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Abstract
The metal magnetic memory method is a novel technique for monitoring fatigue cracks in steel structures, which can reduce 
operational expenses and increase safety by minimizing inspections. The crack geometry can be identified by measuring 
the self magnetic flux leakage, which is induced by the Earth’s magnetic field and the permanent magnetization. The finite 
element method can be used to simulate the induced magnetic field around cracks to help interpret the self magnetic flux 
leakage measurements, but it is unclear what material properties to use. This study aims to determine the magnetic perme-
ability of structural steel for accurate simulation of the induced magnetic field around cracks by the finite element method. 
The induced magnetic field was extracted from measurements above two square steel plates, one without defect and one with 
a straight slit, and compared with finite element results in function of the relative permeability. For both plates, a uniform 
relative permeability could be found for which experimental and numerical results were in good agreement. For the plate 
without defect and a relative permeability of 350, errors were within 20% and were concentrated around the plate’s edges. 
For the plate with the slit and a relative permeability of 225, errors were within 5%.

Keywords Crack monitoring · Metal magnetic memory · Self magnetic flux leakage · Finite element method · Magnetic 
permeability · Permanent magnetization

1 Introduction

Ship and offshore structures are continuously loaded by 
waves during their service life. The cyclic nature of wave 
loading can cause fatigue cracks to initiate, grow, and 
propagate. Periodical inspection is necessary to detect 
fatigue cracks before they cause a structural failure. Once 
a crack has been detected that is not of a critical size yet, 
its propagation should be monitored. Typically, this is done 
by increasing the inspection frequency, which is costly and 
causes downtime. A real-time wireless crack monitoring 

system could reduce operational expenses and downtime 
while increasing safety. The applicability of several non-
destructive evaluation (NDE) methods on a crack monitoring 
system for marine structures was reviewed in [1].

The most promising method discussed in [1] is the metal 
magnetic memory (MMM) method, which is an advanced 
NDE method that can be used to detect or monitor flaws, 
such as cracks, in ferromagnetic materials [2–5]. This 
method is very similar to magnetic flux leakage (MFL) test-
ing but does not require active magnetization of the speci-
men. Instead, the MMM method measures the self magnetic 
flux leakage (SMFL), which is induced only by the Earth’s 
magnetic field and a permanent magnetization that is caused 
by the material’s hysteresis property [6]. Developing an 
understanding of both the induced and permanent magnetic 
fields around a crack is necessary to interpret the SMFL 
measurements and determine the crack’s geometry reliably. 
The permanent magnetization of a steel structure varies 
slowly in time and is affected by remanence [7], stresses 
[8–11], and temperature fluctuations [12, 13]. The induced 
magnetization can vary instantaneously and is influenced 
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by the structure’s geometry, the background field, and the 
steel’s magnetic permeability.

The Earth induced magnetic field distribution around fer-
romagnetic structures with complex boundary geometries 
such as a steel plate with a fatigue crack can be simulated 
numerically by the finite element method (FEM). The accu-
racy of FEM has been demonstrated in [14] by comparing 
simulation results of a thin ferromagnetic plate in a uniform 
background field with its analytical approximation. Hwang 
and Lord were the first to use FEM to model the interaction 
between the magnetic field and a defect, which they dem-
onstrated for a circular ferromagnetic bar with a rectangular 
surface defect [15]. Currently, there are several commercial 
FEM software packages available (e.g. ANSYS Maxwell and 
COMSOL Multiphysics) to simulate the interaction between 
magnetic fields and a wide variety of defect shapes, sizes, 
and locations likely to be seen in practice.

The aim of this paper is to determine the magnetic per-
meability of structural steels for accurate simulation of the 
induced magnetic field distribution around cracks using 
FEM. Steel’s magnetic properties depend greatly on the 
microstructure (e.g. grain size, pearlite fraction, carbon 
content, manganese content) [16, 17], and are generally 
described by the hysteresis curve, which is the nonlinear 
relationship between the magnetic field strength and the 
magnetic flux density (B–H curve). However, for weak fields 
such as the Earth’s magnetic field, the B–H curve can be 
assumed linear, see Fig. 1. The slope of the curve is the 
magnetic permeability resulting in the induced magnetiza-
tion and a vertical offset can be caused by the permanent 
magnetization. Note that every grain or magnetic domain 
of the steel’s microstructure can have a different B–H curve 
that may even be different for the X, Y, and Z directions.

