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Abstract 

Based on weak magnetic detecting technology,studied the pipeline under test and 
inspection equipment center deviation or deflection pipe stress lesions of magnetic 
signals and its gradient change features of the test results show that the four kinds of test 
conditions, the three levels of stress damage defects and gradient magnetic signal 
components are increased with the increase of height is decreased; Combined with the 
test data, the coefficient of the modified pipeline damage evaluation formula is fitted, 
and the calculation formula of the modified coefficient and the complete stress damage 
evaluation method are obtained. Finally, the stress damage evaluation formula is 
verified by experiments, and it is found that it can effectively evaluate the stress damage 
defect level of pipelines within a certain range. 
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1. Introduction 

With the development of oil and gas industry in recent years, metal pipeline transportation, as 
a major transportation lifeline of the country, has become the most cost-effective way of oil and 
gas transportation and an indispensable lifeline of the national economy and society [1-3]. 
However, with the construction of a large number of pipeline network, the safety of pipeline 
transportation is also facing new challenges. According to statistics, most pipeline failures come 
from stress damage [4]. In the United States, the pipeline failure accidents caused by stress 
damage account for 60%;  In Europe, the proportion is more than 70%[5]. Therefore, in order 
to reduce the risk of accidents, it is necessary to conduct regular stress detection on pipelines 
and evaluate their stress damage levels. 

Weak magnetic detection originated from the metal magnetic memory effect proposed by 
Russian Professor Dubov in the 1990s[6]. In 2018, the People's Republic of China clarified 
relevant national standards and changed its name to weak magnetic Effect[7]. Anatoly Dubov 
used weak magnetic detection technology to test the stress state of the material, combined with 
the traditional NDT technology to test it, and found for the first time that the gradient 
distribution of spontaneous magnetization and magnetic field of the material is related to the 
stress level of the material, and the magnetic signal gradient can predict the damage degree, 
residual strength and residual life of the material[8]. Craik and Wood studied the variation 
characteristics of magnetization of ferromagnetic materials under stress loading and unloading 
under a constant weak magnetic field through a series of experiments, and concluded that 
ferromagnetic materials have different variation rules of magnetization in the process of 
tension and compression, providing a reliable basis for the subsequent theory of compression-
magnetic effect[9-10]. M.Roskosz tested the stress distribution level of ferromagnetic 
components under the action of periodic stress, and verified the weak magnetic detection 
results with the contact non-destructive testing technology. It was concluded that this method 
has a good effect in the field of detecting the stress level of components under the action of 
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periodic stress[11]. Jiao Yang, Zhu Shengping, Yang Chunhai, Zhang Jiangjiang et al[12-16] 
applied magnetic memory detection technology to industrial steel pipelines in the field, and 
detected stress damage defects such as pipe body corrosion and stress concentration, which 
verified the feasibility of the application of this technology in the detection of buried pipelines. 
In terms of stress damage grade evaluation, weak magnetic field detection is mainly based on 
the pipeline damage evaluation formula provided in GB/T 35090-2018 Pipeline Weak Magnetic 
Field Detection Method. However, it is required that the equipment should always maintain a 
horizontal, flat and vertical posture during the measurement. However, in engineering testing, 
center deviation or deflection between the pipeline to be tested and the testing equipment is 
inevitable. Thus causing damage evaluation error. Therefore, a modified and more perfect 
formula is needed to evaluate the stress damage degree of pipelines. 

In this paper, based on the weak magnetic detection technology, according to the detection test 
results, the magnetic signal and its gradient signal change characteristics of the pipeline stress 
damage in the presence of center deviation or deflection between the pipeline and the testing 
equipment are studied. Combined with the test data, the coefficients in the pipeline damage 
evaluation formula were fitted and modified to obtain a complete stress damage evaluation 
method. Finally, the stress damage evaluation formula was verified through experiments, and 
it was found that it could effectively evaluate the stress damage defect grade of the pipeline 
within a certain range. 

2. Principle of weak magnetic detection and stress damage evaluation 

Under the excitation of the magnetic field and the external field of the working load, the internal 
lattice dislocation slips and the magnetic domains are irreversibly reoriented, which makes the 
original chaotic and mutually cancelled magnetic domains arrange in accordance with certain 
rules and show weak magnetism.In the stress damage area, the permeability of the material 
changes correspondingly due to the stress damage, resulting in distortion characteristics of the 
leakage magnetic field signal at the defect, and local extreme values of tangential components 
(magnetic induction intensity or magnetic field intensity and gradient), as shown in Fig.1 (a). 
The normal component has the sign characteristics of peak and valley values and 
overequilibrium position change, as shown in Fig.1 (b). 

