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Abstract: With the development of pipeline networks, many safety accidents were caused by pipeline
stress concentration; it is of great significance to accurately monitor the pipeline stress state for
maintaining pipeline safety. In this paper, based on alternating current stress measurement (ACSM)
methods, a 3D simulation model of a pipeline electromagnetic field was established by ANSYS
software. The distribution law of the pipeline magnetic field and eddy current field were analyzed,
and the influence of size and structure parameters of the coil inside the probe were studied. The
internal stress detection system of the pipeline was designed, and the static tensile stress measurement
experiment was carried out. Simulation and test results showed that the excitation coil with a larger
diameter-to-height ratio had a higher measurement sensitivity. The sensitivity of the probe decreased
monotonically with the increase of the difference between inner diameter and outer diameter of the
detection coil. It increased monotonically with the increase of the equivalent radius of the detection
coil. The best measurement results were obtained when the detection coil was located at the center of
the two legs of the U-magnetic core. The results showed that the system could identify the pipeline
stress concentration area effectively after detection engineering.

Keywords: alternating current stress measurement; pipe stress; electromagnetic field simulation;
long-distance oil pipeline inspection

1. Introduction

Pipeline transportation has been widely used in oil and natural gas and other im-
portant energy-transportation fields because of its advantages of low cost, high safety,
environmental protection, and less loss [1–3]. Oil and natural gas pipelines are made of
metal material. Due to internal and external factors such as their weight, internal and
external loads, material aging, external environment, and pipeline structure displacement,
stress concentration can easily occur, leading to major safety accidents such as pipeline
rupture, leakage, and explosions [4–9]. Therefore, identifying pipeline stress concentration
states and taking corresponding solutions to prevent safety accidents effectively is of great
significance to ensuring energy security, people’s lives, and property safety. The above
measures can also promote sustainable economic development and ensure the safe and
stable operation of oil and gas pipelines [10].

The in-pipeline inspection technology is the most economical and effective method to
ensure the safety of the pipeline, which takes the transmission medium of the pipeline as the
moving force to directly detect the pipeline. At present, the internal inspection technologies
of oil and gas pipelines used are mainly Barkhausen stress detection technology, ultrasonic
internal inspection technology, far-field eddy current internal inspection technology, and
pipeline magnetic flux leakage internal inspection technology [11–13]. The above internal
detection methods have been successfully applied in practical engineering, but are mainly
used to detect macro defects such as corrosion and cracks. Alternating current stress
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measurement (ACSM) is a new stress evaluation technology, which has the advantages of
fast measurement speed, high sensitivity, and non-contact measurement. It is suitable for
internal stress detection of long-distance oil pipelines. For other non-destructive testing
technologies, ACSM stress measurement technology overcomes the shortcomings of the
Barkhausen measurement signal that is greatly affected by the grain size of the workpiece
itself and the microscopic mechanisms of stress and magnetic domain are not yet clear [14].
It has a low cost and high detection efficiency and abandons the requirements of ultrasonic
technology for coupling agents [15]. Although the far-field eddy current measurement
technology has a large detection depth, its measurement results are greatly affected by
lift-off [16]. On the other hand, the change of pipeline magnetic properties may affect the
implementation of other subsequent detection methods. Compared with the magnetic
flux leakage measurement technology, the ACSM stress measurement technology does
not change the magnetic characteristics of the workpiece without magnetization in the
measurement process.

