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The interfacial pressure between cable accessories and cable insulation plays a decisive role in the insulation characteristics of the accessories and the long-term reliable operation of the cable. Considering the actual rough contact interface between the cable body and the intermediate joint, a finite element simulation model of stress field-sound field coupling was constructed using points with Gaussian probability distribution. Based on this model, the differences in echo signals in the time domain and frequency domain at different positions of the cable accessories, as well as the differences in echo signals under different interfacial pressures at the same position, were analyzed. Subsequently, the functional relationship between interfacial pressure and nonlinear parameters was fitted. Finally, a nonlinear ultrasonic testing platform was established to measure the interfacial pressure at different positions of the cable intermediate joint, verifying the accuracy of the relationship between interfacial pressure and nonlinear parameters. The experimental and simulation results showed consistent patterns in the time domain and frequency domain of the echo signals, with the nonlinear parameters increasing as the interfacial pressure increased. The experimental results indicated that the detected nonlinear parameter value was around 7.46 × 10−3 (with an error range within 5.80%), corresponding to an interfacial pressure of 0.21 MPa; and the detected nonlinear parameter value was around 6.38 × 10−3 (with an error range within 7.60%), corresponding to an interfacial pressure of 0.16 MPa. The nonlinear parameters can characterize the interfacial pressure at different locations, verifying the validity of the simulation fitting function and providing a new approach for measuring the interfacial pressure of cable accessories.
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1 INTRODUCTION
With the continuous deepening of urbanization in China, the utilization rate of cable in some mega and super-large cities has been increasing. Cables have become the lifeline of urban operations, making it increasingly important to ensure their safe operation. According to statistics, excluding external damage, intermediate joint failures account for 60% of cable failures [1]. The interfacial pressure is a core element in the structural design of cable accessories, and integral prefabricated insulation components are an important part of the cable accessory structure. The interfacial pressure is achieved through the interference fit between the cable accessory and the cable body insulation layer. If the interfacial pressure is too low, it cannot meet the electrical strength requirements of the cable accessory, leading to the formation of air gaps and cavities, which can cause interfacial breakdown. Conversely, if the interfacial pressure is too high, it makes the installation of the cable accessory difficult, potentially causing the accessory to crack or break during installation, and over time, stress relaxation may occur. Studies have shown that an interfacial pressure range of 0.10 MPa∼0.25 MPa can ensure good insulation performance and electrical strength for intermediate joints [2, 3].
Current methods for detecting interfacial pressure in intermediate joints include sensor methods [4–6] and finite element analysis methods [7–9]. The built-in sensor method involves attaching a thin-film sensor to the contact interface between the intermediate joint and the cable body. This method is limited to factory testing of intermediate joints and is not suitable for installed joints due to the damage it causes to the cable body’s insulation structure. Some researchers have proposed using external fiber Bragg grating curvature sensors to detect the interfacial pressure by measuring the expansion rate of the cable accessory [10, 11]. However, this method is significantly affected by the operating environment of the cable, and the accuracy of the sensors needs improvement. Finite element analysis methods simulate the mechanical performance of cable intermediate joints under different temperatures [12] and interference fits [13], but it is difficult to determine the interfacial pressure and contact conditions of newly installed cable joints in the field. Therefore, there is an urgent need for a non-destructive testing method suitable for measuring the interfacial pressure of in-stalled cable intermediate joints.
The application of ultrasonic nonlinear effects for stress detection has been studied by many scholars, including the use of ultrasonic nonlinear effects to characterize the load of pin connections [14], the axial stress of bolts [15], the tensile stress of metals [16], the structural stress of composite materials [17], and the contact stress of flat silicone rubber [18]. These studies have experimentally verified the mapping relationship between ultrasonic nonlinear parameters and stress. Biwa et al. [19] and Kim et al. [20] theoretically explained the relationship between interfacial pressure and the acoustic nonlinear parameters of the contact interface, constructing a stress model for the interaction between ultrasound and the interface, providing theoretical support for the application of ultrasonic nonlinear technology in interfacial pressure detection. Basu [21] applied the ultrasonic nonlinear harmonic effect to detect internal stress in concrete structures, establishing a constitutive model for the relationship between concrete stress and ultrasonic nonlinear parameters. The accuracy of the model was verified experimentally, showing that nonlinear parameters can reflect changes in concrete stress. Fang Chunhua et al. [18] used nonlinear ultrasound to detect the interfacial pressure between flat silicone rubber and cross-linked polyethylene, experimentally verifying the correlation between the nonlinear characteristic parameters of the interface echo signal and the interfacial pressure. However, the surface roughness of cross-linked polyethylene and the use of flat silicone rubber instead of integral prefabricated cable accessories were not considered.