 
Fig. 1 Characteristics of weak magnetic signal at stress damage 

The arrangement of sensors determines the integrity of magnetic field signal gradient value. 
Due to the randomness of stress defect location in buried iron pipeline, it is necessary to set the 
number and arrangement of sensors reasonably. A single sensor can measure only one set of 
magnetic field signal values at the same time, including X component, Y component and Z 
component.  When two sensors are connected in series, as shown in Fig.2, sensors S1 and S3 
can obtain the differential gradient value of transverse magnetic signal. Sensors S2 and S4 can 
obtain the differential gradient value of longitudinal magnetic signal.  The magnetic field 
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gradient GT is a three-dimensional vector that varies with space. The complete magnetic field 
gradient matrix can be obtained only by superposition of transverse, longitudinal and axial 
magnetic gradient signal vectors. In other words, a group of sensors are added on the basis of 
Fig.2, and the sensors are arranged along the Z axis and on the symmetrical plane Z=0. 

 
Fig. 2 Schematic diagram of sensor distribution 

 

Assuming that the distance between S1 and S3 is lx , and calculated according to the 
differential gradient definition, the transverse magnetic field gradient is: 
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Its vector is expressed as: 
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Thus, the magnetic field gradient matrix is: 
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According to the basic theory of electromagnetic field, in a passive environment, the divergence 
of magnetic induction intensity is zero, that is, the sum of diagonal elements is zero: 

 0B dBxx dByy dBzz      (5) 

The curl of magnetic induction intensity is equal to zero, and according to the properties of 
Maxwell's equations and the symmetric matrix, the following formula can be established: 
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By combining Equation (5) and Equation (6), Equation (4) can be simplified as: 
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Equation (7) represents the calculation method of the complete magnetic field gradient matrix. 
By the type of it can be seen in the magnetic field gradient matrix GT has four elements can be 
expressed in five other elements, so the configuration method of three groups of sensors is a 
group of superfluous, for the convenience of engineering testing and numerical simulation, 
remove the sensor 5 and 6, the remaining two sets of sensors are S1, S2 and S3, S4 is cross 
arranged in the vertical plane, The final layout sample is shown in Figure 2. 

The stress damage assessment method with correction coefficient is generally adopted.  For 
pipelines with stress damage, the stress damage level of pipelines is evaluated by the sum of 
column vector moduli G of magnetic field gradient matrix. The stress damage level index is 
determined by F value, which is obtained by exponential approximation fitting with G as 
independent variable. The fitting formula of F is shown in Formula (8): 
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Where, A represents the correction coefficient;G represents the algebraic sum of column vector 
moduli of the magnetic field gradient matrix, and its calculation method is given in Equation (9). 
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Pipeline stress damage can be divided into three grades according to F value, and the 
classification methods and treatment measures are shown in Table 1. 

Table 1 Classification of pipeline damage grades 

Stress damage level F indicators security status Corresponding measures 

primary risk (0,0.2] high-risk Repair pipes immediately 

The secondary risk (0.2,0.6] Intermediate risk Planned pipeline repair 

Three levels of risk (0.6,1.0] low risk Included in test plan 

3. Detection test 

3.1. Test set 

This test use weak magnetic stress testing equipment in the standard measurement, deviation, 
deflection measurement and deviation and deflection measuring four kinds of different test 
condition, to test the lift-off height is variable measuring three kinds of precast stress with 
different levels of damage defects, study under the same defect correction factor A and the 
changing rule of the lift-off height h, The formula of magnetic anomaly synthesis index F 
approximated by first order exponential is obtained.  For the four different test states, a 
corresponding stress damage evaluation formula is obtained. Finally, by assigning different 
weights to the four evaluation formulas, the comprehensive index F value of magnetic anomaly 
can be reasonably calculated. 

As shown in Fig.3, stress damage levels were prefabricated on the test pipeline before the test 
for stress defects of grade I, GRADE II and grade III respectively, and the stress levels were 
calibrated using TSC-2M-8.  The spacing between the defects was set to 5m in order to eliminate 
the interaction between stress defects. 
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Fig. 3 Schematic diagram of test pipe and stress defect location 

Fixed-point data were collected at each stress damage site, and the lifting height was gradually 
increased from 1.0m to 2.0m with a step size of 0.1m. Fifty magnetic signal data were collected 
at each lift height. 

Under standard test conditions, the test instrument is kept level, and the center line of the 
instrument is kept in coincidence with the pipe axis line, as shown in Fig. 4 (a).Under deviation 
test conditions, the instrument remains level, and the deviation distance D is controlled within 
half of the distance between sensor S1 and S3, as shown in Fig. 4 (b). Under deflection test 
conditions, the center of the instrument is aligned with the axis line of the pipe, and the 
equipment is in the vertical plane at a certain Angle clockwise or counterclockwise, and the 
Angle is controlled within 30, as shown in Fig. 4 (c).Under the condition of deviation plus 
deflection test, the instrument kept both deviation and deflection, and the deviation distance 
and deflection distance were consistent with the Settings of the previous deviation test and 
deflection test parameters, as shown in Fig. 4 (d).  