Alternating current stress measurement (ACSM) is a non-contact electromagnetic
measurement method for stress measurement developed on Alternating Current Field
Measurement (ACFM) technology. This method can measure the residual stress dynami-
cally in real-time, with high measurement accuracy, fast measurement speed, and a low
requirement on workpiece surface conditions. It is very suitable for the residual stress
measurement of long-distance oil and gas transmission pipelines, large measurement areas,
and certain requirements on measurement speed [17]. In addition, the method can monitor
the residual stress of oil and gas pipelines for a long time. J. Zhou and K. Chen [18,19]
studied the influence of stress on the magnetic effect of materials and searched for the
internal law of magnetic anisotropy of materials, and the effect of stress on the magne-
tization of materials. They established the electromagnetic stress model of the material
magnetic field changed under stress applications and proposed the ACSM method for
the first time. K. Chen [20] further carried out a four-point bending test and tensile test
to study the comparison of stress measurement effects under different parameters and
combined the previous mathematical model with the stress–magnetization relationship
to find the best parameters for stress measurement. Kai Song et al. [21] proposed a stress
evaluation method using the ACSM method to quickly judge the direction of principal
stress by studying the stress measurement results under the change of the angle α between
the direction of the probe excitation magnetic field and the direction of principal stress,
which further proved the feasibility of ac electromagnetic field stress measurement technol-
ogy. W. D. Dover [22] and W. Ricken [23] improved the sensor. The former designed a new
type of ACSM stress measurement probe, which improved the measurement sensitivity by
using orthogonal excitation. The latter designed a multi-sensor system to reduce the stress
measurement error and improve the measurement accuracy. M. J. Knight [20] studied the
signal characteristics of ACSM detection of cold-rolled drill collar thread and analyzed the
influence mechanism of stress on defects combined with the test results. Songwei Zhou [24]
optimized the signal conditioning circuit based on previous studies. He designed two
types of single “U” type and orthogonal “U” type probes and analyzed the detection signal
characteristics of low carbon steel under a unidirectional tensile and three-point bending
loading modes. In addition, he studied the influence of different excitation frequencies and
probe angles on detection signals. However, there was no practical engineering application
case based on this technology. Therefore, it was of great significance to successfully apply
the ACSM detection technology to the internal stress detection of long oil pipelines.

With the large-scale development of oil and gas pipelines, the demand for internal
stress detection of long-distance oil pipelines is urgent. Given the above problems, this
paper took the application of internal stress detection of long-distance oil pipelines as the
background. This paper took the stress test block of oil and gas pipelines as the research
object and established a 3D electromagnetic field simulation model for the stress detection
of oil pipelines. The magnetic field intensity distribution of the oil pipeline test block
(containing the stress area) was analyzed. The diameter-height ratio parameter of the
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excitation coil was optimized. The influence of different internal and external diameter
differences, equivalent radiuses, and heights of the detection coil on the detection sensitivity
were compared. The optimal placement position of the detection coil was determined. The
ACSM probe was developed. The stress measurement system for internal stress detection
of the long-distance oil pipeline was designed and developed. The above system was
used for the static tensile test. The influence of excitation frequency and lift-off effect on
stress measurement was analyzed. The ability of the system to measure the pipeline stress
was verified by measuring the artificial stress area in the actual field traction test, which
provided an engineering application foundation and technical support for the internal
stress detection of long-distance oil pipelines.

2. Principle of Alternating Current Stress Measurement

When the external magnetic field acts on the ferromagnetic material, its shape, such as
length and volume, will change to some extent, which is called magnetostriction. Similarly,
when the stress is applied to the ferromagnetic material, the change in its shape can also
cause a change in its magnetic properties, namely the inverse magnetostrictive effect, also
known as the compressive magnetic effect. The magnetic field will affect the magnetic
domain state of the material, making the magnetic domain torque deviate to the direction
of the external magnetic field, thus increasing the magnetic field strength in the direction of
the external magnetic field. Figure 1 shows the influence of stress and magnetic field on the
magnetic properties of materials. As can be seen from the figure, when the pipe is free from
stress, its magnetization is zero externally, and a uniform eddy current field is induced on
the surface of the pipe. When the local stress concentration occurs in the pipeline due to
the external environment and other factors, the change in the local stress state will lead
to a change in the permeability of the region. The change of magnetization leads to the
distortion of the magnetic force line in the region and generates the disturbed eddy current
field. The ACSM probe can characterize the stress by picking up the distorted magnetic
field information in the abnormal region.
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The ferromagnetic material is placed in a magnetic field with a magnetic field intensity
of H, and the magnetic induction intensity is B1. When no external stress is exerted,
the magnetic permeability is µ1 = B1/H, and the magnetic energy of the ferromagnetic
material is:

W1 =
B1H

2
(1)

When an external force is applied to the ferromagnetic material, the magnetic prop-
erties of the ferromagnetic material will change. Suppose that the magnetic induction
intensity of the ferromagnetic material is B2, and the permeability is µ2 = B2/H, then the
magnetic energy of the ferromagnetic material becomes:

W2 =
B2H

2
(2)



Energies 2022, 15, 4965 4 of 20

In a certain magnetic field intensity, the energy change of ferromagnetic material
before and after stress is:

∆W1 = W2 − W1 =
(B2 − B1)H

2
(3)

Its pressure magnetic energy changes to:

∆W2= −σ
∆l
l

= −σλ (4)

where σ is the external stress applied, ∆l is the deformation caused by the external force of
ferromagnetic material, and λ is the material expansion coefficient under the compression-
magnetic effect. According to the principle of conservation of energy, before and after
stress, the change of magnetization work of ferromagnetic material is equal to the change
of magnetic energy caused by stress, namely, ∆W1 = ∆W2, after finishing:

(B2 − B1)H
2

= −σ
∆l
l

= −σλ (5)

Equation (5) is simplified to obtain:

(µ2 H − µ1H)H = −2σλ (6)

∆µH2 = −2σλ (7)

∆µ

(
B
µ

)2
= −2σλ (8)

When the magnetization of ferromagnetic material under external stress reaches a
magnetic saturation state, its magnetostrictive coefficient becomes:

λ = λm
B2

B2
m

(9)

where λm is the saturation magnetostrictive coefficient and Bm is saturation magnetic
induction intensity. Substitute Equation (9) into Equation (8) to obtain:

∆µ

µ2 B2 = −2σλm
B2

B2
m

(10)

∆µ =
−2σλm

B2
m

µ2 (11)

It can be seen from the above formula that the variation of magnetic permeability
of ferromagnetic material under the action of a certain external magnetic field is only
related to and directly proportional to the external stress of ferromagnetic material. The
change of magnetic permeability will cause the change of magnetization intensity in
this direction, thus causing the change of magnetic induction intensity in this direction.
ACSM stress measurement technology is based on this principle. The ACSM probe picks
up the permeability change information caused by stress, which characterizes the stress
concentration state.

From the above, the principle of ACSM measurement technology used in this paper is
used to pick up the change of permeability caused by stress, so the technology can only be
used to measure the stress state of ferromagnetic materials in theory. The material measured
in this paper is X52 steel, namely pipeline steel. The material properties of X42–X80 pipeline
steel are the same as X52. The different numbers only represent the different yield strength.
Therefore, our sensors can still detect the change of their permeability, and then characterize
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the change of their stress values. Therefore, this technology is feasible for the stress detection
of X42–X80 pipeline steel and general ferromagnetic materials.

3. Modeling and Simulation
3.1. Three-Dimensional Electromagnetic Field Simulation Model of an Oil Pipeline

ANSYS finite element analysis software was used to establish the three-dimensional
electromagnetic field simulation model of an oil pipeline. The overall three-dimensional
solid model was shown in Figure 2, which was mainly composed of an ACSM probe,
pipeline plate, and air. Figures 3–5 showed the size and mesh details of the 3D simulation
model. In the measurement of pipeline stress, the influence of pipeline wall thickness needs
to meet the prerequisite. When the pipeline stress is caused by the external environment
of the pipeline, the wall thickness of the pipeline will affect the transmission of external
applied force. Whether the wall is thin or thick, the detection effect of this technology
is the same when the stress value imposed on the inner wall of the pipeline by external
environmental factors is the same. In the range of penetration depth reached by the sensor,
the measurement of constant stress value is not affected by the wall thickness.
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In the actual pipeline detection, the pipeline curvature is small, and the volume of the
detection probe is smaller. So, in the actual measurement process, our sensor is similar to
the measurement on the plate surface, and is basically not affected by the curvature of the
pipeline. To reduce the complexity of the model solution and improve the efficiency of the
model solution, the pipeline model is replaced by the plate model in the process of model
establishment. The specific parameters of the simulation model were shown in Table 1.

Table 1. Simulation calculation model parameters.

Pipeline plate

X52, length = 200 mm, width = 70 mm,
thickness = 13 mm,

Maximum relative permeability µr = 670 (nonlinear and
isotropic), and conductivity of material σ = 36Ms/m

Excitation coil AC
Frequency = 4 kHz, 8 Vpp, 300 turns, length = 13 mm,

Width = 5 mm, thickness = 5 mm, wall thickness = 1.5 mm,
and conductivity of material ρ = 58.8Ms/m

Detection coil 200 turns, inside diameter of 1.5 mm, outside diameter of
3 mm, and conductivity of material ρ = 58.8Ms/m

U-type magnetic
core

Arm length = 30 mm, arm height = 5 mm, foot length = 5 mm,
foot width = 5 mm, and foot height = 12 mm