To determine the magnetic permeability of a steel plate, 
induced magnetic field measurements are compared to finite 
element (FE) results for a number of values for the relative 
permeability. This way, the global permeability of an entire 

plate can be determined, unlike in [18] where the permeabil-
ity was determined of a small ellipsoid sample. The induced 
magnetic field is separated from the permanent magnetic 
field using two different methods. For a symmetric plate, 
the permanent magnetic field can be filtered out by repeating 
the measurements with the plate rotated 180 degrees. This is 
done in Experiment 1 for a square steel plate without defect. 
For an object of any other geometry, the permanent mag-
netic field can be filtered out by repeating the measurements 
in zero magnetic field by using a magnetic field simulator, 
which has been done in the past by researchers focusing 
on reducing the magnetic signature of naval ships [19, 20]. 
This is done in Experiment 2 for a square steel plate with a 
slit. The methods of both experiments, including their FE 
models, are explained in Sect. 2. The results are presented 
in Sect. 3 and discussed in Sect. 4. Finally, some conclusions 
are drawn.

2  Method

Two experiments were conducted. In the first experiment, 
magnetic measurements were taken above a steel plate 
without any defect while in the Earth’s magnetic field. By 
extracting the induced magnetic field from the measure-
ments and comparing it with a linear magneto-static FE 
model of the same plate, the average magnetic permeability 
of the plate could be determined. In the second experiment, 
the steel plate from Ref. [18] with a straight slit was held 
in a magnetic field simulator while taking magnetic meas-
urements above the slit. Again, the induced magnetic field 
was extracted from the measurements to be compared with 
FE results in order to find the magnetic permeability of the 
plate. Both experiments and their FE models are described 
in more detail in the subsections below.

Fig. 1  Linear approximation of the hysteresis curve, after [14] Fig. 2  Experimental setup Experiment 1
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2.1  Experiment 1

A square FeE235 steel plate of 300 mm wide and 5 mm 
thick is placed underneath a 3-axis fluxgate magnetometer 
with nanoTesla sensitivity that can be moved in space in a 

controlled way, see Fig. 2. The sensor is programmed to take 
measurements on a grid of 121 points 75 mm above the plate 
surface, see Fig. 3, which is the closest distance this test 
setup allows. Note that this setup was designed for plates in 
horizontal orientation. At every grid point, the sensor takes 
10 measurements in exactly one second, which are then 
averaged. The grid columns are numbered from i = −5 to 
i = 5 and the rows are numbered from j = −5 to j = 5 . Note 
that this measurement grid (i, j) is not associated to the steel 
plate, but to the measurement environment. The measure-
ments are repeated with the plate rotated 180 degrees around 
the Z-axis to be able to filter out the permanent magnetic 
field. The same setup is also used to measure the background 
field with the plate removed.

2.2  FE Model 1

Experiment 1 is simulated by a linear magneto-static FE 
model using ANSYS Maxwell. The steel plate is assumed 
to have no permanent magnetization, so its magnetization 
is dependant only on the relative permeability �r , the back-
ground field BBG , and the plate’s geometry. The geometry 
of the plate is known and the background field has been Fig. 3  Test plate Experiment 1 with measurement grid

Fig. 4  Measured background field
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measured using the test setup of Experiment 1 without a 
steel plate. The measured background field can be seen in 
Fig. 4. Note that the dashed square shows the location where 
the plate will be placed for the actual measurements. The 
measured background field is fairly uniform, so a uniform 
background field is assumed in the FE model as the average 
measured background field:

The model is meshed using linear tetrahedral elements 
with a minimum of two elements over the thickness of the 
plate. The background field is applied as boundary condi-
tions on the outer surfaces of the model domain, which is 
a cube ten times the size of the plate. The domain is mod-
eled as a vacuum, so �r = 1 , which is a good approximation 
of the permeability of air. The relative permeability of the 
steel plate is set as a parameter that varies between 50 and 
500 with steps of 50. A 3D representation of the FE model 
with the applied background field as a vector plot can be 
seen in Fig. 5. It can be observed that the background field 
is mostly in out-of-plane direction with respect to the steel 
plate, which makes this experimental setup not ideal for 
maximizing the magnetic flux density in the plate.

2.3  Experiment 2

A square FeE235 steel plate of 300  mm wide, 5  mm 
thick, and with a wire cut slit of 150 mm long and 0.3 mm 
wide, see Fig. 6, is put in a magnetic field simulator with 

BBG =
[

BBG,X;BBG,Y ;BBG,Z

]

= [−14.3; − 5.6;36.3]�T .