This paper proposes a non-destructive testing method for the interfacial pressure of 110 kV integral prefabricated cable intermediate joints based on the ultrasonic nonlinear effect, aiming to use ultrasonic nonlinear parameters to characterize the interfacial pressure at the contact interface of intermediate joints. First, based on the axial distribution of interfacial pressure and magnetic field characteristics of 110 kV integral prefabricated intermediate joints, two typical positions were selected as research subjects. A rough contact interface model was established based on the surface roughness parameters of the cable body and the prefabricated intermediate joint under actual working conditions. The ultrasonic propagation mechanism at the interface of the typical positions was analyzed through simulation, obtaining the mapping relationship between nonlinear parameters and interfacial pressure, and fitting the curve expression of the mapping relationship. A nonlinear ultrasonic testing platform was set up to detect the echo signals at different positions of the prefabricated insulation component. The consistency between the experimental results and the simulation results in the time/frequency domain characteristics of the echo signals was analyzed, verifying the validity of the simulation-derived functional relationship between nonlinear parameters and interfacial pressure. This research provides a reference for the installation and maintenance of 110 kV integral prefabricated cable intermediate joints.
2 CONTACT ACOUSTIC NONLINEAR THEORY
The nonlinear theory of contact interfaces is one of the important mechanisms causing acoustic nonlinearity in solid-solid contacts. External loading pressure causes the micro-asperities at the contact interface to come into contact. Due to the complete and incomplete contact between micro-asperities, irregular micro-asperities generate nonlinear strain, leading to a nonlinear relationship between stress and strain at the interface [15]. Therefore, the relationship between the external load and the strain at the contact interface can be expressed as Equation 1:
[image: image]
where P is the interfacial pressure, P0 is the initial interface pressure, Δh is the strain at the contact interface, K1 is the linear contact stiffness, and K2 is the nonlinear contact stiffness, which characterize the nonlinear stress-strain relationship at the contact interface. Here,
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where C and m are coefficients related to the roughness characteristics of the interface.
When ultrasonic waves act on a rough contact interface, the nonlinear strain of the micro-asperities at the contact interface causes slight perturbations in the ultrasonic signal energy, generating second harmonics [14].
By combining Equations 2, 3 with the formula for the fundamental/second harmonic amplitude of the interface reflected wave signal in Ref. [14], the relationship between interfacial pressure and the fundamental/second harmonic amplitude can be obtained as:
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Here, A is the excitation signal amplitude, A1 and A2 are the fundamental and harmonic wave amplitudes of the interface-reflected signal, respectively, ρ is the material density, and c is the ultrasonic wave propagation velocity in the material. Based on the fundamental and second harmonic amplitudes, the ultrasonic non-linear parameter can be obtained, and the relationship between the nonlinear parameter and the interfacial stiffness can be established as:
[image: image]
As shown Equation 7, substituting Equations 2, 3 into Equation 6 yields the functional relationship between the ultrasonic nonlinear parameter β and the interfacial pressure P:
[image: image]
3 FINITE ELEMENT ANALYSIS
3.1 Construction of the finite element simulation model
The structure of the integral prefabricated insulation component made of silicone rubber is shown in Figure 1. The cable outer shield and the stress cone, inner and outer shield parts of the prefabricated insulation component are made of semi-conductive silicone rubber, while the main insulation of the prefabricated component is made of silicone rubber, and the main insulation of the cable is made of cross-linked polyethylene.
[image: Figure 1]FIGURE 1 | Prefabricated insulator and cable body mating structure diagram.
The propagation of ultrasonic waves in solids is influenced by the material properties and different contact interfaces. Based on the axial distribution of interfacial pressure in intermediate joints [6] and the magnetic field distribution characteristics [22], two typical positions were selected as research subjects for detecting interfacial pressure using ultrasonic nonlinear technology (highlighted in red in Figure 1). Position “1” is at the root of the stress cone, and position “2” is at the insulation part of the intermediate joint.