Lift-off 1 mm



Energies 2022, 15, 4965 7 of 20

The key to stress measurement by the ACSM method is the uniform eddy current
field located at the center of the U-shaped core. Figure 6 is the magnetic field intensity
distribution program on the pipe surface. The two legs of the U-shaped core are located
on the surface of the pipe, which induces a vortex current in the opposite direction and
finally converges to the central area of the two legs. A uniform eddy current field is formed
between the yoke legs. The magnetic field on the pipe surface is symmetrically distributed,
and the uniform magnetic field is formed in the central area. Through the simulation
results, it can be concluded that the simulation model conforms to the induction law of AC
electromagnetic fields and meets the measurement requirements of the ACSM method.
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3.2. Optimization of Excitation Coil Shape Coefficient

When ferromagnetic materials are subjected to external forces, their permeability will
change, and there is an approximately linear relationship between the permeability and
stress. The ACSM probe can pick up the permeability change information caused by stress,
and the information characterizes the stress concentration state. In this section, the change
of permeability of the pipeline was used to simulate the real stress change, and the voltage
output of the ACSM probe was taken as the analysis object to compare the output voltage
change of the probe with different parameters under a certain permeability change. The
initial permeability of the pipeline µ0 (simulated stress not applied) was set to 600, and the
change step was set to 5%. Then, the changed permeability µn was:

µn = µ0(1 + ∆µn) (12)

The 3D excitation coil model established in the simulation was shown in Figure 7,
where D was the thickness of the excitation coil and L was the length of the excitation coil
wound on the magnetic arm of the U-shaped magnetic core. Ψ was defined as the ratio of
the thickness of the excitation coil, D, to the length of the excitation coil, L, denoted as:

Ψ = D/L (13)

The excitation frequency was set to 4 kHz, the excitation voltage was set to 8 Vpp,
and the number of turns of the excitation coil was set to 180. Keeping other parameters
unchanged, the change of the output voltage difference of the ACSM probe with the
shape coefficient of the excitation coil, Ψ, is shown in Figure 8. It could be found that
when the change in permeability, ∆µn, was 125%, the output voltage difference decreased
approximately linearly with the increase of lift-off height. The influence of the excitation
coil shape coefficient on the measured signal was monotonic, when the excitation coil
shape coefficient was 0.115, 0.277, 0.318, 0.640, and 0.785. The induced voltage differences
of the probe were 1.276 × 10−2 V, 0.829 × 10−2 V, 0.66 × 10−2 V, 0.505 × 10−2 V, and
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0.437 × 10−2 V, respectively. The induced voltage difference of the probe decreases with
the increase of the shape coefficient, decreasing by about 65.75%. It can be seen that when
winding the excitation coil, the probe measuring the sensitivity of the “chunky” winding
mode was higher than the “thin and high” winding mode. It meant the excitation coil with
a large diameter-to-height ratio had a better detection effect.
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3.3. Detection Coil Optimization

The design of the detection coil was based on Faraday’s law of electromagnetic in-
duction. When the probe passed through the stress concentration area of the pipeline, the
abrupt and distorted magnetic field signal was generated, and the magnetic flux coupled
to the detection coil changed. So, the induced electrodynamic force would be generated.
Figure 9 showed the 3D simulation model of the detection coil established in the simu-
lation. The height of the detection coil was h. The inner diameter was r1 and the outer
diameter was r2. To better study the stress measurement performance of probes with
different parameters, the average radius, r = (r1 + r2)/2, was defined, ∆r = (r2 − r1), as
the difference between the inner and outer diameters of the detection coil, and the influence
of the difference between the inner and outer diameters of the detection coil on the stress
measurement performance of the probe was studied:
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Figure 10. The influence of inner and outer diameter difference of the detecting coil on measuring 
signal. 

Figure 9. Detection coil 3D simulation model.

The average radius, r, and height, h, of the ACSM probe detection coil were set as
2.25 mm and 1.5 mm. The average radius, r, and height, h, of the probe detection coil were
unchanged. The inner and outer diameter difference, ∆r, was set to 0.5 mm, 1.5 mm, and
2.5 mm. When the ∆µn was 125%, the difference of the probe output voltage with different
inner and outer diameter difference parameters changes with lift-off, as shown in Figure 10.
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As shown in Figure 10, with the inner and outer diameter difference of the probe test
coil increasing, the differential voltage from the sensor under any lift-off was decreased.
The induction voltage difference decreased more and more gently with the increase of the
probe lift-off height. The chart was divided into two parts, 1–3 mm lift-off height was
the first part, 3–5 mm lift-off height was the other part. The average slope of the curves
in these two parts, k was used to characterize the downward trend. The average slope
under different diameter differences, k, changed as shown in Table 2. It could be seen
that the average slope of k decreased with the increase of the inner and outer diameter
difference of ∆r of the probe detection coil. It indicated the small inner and outer diameter
difference of ∆r of the probe detection coil was beneficial for improving the average slope
and induced voltage of the output voltage of the probe. At this point, the probe had a
higher measurement sensitivity.
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Table 2. The average slope of the measured signal when the coil is detected with different inner and
outer diameters difference.