Helmholtz coils in all three directions. One 3-axis fluxgate 
magnetometer with nanoTesla sensitivity and a sampling 
rate of 1000 Hz is used to measure the magnetic field above 
the plate while a second magnetometer measures the back-
ground field, as depicted in Fig. 7. An acrylic glass (polym-
ethyl methacrylate) plate with a grid of holes is placed over 
the steel plate in order to fix the location of the sensor above 
the plate with pins.

Magnetic measurements are taken in 9 clusters of 5 
points near the slit, each 30 mm above the steel plate, see 
Fig. 6. Note that the measurement grid shown in Fig. 6 
depicts the approximate sensor locations and that the 
pickup coils for X, Y, and Z are spaced 15 mm from each 
other within the fluxgate magnetometer.

Fig. 5  FE model 1 with back-
ground field

Fig. 6  Test plate Experiment 2 with measurement grid
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The first set of measurements is taken with a back-
ground field of 50 μT (average Earth’s magnetic field 
strength) in positive X-direction to maximize the flux 
leakage around the slit. The second set of measurements 
is taken with zero background field by counteracting the 
Earth’s magnetic field with Helmholtz coils in 3 direc-
tions to determine the permanent magnetic field around 
the plate.

2.4  FE Model 2

Experiment 2 is also simulated by a linear magneto-static 
FE model using ANSYS Maxwell. Again, the steel plate is 
assumed to have no permanent magnetization, so its mag-
netization is dependant only on the relative permeability 
�r , the background field BBG , and the plate’s geometry. The 
geometry of the plate is known, see Fig. 6. The background 
field is controlled in the experiment using a magnetic field 
simulator and is set on 50 μT in positive X-direction. The 
same uniform background field is applied in the FE model:

The model is meshed using linear tetrahedral elements 
with a minimum of two elements over the thickness of the 
plate and with a local mesh refinement around the slit, see 
Fig. 8, and around the measurement grid, so 30 mm above 
the plate surface.

The background field is applied as boundary conditions 
on the outer surfaces of the model domain, which is a vac-
uum cube ten times the size of the plate. The relative per-
meability of the steel plate is set as a parameter that varies 
between 50 and 500 with steps of 50. A 3D representation 
of the FE model with the background field as a vector plot 
can be seen in Fig. 9.

BBG =
[

BBG,X;BBG,Y ;BBG,Z

]

= [50;0;0]�T .

3  Results

3.1  Experiment 1

The first set of measurements with the plate as shown 
in Fig. 3 results in a total magnetic field as depicted in 
Fig. 10. The second set of measurements with the plate 
rotated 180 degrees around the Z-axis results in a total 
magnetic field as depicted in Fig. 11. In both figures, the 
grey square shows the location of the steel plate.

When no stresses in the material, the total magnetic 
field consists of the background field, induced field, and 
permanent field. First, the background field is subtracted 
from the total field measurements to obtain the reduced 
fields:

for i = −5,… , 5 and j = −5,… , 5.
Now, the reduced fields B⃗red,1 and B⃗red,2 consist of an 

induced part and a permanent part:

for i = −5,… , 5 and j = −5,… , 5.
When rotating the plate 180 degrees around the Z-axis, 

the permanent magnetization rotates along and the induced 
magnetization stays the same. Note that this is only valid for 
BX and BY . Also, the induced magnetization is symmetric in 
i and symmetric in j . This yields:

(1)B⃗red,1(i, j) = B⃗tot,1(i, j) − B⃗BG(i, j),

(2)B⃗red,2(i, j) = B⃗tot,2(i, j) − B⃗BG(i, j),

(3)B⃗red,1(i, j) = B⃗ind
red,1

(i, j) + B⃗
per

red,1
(i, j),

(4)B⃗red,2(i, j) = B⃗ind
red,2

(i, j) + B⃗
per

red,2
(i, j),

Fig. 7  Test setup Experiment 2
Fig. 8  FE model 2 local mesh refinement around slit
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Fig. 9  FE model 2 with back-
ground field

Fig. 10  Experiment 1—total magnetic field B
tot,1 75 mm above the plate surface
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(5)B⃗ind(i, j) = B⃗ind
red,1

(i, j) = B⃗ind
red,2

(i, j) = B⃗ind
red,2

(−i,−j),

for i = −5,… , 5 and j = −5,… , 5.