Considering that the actual surface roughness of the prefabricated insulation component and the cable body insulation affects the actual contact area, the surface roughness of the prefabricated insulation component was measured using white light interferometry. The surface roughness and microscopic morphology of the cross-linked polyethylene surface of the cable body, prepared according to the installation instructions of a domestic 110 kV cable intermediate” joint manufacturer, are shown in Figure 2. Based on Figure 2, the average surface roughness was measured along a randomly selected curve in the x-direction. The average surface roughness of the prefabricated insulation component and the cross-linked polyethylene surface were 2.19 μm and 2.45 μm, respectively, with micro-asperity peak heights of 32.31 μm and 136.42 μm, respectively. A series of points with Gaussian probability distribution [23] were generated using MATLAB software to form the rough distribution of micro-asperities in the COMSOL simulation software.
[image: Figure 2]FIGURE 2 | Surface roughness topography of the contact interface. (a) Surface roughness morphology of the prefabricated insulation component. (b) Surface roughness morphology of cross-linked polyethylene.
The COMSOL simulation software was used to simulate the nonlinear ultrasound at positions “1” and “2” in the prefabricated insulation component shown in Figure 1. The dimensions (width × height) of the simulation model were 8 mm × 55 mm, with the insulation component thickness set to 45 mm and the lower cross-linked polyethylene thickness set to 10 mm. Since silicone rubber and semi-conductive silicone rubber are ultrasonic elastic materials, meaning there is a nonlinear relationship between stress and strain, the Yeoh hyperelastic material model [13] was selected for the material parameters to better characterize the contact stress at the interface between silicone rubber and semi-conductive silicone rubber. The material parameters are listed in Table 1. From a practical perspective, ultrasonic testing is performed on the contact interface under stress. Therefore, in the simulation, the model involves the coupling of the stress field and the acoustic field. This paper uses sequential coupling. First, a steady-state analysis of the contact interface stress is performed under the solid mechanics physics field, with the rough contact interface set as the contact pair and the lower surface set with fixed constraint boundary conditions. A specified load is applied to the upper surface to generate stress at the contact interface. The stressed model is then used as the basis for the transient analysis of the acoustic field, meaning the geometric mesh of the stressed model is imported into the initial geometric model of the acoustic field analysis. In the acoustic field, solid mechanics and electrostatics are coupled, with a 2 mm × 2 mm geometry set as piezoelectric material added to the upper surface. The lower boundary of the piezoelectric material is set with an excitation potential to simulate the probe generating the excitation signal. The sides of the geometry are set as low-reflection boundaries to reduce interference with the echo signal. Based on pre-experiments, the excitation signal frequency was set to 1.50 MHz with 10 cycles. According to the COMSOL simulation software’s official guidelines for ultrasonic nonlinear simulation, the mesh for the transient analysis of the acoustic field was di-vided into 1/8 of the ultrasonic wavelength, with a time step of 16.67 ns.
TABLE 1 | Material properties.
[image: Table 1]3.2 Analysis of echo signals at different positions
Figure 3 shows the ultrasonic propagation displacement cloud diagram at the root of the stress cone (position “1”) under 0.10 MPa, and Figure 4 shows the ultrasonic propagation displacement cloud diagram at the insulation part of the intermediate joint (position “2”) under 0.10 MPa. Comparing Figures 3, 4, it can be seen that the curved surface at the root of the stress cone at position “1” causes the reflected ultrasonic signal to refract at a certain angle, causing the two energy signals that should have converged to continue propagating along the refracted angle. As a result, the echo signal amplitude detected at the lower surface of the probe at position “1” is smaller than that at position “2”(as shown in Figure 5a). The reason why the echo signal at position “1” arrives earlier than that at position “2” is that the wave speed of the semi-conductive silicone rubber material at the stress cone is greater than that of the silicone rubber material. Therefore, with the same propagation distance, the echo time is reduced. The primary echo signal in Figure 5a was subjected to Fast Fourier Transform (FFT), and the result was compared with the excitation signal spectrum, as shown in Figure 5b. Under the action of interfacial pressure, harmonics appeared around 3 MHz in the amplitude-frequency diagram of the echo signal, showing obvious nonlinear characteristics. From Figure 5b, it can be seen that the fundamental wave amplitude in the excitation signal amplitude-frequency diagram is larger than that in the echo signal amplitude-frequency diagram at positions “1” and “2”. This is because the high attenuation of ultrasonic signals by silicone rubber causes the primary echo signal amplitude to be smaller than the excitation signal amplitude, resulting in a smaller fundamental wave amplitude after Fourier transform compared to the excitation signal. According to Equations 4, 5, under the same pressure condition (P unchanged), the fundamental/second harmonic amplitude (A1, A2) in the amplitude-frequency diagram of the interface reflected wave signal is positively correlated with the incident wave amplitude A at the contact interface. Therefore, based on the incident wave propagation cloud diagrams at the interface in Figures 3, 4 (at 4.00 × 10−5 s in Figure 3, and 4.35×10–5 s in Figure 4), the incident wave amplitude at position “1” is 5.49 × 10−6 mm, which is smaller than the amplitude of 5.87 × 10−6 mm at position “2”. This results in smaller fundamental/second harmonic amplitudes at position “1” compared to position “2”, as shown in Figure 5b.