Inner and Outer Diameter
Difference ∆r/mm

Lift-Off the Average Slope
_
k

in the Range of 1–3 mm
Lift-Off the Average Slope

_
k

in the Range of 3–5 mm

0.5 −3.005 −1.730
1.5 −2.570 −1.560
2.5 −1.810 −1.040

3.4. Optimization of the Excitation Coil and Detection Coil Relative Position

It can be seen from Equation (12) that µn was the permeability after the change and
∆µn was the percentage change of permeability. The permeability change step was set
to 5%, ranging from 0 to 125%. There were 26 groups (µ0 − µ25) in total. The excitation
frequency was set to 4 kHz and the excitation voltage was set to 8 Vpp. In this section,
the influence of the relative position of the excitation coil and the detection coil on the
measurement signal under 1 mm of lift-off was explored through the simulation. Figure 11
was the 3D simulation model of the ACSM probe established in the simulation, which was
mainly divided into the excitation part and the detection part. The excitation part consisted
of a U-shaped magnetic core and an excitation coil wound on the arm of the magnetic core.
The detection part mainly referred to the detection coil located just below the center of the
excitation coil.
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Figure 11. ACSM probe 3D simulation model.

As shown in Figure 12, the excitation part was kept fixed, and the detection coil was
shifted 4 mm from the positive center (point O in the figure) to the X direction (the direc-
tion of bipedal connection) and Y direction (the vertical direction of bipedal connection),
respectively. Data were extracted and saved every 1 mm, and the voltage difference was
obtained after differential processing:

∆Vn = Vn − V0 (14)

Among them, ∆Vn was the probe output voltage after the difference. Vn was the output
voltage of the probe when the pipeline permeability was µn. V0 was the output voltage of
the probe when the pipeline permeability was µ0. The results after data differences were
shown in Figure 13a,b. When µn = 125%, the curve of the probe output voltage difference
changed with the detection coil offset distance as shown in Figure 13c.

Figure 10 showed that the output voltage of the ACSM probe changed approximately
linearly with the change in permeability. When the detection coil was located at the
center of the connection between the two pins of the U-shaped magnetic core, the probe
measurement sensitivity was the highest. When the detection coil was offset in the X
direction or the Y direction, the probe measurement sensitivity would decrease. As can
be seen from Figure 13c, when the detection coil was offset in the X direction and the Y
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direction by 4 mm, the output-induced voltage difference of the probe was 1.141 × 10−2

and 1.163 × 10−2, which were reduced by 10.58 and 8.86%. Therefore, when the detection
coil was located at the center of the two pins of the U-shaped core, the probe measurement
sensitivity reached the maximum.
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4. System Construction and Experimental Optimization
4.1. Construction of the ACSM Stress Measurement System

The overall structure block diagram of the oil pipeline stress measurement system
based on the ACSM method is shown in Figure 14. The measurement system mainly
includes a power supply module, signal excitation module, stress measurement probe,
signal conditioning module, AD conversion module, data storage module, and upper
computer display module.
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Figure 14. Structural block diagram of the internal stress measurement system for an oil pipeline.

