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ABSTRACT. This paper demonstrates the application of continuous wavelet 
transform technique for magnetic flux leakage signal generated during a 
uniaxial fatigue test. This is a consideration as the magnetic signal is weak and 
susceptible to being influenced by an external magnetic field. The magnetic 
flux leakage signal response of API steel grade X65 is determined using Metal 
Magnetic Memory under cyclic load conditions ranging from 50% to 85% of 
the UTS. To facilitate further signal analysis, the magnetic flux gradient, the 
dH(y)/dx signal were converted from a length base into time series in this 
study. Magnetic flux leakage readings indicated a maximum UTS load of 56.5 
(A/m)/mm at 85%, where a higher load resulted in a higher reading and the 
signal contained Morlet wavelet coefficient energy of 1.02×106 µe2/Hz. As 
increasing percentages of UTS loads were applied, the signal analysis revealed 
an increasing linear trend in the dH(y)/dx and wavelet coefficient energy. The 
analysis revealed a strong correlation between the wavelet coefficient energy 
and the dH(y)/dx amplitude, as indicated by the coefficient of determination 
(R2) value of 0.8572. Hence, this technique can provide critical information 
about magnetic flux leakage signals that can be used to detect high stress 
concentration zones. 
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INTRODUCTION  
 

il and gas are delivered across pipelines by pump stations positioned along the pipeline; these, are considered long-
term facilities in the petroleum industry. Regardless, failures are almost always the result of human error as a result 
of design negligence during construction or operation [1]. The operational condition of pipelines can also 

contribute to their failure through factors such as temperature variation, frequency, and cyclic stress; these factors are 
particularly detrimental to above-ground pipelines [2,3]. To minimise the risk of system failure, accurate analysis of structures 
with a long service life, such as pipelines, is required. Therefore, non-destructive testing (NDT) methods are frequently used 
in the engineering industry to monitor and control the occurrence of defects. Due to the fact that NDT does not alter the 
object's original state, it is a critical diagnostic mechanism for assessing environmental impacts, material properties, and 
previous interferences [4]. 
Conventional NDT techniques, such as Eddy current testing (ET), ultrasonic testing (UT), and magnetic particle testing 
(MT), can only measure macroscopic defects of a certain size, but are limited in their ability to detect early damage and 
dynamic monitoring [5]. A great number of non-destructive magnetic techniques have been developed over the last decade 
regarding to its physical basis to evaluate the stress status of ferromagnetic structures such as magnetic Barkhausen noise, 
magnetoacoustics emission, and stress-induced magnetic anisotropy [6]. Magnetic NDT technologies have been extensively 
adopted in engineering to ensure the operating safety of ferromagnetic structures and components, but the presence of an 
external magnetic field is a necessary condition to operated [7,8]. To address this issue, a Russian researcher developed a 
new magnetic testing technique called the metal magnetic memory (MMM) technique, which has generated considerable 
interest [9]. In comparison to other magnetic testing methods, the MMM method has a number of advantages, particularly 
its passive testing method, which evaluates the self-magnetic flux leakage (SMLF) signal produced by ferromagnetic materials 
and paramagnetic products at high density dislocations [10]. Moreover, the residual magnetic field can be measured using 
the MMM method, which is stimulated by mechanical stress in conjunction with the geomagnetic field without requiring 
artificial magnetisation and has demonstrated its utility in monitoring early damage development [11]. 
However, the magnetic sensor signal is weak and susceptible to noise, interference, and undesirable magnetic signals from 
the environment [12]. Signal processing in the time-frequency domain analysis is now frequently used to extract 
indistinguishable hidden signal information from the original signal. Due to its more flexible features, the Wavelet transform 
is preferred over the short-time Fourier transform in time-frequency domain analysis [13]. This paper aims to define the 
attribution associated with uniaxial fatigue loading by processing the magnetic flux leakage signals using the continuous 
wavelet transform. The dH(y)/dx value and the Morlet wavelet coefficient energy of the magnetic flux leakage signals are 
hypothesised to have a strong correlation. This analysis aids in the identification of stress concentration zones in pipeline 
durability assessments. 
 