[image: Figure 3]FIGURE 3 | Ultrasonic propagation displacement cloud at the root of the stress cone. (a) 4.00 × 10−5 s. (b) 4.99 × 10−5 s. (c) 6.43 × 10−5s (d) 8.35 × 10−5 s.
[image: Figure 4]FIGURE 4 | Ultrasonic propagation displacement cloud at the insulation position of the intermediate joint. (a) 4.35 × 10−5 s. (b) 5.29 × 10−5 s. (c) 7.00 × 10−5s (d) 8.54 × 10−5 s.
[image: Figure 5]FIGURE 5 | Plot of amplitude and spectrum of primary echo signals at different locations. (a) Echo signal diagram at positions “1” and “2”(0.10 MPa). (b) Excitation signal and echo signal spectrum diagram (0.10 MPa).
3.3 Relationship between nonlinear parameters and interfacial pressure
Figure 6 shows the time-domain echo signals at the root of the stress cone and the insulation part of the intermediate joint under different interfacial pressures. As shown in Figure 6, the echo signal decreases as the interfacial pressure increases. This is because as the pressure increases, the irregular micro-asperities at the rough contact interface deform under force, increasing the actual contact area. Consequently, the component of the incident wave from the upper surface passing through the micro asperities to the lower surface of the cross-linked polyethylene increases, meaning the transmitted wave strengthens and the reflected wave energy decreases. The decrease is more significant in the 0 MPa∼0.15 MPa range because, under low pressure, the contact area of the micro-asperities is small. Increasing the pressure in this range causes the contact area of the rough interface with Gaussian distribution to increase significantly, as shown in Figure 7. A larger contact area results in smaller reflected wave energy, and since the contact area changes significantly in the 0 MPa∼0.15 MPa range, the reflected wave energy changes significantly, meaning the reflected wave amplitude changes significantly. Additionally, as the pressure increases, the echo signal time slightly advances because the increased contact area of the micro-asperities under pressure reduces the contact gap, shortening the ultrasonic propagation distance and thus reducing the propagation time, leading to a decrease in the echo signal time at the contact interface.
[image: Figure 6]FIGURE 6 | Time-domain signals of interfacial echoes at different pressures. (a) Root of the stress cone. (b) Insulation part of the intermediate joint.
[image: Figure 7]FIGURE 7 | Plot of rough contact area with pressure.
The time-domain echo signals in Figure 6 were subjected to FFT, resulting in the amplitude-frequency diagrams of the echo signals under different pressures shown in Figure 8. From the figure, it can be seen that obvious harmonics appear around 3 MHz, and as the interfacial pressure increases, the fundamental/second harmonic amplitudes in the amplitude-frequency diagrams at positions “1” and “2” decrease. According to Equations 4, 5, at the same position, with the incident wave amplitude A at the interface constant, and the initial roughness parameters C and m unchanged, as the interfacial pressure P increases, A1 and A2 decrease. The gradual decrease in the change of fundamental/second harmonic amplitudes in the amplitude-frequency dia-gram is related to the change in the time-domain echo signal amplitude.
[image: Figure 8]FIGURE 8 | Amplitude-frequency diagram of the echo signal at different pressures. (a) Root of the stress cone. (b) Insulation part of the intermediate joint.
