely, the twist angle takes four values of about
0°, 90°, 180°, 270° for each measurement.

The measured magnetic fields distributed along the axis inside one
pipe rotating over six representative rotation angles are displayed in
Fig. 8 as examples. It can be seen that as the rotation angle increases,
the magnetic intensity inside the pipe decreases first and then increases,
which corresponds to the increase and decrease of the included angle
between the pipe axis and the ambient field. The magnetic fields inside
are not uniform and noticeably vary near the pipe ends due to the edge
effects. The magnetic fields in the middle of the pipe are flat and uni-
form, which is consistent with the measurement and analysis results in
literature [23]. Therefore, measurement points on the middle planes
S5-S7 will be used in the following experiments to reduce the mea-
surement error of the shielding factor.

5. Results and discussions

The magnetic fields measured via rotating one steel pipe and one
aluminum pipe on the turntable for one revolution are shown in Fig. 9,
where the curves include By inside the steel pipe, By inside the steel pipe
with DC removed, and By inside the non-magnetic aluminum pipe
(ambient field). It can be seen that there is a large magnetic bias that
needs to be removed in order to eliminate calculation error of the
shielding factor. Fig. 10 shows the calculated radial shielding factor of

Fig. 11. Measured shielding factors and permeabilities perfectly overlap the simulation results of sweeping the permeability.

H. Xinjing, et al. Journal of Magnetism and Magnetic Materials 491 (2019) 165621

5



the pipe after the magnetic bias is removed. It can be seen that the
radial shielding factor has two peaks at about φ=90° and 270°. At
these two rotation positions, the horizontal radial components of the
magnetic fields inside and outside the pipe are both close to zero, so 0/0
occurs resulting in large singular values when calculating the shielding
factor. At the remaining position, the measured shielding factor is
mainly flat and smooth. It demonstrates that the magnetic shielding
factor of the pipeline is independent of the rotation angle, except for the
situation that the geomagnetic field is perpendicular to the pipeline
axis. The average value of the flat section is taken as the final measured
radial shielding factor of the pipe.

In order to improve the measurement precision, each steel pipe is
measured for four times, and each time the pipe is rotated 90°around
the radial axis, namely, the twist angle takes four values of about 0°,
90°, 180°, 270° for each measurement, as shown in Fig. 10(a). The
middle flat section is zoomed in for each case, as shown in Fig. 10(b).
The final measured shielding factor of each pipe is the average of the
four measurements above. The four twist positions of the pipe are
shown in Fig. 7.

The radial magnetic shielding factors of the pipes with different
specifications were measured and the permeability of the pipes was
calculated according to Eq. (3). The results are listed in Table 1. It can
be seen that the shielding factors are dispersive in regards to different
pipes. Even for pipes with the same size, the shielding factors are still
different, which indicates that the relative permeabilities of the pipes
are different. Permeability sweeping simulations of these pipes are
carried out, and the curves of the radial shielding factor vs the per-
meability are obtained. Then the permeability values corresponding to
the measured radial shielding factors are determined through linear
interpolation on these curves. The results are listed in Table 1. The
marked points in Fig. 11 are measurement values of the magnetic
shielding factors and permeabilities. Although the measurement results
are discrete for pipe with different sizes, there is always one perme-
ability value on the simulation curve to make the measured shielding
factor equal to the simulated one. Taking the later as a reference, the
relative error of the proposed method is less than 1%. This demon-
strates that it is accurate and efficient of the radial shielding factor
formula based on the IPM to calculate the pipe permeability.

6. Conclusions

This paper demonstrates a method of measuring the permeability of
a pipe immersed in the geomagnetic field based on the magnetic
shielding effect. One pipe section, instead of a strip, rod, or ring cut
from the pipe, is used as the testing specimen. During the measurement,
the pipe is placed in an open area and rotates around the vertical axis.
Magnetic fields inside the pipe are measured and the middle flat part
are used to calculate the radial magnetic shielding factor and then the
permeability. Finite element simulations and experiments demonstrate
that:

(1) The IPM can accurately formulate the relationship among the radial
shielding factor, wall thickness, diameter, length, and permeability
of a pipe.

(2) Fixed original magnetizations of a steel pipe can induce magnetic
bias inside the pipe. The bias can be accurately calculated and then
removed by using the magnetic fields measured while the pipe is
rotating. The magnetic fields with bias removed can be used to
accurately calculate the shielding factor and the permeability of the
pipe.

(3) As the tested short pipe is cut from a long one that has already gone
through all the manufacture procedures, its permeability measured

by this method is also that of a field pipeline and are therefore of
great significance for the magnetic abnormal inspection of on-site
pipelines.
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