(6)B⃗per(i, j) = B⃗
per

red,1
(i, j) = −B⃗

per

red,2
(−i,−j),

Fig. 11  Experiment 1—total magnetic field B
tot,2 75 mm above the plate surface

Fig. 12  Experiment 1—measured induced magnetic field 75 mm above the plate surface
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Finally, combining Eqs. 3–6 results in the following equa-
tions for the induced and permanent magnetic fields:

for i = −5,… , 5 and j = −5,… , 5.

The resulting induced and permanent magnetic fields are 
shown in Figs. 12 and 13 respectively. Note that by rota-
tion around the Z-axis only the permanent parts of the in-
plane components of the field distribution BX and BY can be 
eliminated.

3.2  Comparison with FE Model 1

Now that the induced magnetic field has been extracted 
from the measurements of Experiment 1, it can be com-
pared with the FE results in function of the relative perme-
ability of the steel plate. This involves obtaining BX and BY 
from the FE model in all 121 points of the measurement 
grid for each relative permeability and plotting the devia-
tions from the experimental values by calculating the root 
mean squared error (RMSE) as follows:

(7)B⃗ind(i, j) =
B⃗red,1(i, j) + B⃗red,2(−i,−j)

2
,

(8)B⃗per(i, j) =
B⃗red,1(i, j) − B⃗red,2(−i,−j)

2
,

(9)RMSE =

√

√

√

√
1

121

121
∑

k=1

[

BFEM
ind

(k) − B
Exp

ind
(k)

]2

.

The results are shown in Fig. 14. It can be seen from 
the RMSE distributions that the best agreement occurs 
at �r = 350 for BX  and at �r = 450 for BY  , which are 
marked in red as the minimum RMSE values. Since the 
background field is approximately three times larger in 
X-direction than in Y-direction, the curve for BX will likely 
be more reliable than for BY , so the relative permeability 
is likely to be closer to 350. The valleys in Fig. 14 are not 
very pronounced, especially for BY  , which is likely due 
to the limitations of the experimental setup regarding the 
large lift-off distance between sensor and plate surface, 
and the small in-plane components of the background 
field.

Fig. 13  Experiment 1—measured permanent magnetic field 75 mm above the plate surface

Fig. 14  Experiment 1—RSME between measurements and FE results
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To illustrate the similarity between the measurements 
and FE results, the FE results for �r = 350 are shown in 
Fig. 15, which are in good agreement with the experimen-
tal results from Fig. 12 despite any measurement errors.

3.3  Experiment 2

The magnetic field measurements above the plate with a 
slit while in a background field of 50 μT in X-direction 
applied by the magnetic field simulator are shown in 
Fig. 16. The figure shows both the position of the plate 
in grey and the measurement domain. Note that only 
the values in X and Z-direction are shown because the 

background field is in X-direction and the magnetic flux 
leakage signal is in Z-direction.

To be able to separate the induced and permanent mag-
netic fields, the measurements are repeated while the mag-
netic field simulator creates a zero field condition around 
the plate. Consequently, this set of measurements results 
in the permanent magnetic field distribution, see Fig. 17. 
Subtracting the permanent field from the total field results 
in the induced magnetic field, see Fig. 18.

Fig. 15  Experiment 1—FE results induced magnetic field 75 mm above the plate surface

Fig. 16  Experiment 2—measured total magnetic field 30 mm above the plate surface
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3.4  Comparison with FE Model 2

The FE model described in Sect. 2.4 is analyzed with a rela-
tive permeability of the steel plate ranging from 50 to 500 
with a step size of 50. For each solution, BX and BZ are 
obtained in the 45 points of the measurement grid 30 mm 
above the plate surface. To show the deviation between 
measurements and FE results, the Root Mean Squared Error 
(RMSE) is calculated according to Eq. 9 with n = 45.

The resulting RMSE distributions are shown in Fig. 19. 
It can be seen from the RMSE distributions for both BX and 
BZ that the best agreement is for a relative permeability 
between 200 and 250. By running an additional simulation, 

it is shown that the minima for both RMSE curves, which 
are marked in red, occur for a relative permeability of 225.

To illustrate the similarity between the measurements and 
FE results, the FE results for �r = 225 are shown in Fig. 20, 
which are almost identical to the experimental results in 
Fig. 18.