Based on Equation 6, the ultrasonic nonlinear parameter values under different interfacial pressures were calculated and normalized, as shown by the data points in Figure 9. The nonlinear parameters at different positions differ under the same pressure conditions. This is because, under the same pressure, the internal structure and material at positions “1” and “2” are different (as shown in Figure 1), leading to slight differences in the contact state at the interface, resulting in different normalized values of the nonlinear parameters under the same interfacial pressure. The normalized non-linear parameter values at the two positions were fitted, and the fitting curve formula is:
[image: image]
where the coefficient H is 1.74, and the fitting curve correlation coefficient R2 is 0.98.
[image: Figure 9]FIGURE 9 | Nonlinear parameters versus interfacial pressure at different locations.
4 TEST SAMPLES AND PLATFORM
4.1 Test samples
A 110 kV integral prefabricated cable intermediate joint prefabricated insulation component produced by a manufacturer was selected. The prefabricated insulation component has a length of 680 mm, a thickness of 45 mm, and an inner diameter of 60 mm. According to the manufacturer’s guidelines for the prefabricated insulation component and cable body mating, it is used with a 110 kV cable with a copper conductor cross-section of 800 mm2 and an outer insulation diameter of 70 mm. The interference fit between the prefabricated insulation component and the cable body is 10 mm, which meets the interfacial pressure requirements for the cable intermediate joint. According to the manufacturer’s on-site joint installation guidelines, the cross-linked polyethylene insulation layer of the cable body was polished, and a pre-calibrated thin-film pressure sensor was attached to the cable surface at positions “1” and “2” corresponding to the prefabricated insulation component. The prefabricated insulation component was then placed on the specified position of the cable and left for 2 h to stabilize the pressure value [6].
4.2 Test samples
A nonlinear ultrasonic testing platform was set up as shown in Figure 10. The platform consists of a Tektronix signal generator, an RITEC power amplifier, a low-pass filter, a duplexer, a probe, and an oscilloscope.
[image: Figure 10]FIGURE 10 | Nonlinear ultrasonic test platform.
The 110 kV prefabricated intermediate joint insulation component has a large thickness, and silicone rubber is a highly attenuating material. The higher the excitation signal frequency, the more severe the attenuation. Therefore, a Hanning window modulated signal with a center frequency of 1.50 MHz and 10 cycles was selected as the excitation signal for the ultrasonic signal generator. The periodic signal generated by the signal generator was amplified by the power amplifier to ensure that the excitation signal energy was sufficient to propagate to the intermediate joint contact interface and receive a clear echo signal. The signal was then passed through a low-pass filter to remove high-frequency noise, ensuring that the excitation signal contained only the 1.50 MHz frequency periodic signal, and that the high-frequency harmonic signals in the echo signal were unrelated to the excitation signal. This test used a single probe to both transmit and receive the signal, so a duplexer was used to separate the excitation signal from the received signal. The output port of the duplexer was connected to the echo signal amplifier to amplify the echo signal, which was then displayed on the oscilloscope.
Since the coupling of the ultrasonic probe with the prefabricated insulation component through coupling agent and the equipment of the nonlinear ultrasonic testing platform may affect the test results, the reliability of the testing platform needed to be verified. By increasing the system excitation signal voltage, the time-domain echo signal at the interface was subjected to Fourier transform to obtain the corresponding spectrum. From the spectrum, the peak amplitude corresponding to the 1.50 MHz frequency was A1, and the peak amplitude corresponding to the 3 MHz frequency was A2. The relationship between A12and A2 was fitted, as shown in Figure 11. The fitting curve formula is [image: image] with a correlation coefficient R2 of 0.99. It can be seen that as the excitation voltage increases, A2 has a strong linear relationship with A12, indicating that the testing platform is stable.
[image: Figure 11]FIGURE 11 | The second harmonic amplitude A2 versus A12.
5 TEST RESULTS AND ANALYSIS
The above testing platform was used to measure the ultrasonic echo signals at the root of the stress cone and the insulation part of the 110 kV prefabricated insulation component, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Reflected wave signals at positions “1” and “2”.
As shown in Figure 12, the echo signals obtained from the test are consistent with the simulation results, meaning the echo signal amplitude at position “1” is 21% smaller than that at position “2” due to factors such as the curved surface at the root of the stress cone. The difference in wave speed between the semi-conductive silicone rubber material and the silicone rubber material causes the echo signal at position “1” to arrive 2.40 μs earlier than that at position “2”.