 
(a)                               (b) 

 

 
                    (c)                               (d) 

Fig. 4 Schematic diagram of four test states 
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3.2. Interpretation of result 

The following experimental data processing process takes the second-order stress damage 
defect point as an example to illustrate, and the data processing of other stress damage defect 
points adopts the same method. 

Fig. 5 and 6 show the variation characteristics of magnetic field gradient signals of transverse 
and longitudinal sensors of pipeline weak magnetic stress detector with lifting height. It can be 
seen from the figure that magnetic signals and gradient signals are constantly weakened with 
the lifting height. 

 
Fig. 5 Transverse magnetic signal characteristics 

 
Fig. 6 Longitudinal magnetic signal characteristics 

The arithmetic average of 50 magnetic signal data collected by transverse sensors S1 and S3 
and longitudinal sensors S2 and S4 at each height is taken and substituted into Equations (7) 
and (9) to obtain the magnetic field gradient intensity and total magnetic field modulus, and 
further calculate the evaluation correction coefficient A. In Formula (8), F value represents the 
comprehensive index of magnetic anomaly of pipeline stress damage, and the F value of the 
same defect is unique. So, for the four test states, F should be the same value, but the difference 
is the value of A.  In order to calculate the relationship between the correction coefficient A and 
lift height, its fixed F value is taken to reverse the calculation in Equation (8). In order to reflect 
the randomness of F in the interval (0.2,0.6), three groups of F values of 0.21, 0.4 and 0.6 were 
taken for reverse calculation, and the fitting formula was finally weighted and averaged. When 
F value is different, the relationship between correction coefficient A and lift height in the four 
test states is shown in Fig. 7(a)-(c). 
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(a)F=0.21 

 
(b)F=0.4 

 
(c)F=0.6 

Fig. 7 The relationship between A and h in four test states 

It can be seen from Fig. 7 that the overall trend of correction coefficients obtained from the four 
test states increases with the increase of test lift height. For the pure deflection test, the 
correction coefficients show a trend of local decrease and then increase. The correction 
coefficients obtained from the standard test are the smallest in value, followed by the deviation 
test. 

The relationship between correction coefficient and lift height under different F values at 
secondary stress defects was fitted. The curves obtained by fitting correction coefficient and lift 
height under different F values under four test conditions were shown in Fig. 8. As can be seen 
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from the figure, its change trend is consistent with that of Fig. 7, which is an overall increasing 
trend.  

 
             (a) Standard measurement           (b) Deviation measurement 

 
              (c) Deflection measurement       (d) Deviating from the deflection 

Fig. 8 Fitting relationship curves under four test states 

Assume that the correction coefficients corresponding to the standard test, deviation test, 
deflection test and deviation plus deflection at secondary stress defects are A1, A2, A3 and A4 
respectively, and the final fitting correction coefficient calculation formula is shown in Equation 
(10).  In the same way, the calculation formulas of correction coefficients at first-level and third-
level stress defects are shown in Equation (11) and Equation (12) respectively. 
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4. Comprehensive evaluation of stress damage grade 

Compared to Equation (10) and (11), the standard test condition, the secondary stress damage 
defects and damage defects correction coefficient calculation formula of secondary primary 
stress coefficient is low, the error is negligible, a term and constant term symbols and basic 
consistent size, the two function on each corresponding subtraction, within the scope of the lift-
off height test for the maximum and minimum values,  The calculation error can be obtained, 
and the relative error limit is [1.11×10-5,2.54×10-5] by using the relation of correction 
coefficient of second-order stress defects to calculate first-order stress defects. Similarly, the 
relative error limits of calculation errors caused by second-order stress damage calculation 
formula in evaluating first-order stress defects within the range of test lift-off height in the other 
three measurement states can be obtained as follows: [9.58×10-6,1.12×10-5],[8.33×10-

6,9.12×10-6]and[8.58×10-6,9.87×10-6].  These errors are 12 orders of magnitude smaller than 
the calculated values, and the errors can be ignored in the calculation process. Similarly, the 
error of the third-order stress damage correction coefficient evaluated by the second-order 
stress defect correction coefficient relation is 23 orders of magnitude smaller than the 
calculated value, and the error generated in the grade evaluation of pipeline stress damage can 
also be ignored. Therefore, the correction coefficients of three kinds of stress defects can be 
uniformly calculated by the calculation formula of secondary stress damage. 