4  Discussion

Considering the great similarity between measurements and 
FE results for both experiments, the presented separation 
techniques of induced and permanent magnetic fields are 

Fig. 17  Experiment 2—measured permanent magnetic field 30 mm above the plate surface

Fig. 18  Experiment 2—measured induced magnetic field 30 mm above the plate surface
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successful. From the comparison of the measured induced 
magnetic field with FE results for varying �r , it follows that 
the plate from Experiment 1 has a relative permeability of 
approximately 350 and that the plate with a slit from Experi-
ment 2 has a relative permeability of approximately 225. An 
important assumption is that the relative permeability of the 
steel plates is uniformly distributed and isotropic. To get 
more insight in the distribution of the material properties, 
the error distributions between measurements and FE results 
for Experiment 1 and Experiment 2 are shown in Figs. 21 
and 22 respectively as a percentage of the maximum abso-
lute measured value.

Experiment 1 shows much larger errors than Experiment 
2, which is most likely due to the large distance between 
the measurement domain and the plate and the relatively 
poor precision of the automatic sensor positioning system, 
both resulting in larger measurement errors. As could be 
expected, the largest errors for Experiment 1 are along the 
plate’s edges where the magnetic field has the largest spatial 
gradient. The magnetic field in X-direction is expected to 
deviate most near the left and right edges and the field in 
Y-direction is expected to deviate most near the top and bot-
tom edges, which is confirmed by Fig. 21. The smaller errors 
away from the plate’s edges indicate that the relative perme-
ability is likely to be uniformly distributed as was assumed 
in the FE model.

Figure 22 shows that for Experiment 2 the deviations 
between FE results and measurements are well within 5% 
of the maximum absolute measured value for a relative per-
meability of 225 for the steel plate. The small errors indicate 
that the separation technique using the magnetic field simu-
lator is successful and that a uniform and isotropic relative 
permeability of 225 may be assumed for this steel plate. 
Previous research in which a sample was wire cut from the 
exact same steel plate and analyzed concluded that the rela-
tive permeability is approximately 115 [18]. The difference 
between these results could mean that the sample manu-
facturing process had a significant effect on the magnetic 
material properties of the sample.

The measured permanent magnetic field distribution in 
Experiment 1 shows that the permanent magnetization of 
a steel plate can be non-uniformly distributed in an unpre-
dictable manner, see Fig. 13. The permanent magnetic field 
shows an unexpected local concentration above the top right 
corner of the plate. Therefore, it is challenging to determine 

Fig. 19  Experiment 2—RMSE between measurements and FE results

Fig. 20  Experiment 2—FE results induced magnetic field 30 mm above the plate surface
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the correct permanent magnetization for numerical simula-
tion by FEM. At the same time, the measured permanent 
magnetic field distribution in Experiment 2 shows that for 
a plate with a slit, the permanent magnetization contributes 
significantly to the SMFL.

5  Conclusions

Being able to simulate novel crack monitoring methods 
based on the SMFL is important for the further develop-
ment of these methods towards application on ship and 

offshore structures, ultimately leading to a reduction of 
operational expenses and increasing safety. The correct 
interpretation of the measured SMFL around a fatigue 
crack in a steel structure is needed to accurately size the 
crack. This involves thoroughly understanding all the 
sources that cause the SMFL, which can be subdivided 
into Earth induced magnetization and permanent mag-
netization. The aim of this paper was to determine the 
magnetic permeability of structural steels for simulation 
of the induced magnetic field distribution around cracks 
using FEM.

Fig. 21  Experiment 1—error distribution between FE results and measurements

Fig. 22  Experiment 2—error distribution between FE results and measurements
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Magnetic measurements were done above an FeE235 
steel plate without defect (Experiment 1) and with a straight 
slit representing a fatigue crack (Experiment 2). The induced 
and permanent magnetic fields were separated using two dif-
ferent techniques. Comparing FE results with the measured 
induced magnetic fields suggests that the relative perme-
ability of the plate from Experiment 1 is approximately 350 
and that of Experiment 2 is approximately 225. Apparently, 
not every FeE235 steel plate has the same magnetic per-
meability. The error distributions between FE results and 
measurements suggest that the magnetic permeability of 
both plates are reasonably uniform. The measured perma-
nent magnetic field in Experiment 1 confirms the hypothesis 
that the permanent magnetization of structural steel can be 
non-uniform. Its non-uniformity together with its relation 
to unknown stress and temperature histories make it chal-
lenging to model the permanent magnetization accurately.
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