The specific workflow for a stress measurement system comprises: power supply
module for the measuring system, required for each module and providing a stable dc
voltage. The signal generator module produced two sine signals. A sinusoidal signal
as an excitation signal provided a uniformly varying magnetic field to the surface of the
pipe. The other sinusoidal signal as a reference signal was input to the signal conditioning
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module. The ACSM stress measurement probe is shown in Figure 15. The excitation
part is composed of a rectangular excitation coil and U-shaped magnetic core, which is
mainly used to generate a uniform magnetic field on the workpiece surface. The magnetic
signals containing stress information are picked up by the ACSM probe and converted into
electrical signals, which are successively sent to the amplification circuit module, signal
conditioning module, two-stage amplification module, and A/D conversion circuit module.
After the conversion, the magnetic signals are sent to the upper computer for real-time
curve display and stored in the memory module.
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The upper machine system design mainly includes the front panel and rear panel
program block diagram. The front panel functions mainly to realize the real-time display of
stress measurement signals and set the relevant measurement parameters of each function
module. The rear panel mainly realizes the specific functions of the stress measurement
curve real-time display, parameter setting, signal processing, threshold alarm, and other
functional modules by using graphical programming. The structural block diagram of the
overall design of the system software is shown in Figure 16.
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LabVIEW was a product of the National Instruments Corporation of the United States.
Its inventor was Jeff Kodosky. The upper computer software interface was compiled by
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LabVIEW2014, which mainly includes five parts: signal display, signal conditioning, pa-
rameter setting, threshold alarm, and system control module. As shown in Figure 17,
the signal display module mainly realized the real-time display of stress measurement
curves and measurement data. Through the combination of curves and data, stress mea-
surement signals could be analyzed more intuitively and quickly. The signal processing
module mainly realized smoothing, digital filtering, and amplification of the collected stress
measurement signal to filter the interference noise and improve the signal-to-noise ratio.
The parameter-setting module mainly realized the setting of the relevant measurement
parameters. It realized the display and adjustment of the measurement signal by setting
the relevant measurement parameters such as baud rate, grain size, phase, and sampling
frequency. The threshold alarm module mainly realized threshold setting and threshold
alarm function. The system control module mainly realized the system program running,
stopping, reset, waveform analysis, program call, and other related functions.
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The ACSM stress measurement system developed in this paper was used to carry
out subsequent experimental studies. The ACSM stress measurement system was mainly
composed of three parts: computer, instrument box, and ACSM stress measurement probe.
The physical picture of the system is shown in Figure 18. After the test of the ACSM stress
measurement system, to improve the portability of the system and facilitate the carrying
of other external systems, the ACSM stress measurement board was specially developed,
which was highly integrated and had a high degree of customization. It could be applied to
the inner wall detection of oil and gas pipelines. The self-adaptive pipeline crawler could
realize the full circumferential real-time dynamic measurement of the inner wall of oil and
gas pipelines. The ACSM stress measurement board card is shown in Figure 19.
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4.2. Test and Verification
4.2.1. Study on the Static Tensile Test

The static load tensile testing machine was used to draw the test block uniformly
until it broke. The actual yield strength of the test block was about 35 kN (350 MPa). The
developed ACSM stress measurement system was used to measure the static load tensile
stress of the X52 profile steel test block under different measuring parameters, as shown in
Figure 20. The stretching range was set as 0–30 kN (0–300 Mpa), the stretching speed of the
test block was 0.5 mm/min, and the output voltage value of the sensor, Vn, was recorded at
1 kN intervals. The initial voltage value of the sensor without stretching was denoted as
V0, and the change curve of the output voltage value of the sensor (Vn − V0) with stress
was obtained.
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Figure 20. Assembly drawing of the static tensile test block.

The excitation frequency was set to 4 kHz, peak-to-peak value of excitation voltage
was 8, and the number of excitation turns was set to 160. Only the excitation frequency
range was changed to 3–7 kHz. The amplitude of the Bx characteristic quantity was taken
as the stress evaluation index, and the change curve between the measured signal change
and stress is shown in Figure 21.
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Figure 21. The curve of measuring signal of the probe with tension.

4.2.2. Excitation Frequency Optimization with Tension Curve

The excitation frequency was affected by the skin effect. In the process of stress
measurement, the sensitivity of the probe was different at different frequencies. Therefore,
it was necessary to select the best excitation frequency suitable for stress measurement.