 
EXPERIMENTAL PROCEDURE 
 

ig. 1 illustrates the overall framework for this study. The material used was ferromagnetic steel grade X65 in 
accordance with the American Petroleum Institute (API), which is frequently used in the oil, gas, and petrochemical 
industries [14]. The specimen was fabricated in accordance with ASTM-08, as shown in Fig. 2 (Standard Test Method 

for Tension Testing of Metallic Materials), in order to obtain its monotonic properties via tensile testing at ambient 
temperature. The strain rate value was set at 1 ×10-3/second in this tensile test. 
A cyclic uniaxial fatigue test was conducted on a servo hydraulic machine with a capacity of 25 kN in accordance with ASTM 
E466 (Standard Practice for Conducting Force Controlled Constant Amplitude Axial Fatigue Test of Metallic Materials), as 
illustrated in Fig. 3. The specimen was subjected to uniaxial fatigue tests with loads ranging from 50% to 85% of the API 
steel grade X65’s Ultimate Tensile Strength (UTS) to determine how load variation affects the magnetic signals. The stress 
ratio was set to 0, the minimum forces applied were 0, and the maximum forces were proportional to the percentage of 
UTS loads. Then, magnetic flux leakage signals were measured using the MMM scanning device, as shown in Fig. 4, to 
determine the location of the specimen's high stress concentration area [15]. During the fatigue test procedure, the type 2-
2 sensor equipment was used to scan the SMLF response data or signals. The lift-off rate was set to 0 mm, and the distance 
between the centre point of the wheels and the sensor was set to 5 mm. In this study, the magnetic flux leakage signal 
response was measured using the distance mode. Then, data was obtained by rolling the MMM scanning device along an 
80-mm scanning line, as illustrated in Fig. 2, since this region was within the expected failure occurrence range. The specimen 
was subjected to the cyclic test until it failed completely. The remaining load conditions were treated similarly. 
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Figure 1: Process flow for signal analysis of the magnetic flux leakage signal. 

 
 

 
Figure 2: API steel grade X65 specimen (dimension in mm) with scanning line for MMM data acquisition. 

 
 

   
 

Figure 3: Experiment setup for cyclic test. 
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(a) 

 
(b) 

Figure 4: MMM data acquisition; a) device and b) procedure. 
 
 
THEORETICAL FRAMEWORK 
 

he two parameters used in the MMM technique to detect magnetic flux leakage responses located in stress 
concentration zones are the normal segment, Hp(y), and the tangential segment, Hp(x) of magnetic intensity signals. 
In this study, the normal segment of magnetic intensity, Hp(y), was used because it provided the best evaluation in 

terms of damage exposure [16]. The acquired raw signals, normal component of magnetic intensity, Hp(y), were converted 
to the gradient component of magnetic intensity signals, dH(y)/dx, both in length-based forms. The dH(y)/dx signals were 
chosen for further analysis as they were capable of showing the severity level of detected defects on the scanned specimen’s 
surface. The dH(y)/dx signals were then converted from length-based into time-based in line with the MMM acquisition 
concept at a rate of 10 min/mm [17], as reported by [18], to enable their transformation into the time-frequency domain. 
The wavelet transform approach is apparently one of the most widely used time-frequency techniques for overcoming 
nonstationary signals by dividing the time domain into different frequency segments using time and frequency alterations. 
This approach provides data in a more usable way in both the time and frequency domains [19].  
The wavelet transform begins with the selection of a basic function, also referred to as the mother wavelet, which scales 
and translates the signal in order to analyse it. It determines the spectrum for each location by adjusting a window along the 
signal, which ultimately represents the time-frequency signal with multiple resolutions and simultaneously provides time and 
frequency information about an event. The Morlet wavelets are a subclass of mother wavelets that are frequently used in 
the analysis of the Continuous Wavelet Transform (CWT). The coefficients are computed by the wavelet decomposition as 
a similarity index between the signal and the processed wavelet, which is the result of a regression of an original signal 
composed of distinct scales and distinct segments on the wavelet. It denotes the relationship between the wavelet and a 
signal segment. The similarity is strong if the index is large; otherwise, it is minor [20, 21]. The wavelet transform of any 
time-shifting signal, f(t), is described as the quantity of all the signal time multiplied by a scaled and shifted interpretation of 
the wavelet function ψ(t) [22]. The CWT is defined by the following integral: 
 