For the test states of four different states, it can be regarded as a group of random signals of 
engineering measurement discrete into the signals obtained from the tests of four different 
states. Therefore, the probability of the occurrence of the four signals can be given to obtain the 
stress damage assessment ratio of the four test states. According to the actual situation of 
buried pipeline detection engineering, a general random proportion is given here. The signal 
proportion of standard test, deviation test, deflection test and deviation plus deflection test are 
0.3, 0.3, 0.2 and 0.2 respectively. Therefore, the final evaluation formula of pipeline stress 
damage grade is as follows: 

 
31 2 4

0.3 0.3 0.2 0.2
A GA G A G A G

F K
e e e e

   （ ） (13) 

Where, K is the peripheral correction coefficient (generally 1); A1A4 is calculated by formula 
(10). 

5. Experimental verification 

The validation experiment was also carried out on the above test pipeline. The lifting height 
range before was changed to 0.8m and 2.5m respectively to verify the applicability of the stress 
evaluation formula at the first-level, second-level and third-level stress damage defects. 

As shown in Table 2, the first-order stress damage defects were verified.  For the first-order 
stress damage defect, when the lift height is within 12m, the test data h=1.5m are selected, 
and the spatial magnetic field gradient modulus G=1410.6 is measured, and the magnetic stress 
damage composite index F=0.15 is calculated. When h=0.8m, the measured space magnetic field 
gradient modulus is G=7593.5, and F=0.1503 is calculated by using Equation (13), which is 
consistent with the result when F value retains the same significant number when h=1.5m. 
When h=2.5m, the measured gradient modulus of space magnetic field is G=592.5, and 
F=0.1501 is calculated, which is consistent with the result when F value of h=1.5m retains the 
same significant number.  

Table 2 First order stress damage defect validation data 

( )h m  F  

0.8 0.1503 
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1.5 0.15 

2.5 0.1501 

 

As shown in Table 3, the second-order stress damage defects were verified. For second-order 
stress damage defects, when the lifting height h=1.5m, the spatial magnetic field gradient 
modulus G=369.4, and the magnetic stress damage composite index F=0.42 were calculated. 
When h=0.8m, the measured spatial magnetic field gradient modulus is G=3460. Formula (13) 
is adopted to calculate F=0.4201, which is consistent with the result when F value retains the 
same significant number when h=1.5m. When h=2.5m, the measured gradient modulus of space 
magnetic field is G=260.4, and F=0.421 is calculated, which is consistent with the result of F 
value retaining the same significant number when h=1.5m. 

Table 3 Second order stress damage defect validation data 

( )h m  F  

0.8 0.4201 

1.5 0.42 

2.5 0.421 

 

As shown in Table 4, the third-order stress damage defects were verified.  For the third-order 
stress damage defects, when the lifting height h=1.5m, the spatial magnetic field gradient 
modulus G=260.3, and the magnetic stress damage composite index F=0.7 were calculated. 
When h=0.8m, the measured space magnetic field gradient modulus is G=1390, and F=0.701 is 
calculated by using Equation (13), which is consistent with the result when F value retains the 
same significant number when h=1.5m. When h=2.5m, the measured gradient modulus of space 
magnetic field is G=109.9, and F=0.701 is calculated, which is consistent with the result of F 
value retaining the same significant number when h=1.5m. 

Table 4 Grade 3 stress damage defect validation data 

( )h m  F  

0.8 0.701 

1.5 0.7 

2.5 0.701 

 

In conclusion, the weak magnetic stress evaluation formula can effectively evaluate three 
different grades of stress damage defects of buried pipelines with lifting height at least 
0.82.5m. 

6. Summary 

(1) It is found that the magnetic signal and gradient component of the three defect grades 
decrease with the increase of the lift height in a certain range. 

(2) The three defects were tested in four different states respectively. For the same stress 
damage defect, the correction coefficient A value corresponding to the lifting height of 
1.0~2.0m was calculated, and the calculation relations of A and h under four different 
measurement states were finally fitted. 

(3) According to the probability of different test states appearing in the test process, the weights 
of standard test, deviation test, deflection test and deviation plus deflection test are respectively 
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assigned to be 0.3, 0.3, 0.2 and 0.2, so as to obtain the risk grade evaluation models of three 
stress defects. And through error analysis, The calculation error of second-order stress damage 
defect evaluation model for first-order and third-order defects is within acceptable range.  

(4) The applicability of the evaluation model was verified on the same experimental pipeline at 
lift heights other than 1.0~2.0m, and the results show that at least in lift heights of 0.8~2.5m, 
the evaluation model can still effectively evaluate three different grades of stress damage 
defects of pipelines.  
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