It can be seen from Figure 22a that with the increase of excitation frequency, the change
of the measured signal generally increased first and then decreased, and the change of the
measured signal reached the maximum when frequency F was 5 kHz. Further analysis
is shown in Figure 22b. Within the range of excitation frequency of 3–5 kHz, the change
amount of the measured signal, measurement sensitivity, linear correlation coefficient,
and change rate of the measured signal had the same change trend with the increase of
excitation frequency. They showed a trend of first increasing and then decreasing. Within
the range of an excitation frequency of 3–5 kHz, the variation of the measured signal
increased with the increase of excitation frequency. When the excitation frequency F was
3 kHz, the minimum measured signal change was 90 mV; when the excitation frequency
F was 5 kHz, the maximum measured signal change was 168 mV; when the excitation
frequency was 5–7 kHz, the measured signal change decreased with the increase of the
excitation frequency. When the excitation frequency F was 6 to 7 kHz, the measured signal
changes were 150 mV and 140 mV, respectively, which decreased by 10.71% and 16.67%,
and the sensitivity decreased by 5.55 and 15.89%. Compared with when the frequency
F was 5 kHz, the linear correlation coefficient R2 decreased by 10.42 and 27.01%, and
the change rate decreased by 17.83% and 28.4%, respectively. Therefore, the excitation
frequency F = 5 kHz was a turning point of the measurement parameters, and the optimal
excitation frequency for stress measurement was 5 kHz.
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of probe measurement signal with a frequency. (b) Influence of excitation frequency on each char-
acteristic quantity. 

4.3. Pull Test 
The developed stress measuring board was used to measure the stress of the oil pipe-

line by the ACSM method. The engineering demonstration test had an important refer-
ence significance for the study of internal stress measurement of an oil pipeline through 
the on-site pull test of internal stress measurement of the oil pipeline. As shown in Figures 
23 and 24, the pull test described in this section was carried out in actual oil pipelines. The 
ACSM stress measurement probe and the ACSM stress measurement system card used in 
this experiment were embedded in the pipeline crawler to realize the automatic measure-
ment of the internal stress of the pipeline. As shown in Figure 25, in order to reduce the 
influence of pipeline noise and girth weld area in the measurement process, two groups 
of experiments were used to eliminate the noise signal of common signal characteristics. 
When the noise signal is excluded, the obvious mutation signal feature is the stress signal. 
There were two ACSM probes, which were respectively placed at the position of 12 o‘clock 
and 6 o‘clock in the circumferential direction of the pipeline, and the pulling speed was 5 
m/s. During the test, the stress measurement data were stored in real-time using the built-
in memory of the system. 
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probe measurement signal with a frequency. (b) Influence of excitation frequency on each characteris-
tic quantity.

4.3. Pull Test

The developed stress measuring board was used to measure the stress of the oil
pipeline by the ACSM method. The engineering demonstration test had an important
reference significance for the study of internal stress measurement of an oil pipeline
through the on-site pull test of internal stress measurement of the oil pipeline. As shown
in Figures 23 and 24, the pull test described in this section was carried out in actual oil
pipelines. The ACSM stress measurement probe and the ACSM stress measurement system
card used in this experiment were embedded in the pipeline crawler to realize the automatic
measurement of the internal stress of the pipeline. As shown in Figure 25, in order to reduce
the influence of pipeline noise and girth weld area in the measurement process, two groups
of experiments were used to eliminate the noise signal of common signal characteristics.
When the noise signal is excluded, the obvious mutation signal feature is the stress signal.
There were two ACSM probes, which were respectively placed at the position of 12 o’clock
and 6 o’clock in the circumferential direction of the pipeline, and the pulling speed was
5 m/s. During the test, the stress measurement data were stored in real-time using the
built-in memory of the system.
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4.3. Pull Test 
The developed stress measuring board was used to measure the stress of the oil pipe-

line by the ACSM method. The engineering demonstration test had an important refer-
ence significance for the study of internal stress measurement of an oil pipeline through 
the on-site pull test of internal stress measurement of the oil pipeline. As shown in Figures 
23 and 24, the pull test described in this section was carried out in actual oil pipelines. The 
ACSM stress measurement probe and the ACSM stress measurement system card used in 
this experiment were embedded in the pipeline crawler to realize the automatic measure-
ment of the internal stress of the pipeline. As shown in Figure 25, in order to reduce the 
influence of pipeline noise and girth weld area in the measurement process, two groups 
of experiments were used to eliminate the noise signal of common signal characteristics. 
When the noise signal is excluded, the obvious mutation signal feature is the stress signal. 
There were two ACSM probes, which were respectively placed at the position of 12 o‘clock 
and 6 o‘clock in the circumferential direction of the pipeline, and the pulling speed was 5 
m/s. During the test, the stress measurement data were stored in real-time using the built-
in memory of the system. 

ACSM stress measurement sensors

ACSM stress measurement board  
Figure 23. Assembly diagram of the stress measuring instrument. Figure 23. Assembly diagram of the stress measuring instrument.