 ( , ) ,( ) ( )a b a bCWT f t t dt                                                   (1) 

 
where a and b are the scale factors and ψ(a,b) is the mother wavelet. The scale index, which is a reciprocal frequency, is 
represented by parameter a, whereas parameter b indicates time shifting. The following integral is used to express the CWT's 
wavelet coefficient [23]. 
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The similarity index, i.e., coefficient, between the evaluated signal and the generated wavelet is obtained through wavelet 
decomposition as shown in Eqn. 2, where p is the scale index, F is the signal amplitude and q is the time shifting. The scaling 
factor allows controlling the shape of the basic wavelet and balances the time and frequency resolutions. Decreasing the 
scale index increases the frequency resolution but decreases the time resolution. When the scale index tends to zero, the 
wavelet becomes a cosine function which has the finest frequency resolution, and when it tends to infinity, the wavelet has 
the finest time resolution. In the time-frequency domain, the wavelet coefficient describes the signal’s energy distribution. 
The internal energy contained in the signal can be defined as follows [24]. 
 

   





 
2

, tp qe WC dt               (3) 

 
In this study, the energy distribution was decomposed into the time domain spectrum using Eqn. (3) by obtaining the 
magnitude of the cumulative value for each time section. The energy was then used to ascertain changes in the amplitudes 
of the strain signals. 
 
 
RESULT AND DISCUSSION  
 

ensile tests conducted on API X65 steel yielded monotonic properties, as shown in Tab. 1. The UTS was chosen in 
this study to design the load for uniaxial fatigue testing with a value of 572 MPa divided into eight different types of 
loads ranging from 50% to 85% of the UTS load. From the data acquired during the fatigue test, the Hp(y) signal 

response indicated an increase in magnetic intensity between 60 mm and 70 mm, which corresponded to the location of the 
failed specimen highlighted by the red circle, as shown in Fig. 5. According to the figure, 85% of the UTS load resulted in 
the highest reading of magnetic intensity, which gradually decreased to 75% until 50% of the UTS load. Then, Hp(y) signals 
were converted to dH(y)/dx signals, as illustrated in Fig. 6, since they are preferred over normal component signals for 
being more responsive to damage intensity in detecting high stress concentration zones. The recorded dH(y)/dx signals 
indicated increasing amplitude values from 50 % to 85 % of the UTS load, as the load variation itself affected the magnetic 
flux leakage readings. Significant variations in the dH(y)/dx signals were also measured similarly. Significant variations in 
the dH(y)/dx signals were also measured at same locations of scanning line as Hp(y) signals, the steep peaks at 60 mm – 75 
mm from 50 % until 85 % of UTS.  Magnetic field leakage occurred at the stress concentration position as a result of 
irreversible changes in the magnetic domain orientation; these changes can be attributed to the magnetic field-induced 
operating stress [25]. The high peaks of the dH(y)/dx values within these areas were expected, as the high concentration 
zone is where the specimen was damaged prior to failure. 
 