The primary echo signals in Figure 12 were subjected to FFT, resulting in the amplitude-frequency diagrams of the echo signals shown in Figure 13. The amplitude-frequency diagrams at positions “1” and “2” from the test are consistent with the simulation results, showing obvious second harmonics around 3 MHz. Since the reflected wave signal amplitude at position “2” is larger, the fundamental/second harmonic amplitudes after Fourier transform are larger at position “2” than at position “1”.
[image: Figure 13]FIGURE 13 | Amplitude-frequency diagram of the echo signal at positions “1” and “2”.
Based on the amplitude-frequency diagrams in Figure 13, the fundamental and second harmonic amplitudes of the echo signals at different positions were extracted. According to Equation 6, the nonlinear parameters at different positions were calculated. The nonlinear parameter at position “1” is 7.90 × 10−3, and at position “2” it is 6.38 × 10−3. The thin-film pressure sensor showed an interfacial pressure of 0.21 MPa at position “1” and 0.16 MPa at position “2” , which are within the reasonable range, proving that the interference fit is within the safe range.
The above test results verify the validity of the simulation fitting function in Equation 8. Since the echo signal amplitudes from the simulation and the test have different dimensions but the same time/frequency domain trends, the coefficient H in Equation 8 changes, while the power n reflecting the interfacial pressure trend remains unchanged. Substituting the nonlinear parameter of the echo signal at position “2” under 0.16 MPa interfacial pressure into Equation 8 gives a coefficient H of 1.76 × 10−2. Therefore, the fitting curve (Equation 9) is:
[image: image]
The nonlinear parameter value measured at position “1” and its corresponding pressure value are shown in the first test data in Figure 14. The detected nonlinear parameter value at position “1” is higher than the nonlinear parameter value of 7.46 × 10−3 corresponding to 0.21 MPa on the fitting curve.
[image: Figure 14]FIGURE 14 | Test data and fitted test curves.
To further verify the validity of the test curve, five sets of data were detected at the same position, as shown in Figure 14. The other four test data points are scattered near the curve. The nonlinear parameter values detected at position “2” under 0.16 MPa pressure are all smaller than those at position “1” under 0.21 MPa pressure, consistent with the trend of the simulation fitting curve data. However, there are differences between the test data and the simulation data. This is because the actual surface roughness of the cable intermediate joint differs from the rough interface simulated using points with Gaussian probability distribution. Additionally, in the simulation model, the prefabricated insulation component and the cable body are combined through clamping pressure, while in the simulation, the interfacial pressure is applied through a specified load on the upper surface. The difference in the way force is applied in the simulation and the real situation leads to differences in the contact state under stress.
6 CONCLUSION
Based on nonlinear ultrasonic technology, the nonlinear characteristics of interfacial pressure in 110 kV integral prefabricated cable intermediate joints were studied. The conclusions are as follows:
Based on the rough contact interface with Gaussian probability distribution, a stress field-sound field coupling simulation model was constructed. It was found that the wave speed of semi-conductive silicone rubber is greater than that of silicone rubber, causing the echo time at the root of the stress cone to be smaller than that at the insulation part of the intermediate joint. The curved structure at the root of the stress cone causes the reflected echo signal to refract, resulting in a smaller echo signal amplitude at the root of the stress cone.
At the same position, as the interfacial pressure increases, the contact area increases, and the reflected wave energy of the ultrasonic signal decreases, meaning the echo signal amplitude decreases, and the nonlinear parameter increases. The simulation fitted the mapping relationship between interfacial pressure and nonlinear parameters as [image: image].
The test results are consistent with the simulation results, meaning the echo signal at the root of the stress cone arrives 2.40 μs earlier, and the echo amplitude is 21% smaller than that at the insulation part of the intermediate joint. The interfacial pressure at the insulation part of the intermediate joint is smaller than that at the root of the stress cone, and the detected nonlinear parameter value at the corresponding position is smaller than that at the root of the stress cone. The test results show that the detected nonlinear parameter value is around 7.46 × 10−3 (with an error range within 5.80%), corresponding to an interfacial pressure of 0.21 MPa; and the detected nonlinear parameter value is around 6.38 × 10−3 (with an error range within 7.60%), corresponding to an interfacial pressure of 0.16 MPa. The validity of the simulation fitting function relationship between interfacial pressure and nonlinear parameters was verified through testing. The nonlinear parameter value can be used to evaluate interfacial pressure.
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