The test was divided into two times: one was with no human intervention for the
first-time pull experiment. The second position was set as the positioning section in the
fifth section of the pipeline, and the jack was placed at the bottom of the positioning section
at six o’clock to lift the pipeline. The constant test parameters were ensured to compare the
two stress measurement results of the pipeline positioning section, as shown in Figure 26.
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Figure 26. Tension test stress measurement results. (a) Stress measurement results of locating the
section of the inner wall without manual intervention. (b) Stress measurement results from locating
the section of the inner wall during manual intervention.

Figure 26a showed that without human intervention, the pipeline stress measurement
signal characteristics were regular. (To facilitate analysis and comparison, only the stress
measurement signal of the pipeline positioning section was analyzed.) The 1# and 2# probe
placements were different, but the measured stress signal changed regularly. The signal
mutations happened in the pipeline girth weld, with small noise signal fluctuations in the
other location. The actual pipeline stress testing process is needed to analyze the signals of
multi-channel measurement at the same time. The introduction of the “relative change”
concept was restricted by site conditions, and multi-channel signals at the same time appear
as big or small-signal mutations (possibly caused by the girth weld or rough surface). At
this time, it was considered that the “relative signal” did not appear obviously abnormal.
When only one of the multi-channel signals appeared inconsistent with most other signals,
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it was considered that the “relative signal” was abnormal and stress concentration occurred
at the position corresponding to this channel.

Figure 26b showed the stress measurement results of the positioning section of the
pipeline when manual intervention was applied for the second time. By comparing the
two stress measurement results in Figure 21, it was found that probe 2# in the positioning
section of the pipeline has an obvious abrupt signal relative to probe 1# when manual
intervention was applied. This was because the area measured by the 2# probe at the
bottom of the pipeline was exactly the jack lifting area. So, an obvious abrupt signal was
generated when it passed through the positioning section of the pipeline. The amplitude
of the stress mutation signal reached 240 mV and the amplitude of the large noise signal
(the girth weld) was 70 mV. The amplitude of the small noise signal was only 45 mV. The
maximum S/N could reach 5:1. By comparing the two data sets, it was proved that the
system could identify the stress concentration area of the pipeline effectively.

5. Conclusions

In this paper, an ACSM stress measurement probe and an integrated stress measure-
ment system were proposed. The simulation results showed that the sensitivity of the
ACSM stress measurement probe decreased with the increase of the shape coefficient of
the excitation coil. Reducing the inner and outer diameter difference of the detection coil
could effectively improve the sensitivity of the probe. However, when the inner and outer
diameter difference of the detection coil was reduced to a certain extent, the sensitivity
improvement effect was not obvious. When the parameters of the excitation coil and the
detection coil were fixed, the measurement effect was the best when the detection coil was
located at the center of the legs of the U-shaped magnetic core. When the ACSM stress
measurement probe was applied to the excitation frequency of 3–5 kHz, the variation of
the measured signal, the measurement sensitivity, the linear correlation coefficient, and
the change rate of the measured signal had the same trend as the increase of the excitation
frequency, which increased first and then decreased. When the excitation frequency was
F = 5 kHz, it was the highest sensitivity of the probe. The sensitivity of the probe was
inversely proportional to the height of the detection coil. When the coil height increased
from 1.5 mm to 2 mm and 3 mm, the signal amplitude change rate decreased by 34.66%
and 60.67%, respectively. The engineering practice of ACSM stress detection of the oil
pipeline was carried out by using the developed stress measurement system, and the stress
measurement results of the inner wall of the two positioning sections were compared and
analyzed. There was an obvious abnormal mutation signal in the artificial stress of the
pipeline positioning section, indicating that the system could effectively identify the stress
concentration area of the pipeline.

The limitation of this technology is that only the stress measurement method of
ferromagnetic materials is studied according to the change of material permeability. In
addition, due to the measurement principle of ACSM technology, the penetration depth and
energy field strength of this technology need to be further improved. For the subsequent
development of the technology, the replacement of non-ferromagnetic materials such as
aluminum, copper, and other types of composite materials for stress measurement research
can be considered to expand the application range of the system. In this paper, the stress
measurement experiment of ferromagnetic materials in the elastic region is mainly carried
out. The stress measurement of ferromagnetic materials in the inelastic deformation can be
further carried out by using this system. In the pipeline engineering stress measurement
test, artificial stress was measured in this test. In future work, different types of stress
concentration should be expanded, and the stress measurement should be carried out to
analyze the signal law.
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