Properties Values 
Yield strength (MPa) 572 

Ultimate tensile strength (MPa) 614 
Young’s modulus (GPa) 220 

Table 1: Monotonic properties of API steel X65. 
 

a) 85 % UTS e) 80 % UTS 

T 
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b) 75 % UTS f) 70 % UTS 

c) 65 % UTS g) 60 % UTS 

d) 55 % UTS 
h) 50 % UTS 

Figure 5: Magnetic intensity response from the UTS loads of; a)85%, b)80%, c)75%, d)70%, e)65%, f)60%, g)55% and h)50%. 
 

a) 85 % UTS 
b) 80 % UTS 
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c) 75 % UTS 
 

d) 70 % UTS 

e) 65 % UTS 
 

f) 60 % UTS 

g) 55 % UTS h) 50 % UTS 
Figure 6: Gradient of magnetic intensity response from UTS loads of; a)85%, b)80%, c)75%, d)70%, e)65%, f)60%, g)55% and h)50%. 

. 
The values of the dH(y)/dx signal can be used to determine the stress concentration zone. Ferromagnetic materials can 
produce spontaneous magnetic signals that can very likely be used to assess the extent of damage due to the effect of stress. 
However, at a scanning distance of 0 to 60 mm, the MMM scanning device sensors identified several additional dH(y)/dx 
signals. Because no substantial changes were observed, these signals were not examined in this investigation. The sensor 
identified these signals by analysing the impact of the ambient and initial magnetic fields from the fatigue testing machine 
clamps. 
As illustrated in Fig. 6, the raw signals obtained from the magnetogram were in the modulus state, with all values being 
positive, indicating that the stress level had been properly classified. Next, all the dH(y)/dx channels were converted into 
time series, as shown in Fig. 7. The y-axis remained at a constant value, whereas the x-axis changed from the 80 mm length-
based to the 8 s time-based, making it more appropriate to employ additional signal processing techniques. All signals that 
increased from 50% to 85% of the UTS load in the time domain showed that their highest amplitudes were similar to the 
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defect locations, as shown in Fig. 5 and Fig. 6. This obviously indicated that the highest peaks were within the range of 6 s 
to 8 s due to the expected region of specimen failure. 
 

 
a) 85 % UTS 

 
b) 80 % UTS 

 
c) 75 % UTS 

 
d) 70 % UTS 

 
e) 65 % UTS 

 
f) 60 % UTS 

g) 55 % UTS h) 50 % UTS 
 

Figure 7: Time base magnetic flux leakage signals from UTS loads of; a)85%, b)80%, c)75%, d)70%, e)65%, f)60%, g)55% and h)50%. 
 

Then, after the conversion of the dH(y)/dx signals from length-based to time-based, the MMM signals were transformed 
into the time-frequency domain since the Morlet wavelet transform was chosen as the basic function for the transformation. 
As illustrated in Fig. 8, the estimation of wavelet coefficients was the first step in a wavelet analysis, as the matrix row (x-
axis) represents the time parameter and the matrix column (y-axis) represents the scale parameter, which is inversely 
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proportional to the frequency in scalogram displays. In the time-frequency domain, the wavelet coefficients represent how 
the energy of the magnetic flux leakage signals is divided. The magnitude of colors corresponds to the absolute wavelet 
coefficient values as they indicate the energy distribution features with respect to time and frequency. At a higher frequency 
and with a lower amplitude on the scalogram, a smaller scale indicates that the cycles have more energy, indicating a tendency 
to cause failure events. 
 

 
a) 85 % UTS 

 
b) 80 % UTS 

 
c) 75 % UTS 

 
d) 70 % UTS 

 
e) 65 % UTS  

f) 60 % UTS 

 
g) 55 % UTS 

 
h) 50 % UTS 

 
Figure 8: Wavelet coefficient distribution plot of collected MMM signals. 

 
From these energy-based distribution plots, it was observed that similar locations of high amplitude features were detected 
for 50% to 85% of the UTS load signals based on the related coefficients, indicating the dominant energy at 4 s to 8 s. 
Evidently, the lower the frequency, the larger the magnitude distributions: conversely, the lower the magnitude distribution, 
the higher the frequency of events. These large magnitude distributions in the signals corresponded to zones of high stress 
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concentration or failure occurrences. The signal contained the least energy at 50% of the UTS load, with a value of 2.49×105 
µe2/Hz, and the remaining UTS load signals contained the most energy at 85% of the UTS load, with a value of 1.02×106 
µe2/Hz, as tabulated in Tab. 2 along with the values of dH(y)/dx amplitudes. The overall wavelet coefficient energy obtained 
from the magnetic flux leakage according to each UTS load from 50% to 85% shown in Fig. 9. Based on the results, the 
wavelet coefficient energy shows increasing trend along with increment of UTS loads except for 60% and 70%. This is due 
to disturbance magnetic signal reading from environmental during data measurement. Thus, the variation most of the loads 
for UTS percentage influences the total energy contained in the signals. 
 

UTS, (%) Stress, MPa dH(y)/dx amplitude, 
((A/m)/mm)

CWT coefficient 
energy, (µe2/Hz) 

50 307.0 35.9 2.49×105 

55 337.7 42.6 3.29×105 

60 368.4 48.3 5.13×105 

65 399.1 47.9 4.51×105 

70 429.8 52.3 6.23×105 

75 460.5 54.4 6.08×105 

80 491.2 54.2 7.78×105 

85 521.9 56.5 1.02×106  
 

Table 2: Value of dH(y)/dx readings and CWT coefficient energy. 
 

 
Figure 9: Characterisation of wavelet coefficient energy toward percentage of loads applied. 

 
Finally, Fig. 10 shows that the wavelet coefficient energy correlated to the amplitude of the dH(y)/dx signals. The power 
law correlation was applied to quantify the correlation between these two parameters and show a relationship with 
coefficient of determination (R2) value of 0.8572 as in the Fig. 10 which represents the suitability of the data fitting. Higher 
R2 values indicate greater fitness of the regression with the data. When the prediction is poor, uncertainty or error shall 
reflect a significance value of the prediction. Although the R2 value of this correlation was under excellent correlation which 
was 0.9, but it still considered as acceptable correlation as it above the value of 0.8 [26]. A good correlation indicates the 
prediction results are closely associated with the experimental data. The pattern reveals that the dH(y)/dx amplitudes was 
generally converted into energy loss, with the dH(y)/dx amplitudes decreasing as energy was lost following the reducing of 
UTS loads. Signal with high amplitudes represented a higher energy distribution in the signals. This energy spectrum gained 
form continuous wavelet transform was shown to be relatively effective in detecting high amplitude of fatigue events in 
magnetic flux leakage signals response and was a highly effective tool for detecting high stress concentration zones. This 
developed signal processing technique can be implemented to determine the possible locations of defects even if defect 
characteristics are no quantitively defined. These wavelets can also be used to perform local analysis and thus can analyse a 
localised area of a large signal in durability assessment. 
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Figure 10: Correlation between energy contained in the signals and the dH(y)/dx amplitude. 
 
 
CONCLUSION 
 

n this study, the MMM method was used to determine the wavelet coefficient energy of API steel grade X65 in response 
to magnetic flux leakage during uniaxial fatigue testing. Uniaxial fatigue testing was conducted with loads ranging from 
50% to 85% of the API steel grade X65’s UTS value. Accordingly, it was determined that increased fatigue loading 

resulted in MMM readings and signals with high energy content. The results indicate that a 85% UTS load resulted in the 
highest readings of the dH(y)/dx amplitude and wavelet energy contained in the signal, which were 56.5 (A/m)/mm and 
1.02×106 µe2/Hz, respectively. The wavelet coefficient produced an energy distribution with a similar pattern to that of the 
dH(y)/ dx signal at the same event localisation. From the power law regression, the Morlet wavelet coefficient energy 
showed a positive correlation, with an R2 value of 0.8572. These findings indicate a strong link between the wavelet 
coefficient energy and the dH(y)/dx amplitude. Therefore, the proposed use of the dH(y)/dx ratio in time series to extract 
features in the time-frequency domain via wavelet transform is recommended for durability assessments. 
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