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Introduction: Seismic waves generated by shallow underground explosions propagate differently from those generated by surface explosions. Thus, an accurate understanding of the propagation laws of seismic waves generated by explosions at various burial depths and TNT equivalent amounts is significant in assessing the destructive power of munitions and establishing guidelines for their application.
Methods: In this study, we conducted several ground vibration velocity tests of shallow underground chemical explosion seismic waves for various TNT equivalent amounts and burial depths in a shooting range and analyzed the propagation of the seismic waves. Using the explosion similarity theory and dimensional analysis, we derived an equation for the estimation of the particle vibration velocity of shallow underground chemical explosion seismic waves. This equation calculation results have a very high degree of agreement with the measured data, measured data verify that the accuracy of the calculation model is better than 90.2%.
Results and discussion: This equation calculation results have a very high degree of agreement with the measured data, measured data verify that the accuracy of the calculation model is better than 90.2%, which greatly improves the calculation accuracy of the shallow underground chemical explosion seismic wave particle vibration velocity, and thus provide effective theoretical support for analyzing explosion seismic waves in engineering tests.
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1 INTRODUCTION
One of the main parameters in the evaluation of the destructive power of munitions is the propagation of the explosion-generated seismic waves. Seismic waves can propagate through various media such as soil, sand, and concrete, and their energy decays gradually during propagation. Thus, seismic waves exhibit favorable characteristics for long-distance transmission and lasting damage [1–3]. The depths at which explosives are buried have a significant effect on the propagation law of the generated seismic waves. The commonly used formula for calculating peak ground vibration velocity of surface explosions of ammunition cannot well reflect the propagation attenuation law of seismic waves caused by shallow underground explosions. The theoretical calculation results are of low accuracy and poor usability, and thus lack practical value. Therefore, it is necessary to conduct research on the propagation attenuation law of seismic waves caused by shallow underground explosions, and establish a calculation function with higher accuracy for peak ground vibration velocity of seismic waves caused by shallow underground explosions. This is of great significance for accurately evaluating the destructive power of ammunition explosions, guiding ammunition design and use, and seismic protection of targets.
In recent years, research on shallow underground chemical explosions has mainly focused on the analysis of the explosion shock wave pressure and size of the explosion crater. Studies on the analysis of seismic wave propagation are relatively fewer and have particularly focused on the propagation law of seismic waves concerning surface and air explosions. [4] designed and optimized the overall procedure of a test network for the sensing of explosion-generated seismic wave distribution and obtained accurate information on the seismic wave signals caused by surface explosions. Furthermore, using the time difference of the arrival localization principle, they obtained accurate information on the locations of explosion points. [5] detected seismic waves generated by ground explosions and subsequently analyzed their spatiotemporal evolution and frequency characteristics to identify their dominant frequency bands. [6] conducted surface explosion tests under various charge amounts and detonation conditions and obtained an attenuation law of propagating explosion-generated seismic waves via theoretical analysis, on-site monitoring, digital signal processing, and other methods. [7] estimated the vibration intensity of cloud bomb explosion-generated seismic waves and established their attenuation law. Furthermore, based on the existing particle vibration velocity equation, they derived an equation for the determination of the particle vibration velocity of cloud bomb explosion-generated seismic waves and reported good consistency between calculated and measured data. [8] examined the propagation characteristics, particularly the dominant frequency distribution, of explosion-generated seismic waves in square-shaped, V-shaped, and U-shaped depressions using a three-dimensional finite element numerical simulation to investigate the influence of local depression topography on the propagation of explosion-generated seismic waves. [9] analyzed the effects of explosion vibration velocity field and frequency on the seismic wave propagation and investigated the correlation between the explosion vibration velocity and the explosion equivalent and propagation distance of the seismic wave. Furthermore, they determined the band dominant frequency, duration, near-field initial motion, and propagation law of rock and soil explosion-generated seismic waves. [10] analyzed the time-domain and frequency-domain characteristics of seismic wave signals generated by thermobaric warhead air explosions and reported a method for the evaluation of the damage power of the seismic waves. To study the fluctuation of rocks and soil under the action of shallow buried underground explosions, [11] established a theoretical model based on the free surface motion of seismic waves in a semi-infinite medium, and the results indicated a negative correlation between the explosion seismic wave displacement and the explosion source burial depth. Based on the conservation of seismic energy and experiential relation, [12] proposed a model for the envelope function of the power spectral density and acceleration amplitude of explosion-generated seismic waves that considered the influence of charge volume and burst distance. They used measured explosion test data to calibrate the model parameters and thus provided a method for the practical simulation of single-point, two-point (slight difference) and multi-point (micro-difference) explosion seismic waves. [13] investigated the irregular changes occurring in the particle vibration time history of seismic waves during the strong seismic stage and reported that the characteristics of strong seismic pulses could not be described using a Fourier spectrum. Furthermore, their results provided vital information for analyzing the impact characteristics of explosion-generated seismic waves. [8] established a physical similarity model of an open pit slope and conducted blast tests to study the propagation of explosion seismic waves through various filling media and structural surface inclination angles.
To calculate ground vibration velocity of explosion-induced seismic waves more accurately, domestic and foreign researchers have conducted relevant research based on Sadowski’s formula. [14] investigated the vibration attenuation law of deep-buried small clearance tunnels based on scale analysis and established an expanded Sadowski expansion formula that considers the resistance line and the free surface. The experimental results show that the extended Sadowski formula can better predict the vibration attenuation caused by explosions in deep-buried small clearance tunnel engineering. [15] used regression analysis based on on-site monitoring data of blasting to compare the relative errors between the traditional Sadowski formula and the improved formula that considers dimension analysis and altitude. The improved formula has higher calculation accuracy. The research results are of certain significance for the safety evaluation of blasting. [16] analyzed the collected vibration data and fit reasonable K and alpha values using the linear regression method. They provided Sadowski formula coefficients suitable for the experimental geological conditions and determined the safety range of blasting vibration control for the applicable geological conditions. [17] considered the influence of the errors of the distance from the measuring point to the center of the seismic source and the pressure of the air shock wave (ASW) frontal pressure on the calculation of the equivalent TNT mass obtained by the Sadowski empirical formula. They evaluated the external factors affecting the calculation results of the equivalent TNT mass when explosives explode in the air. [18] established a source energy calculation model for underground explosions under different terrain conditions based on a modified Sadowski formula that reflects the elevation difference factor. Compared with the traditional source energy model, the proposed modified source model greatly improved the calculation accuracy. The research results provide a reliable method for calculating the explosive energy of penetrating weapons. [19] converted and sorted the blasting vibration velocity monitored on-site based on the Sadowski formula, and performed linear regression on the monitoring data of the slowest velocity decay to obtain the Sadowski formula with the slowest velocity decay. Based on this formula and the vibration control value, they used the linear regression control method to calculate the blasting amount for subsequent construction. This calculation method provides a reference for designing the blasting amount in subsequent engineering projects. [20] conducted regression analysis on the blasting vibration velocity of different elevation points through on-site small-scale tests and verified the applicability of the Sadowski formula for small-scale blasting while considering the elevation effect. In practical engineering applications, the relevant coefficient values should be determined based on the geological conditions of the project, and then the Sadowski formula or modified formula should be used to obtain more accurate calculation results.
From the above analysis, it can be seen that the analysis of the propagation law of explosive seismic waves mainly focuses on the seismic effects caused by surface explosions of ammunition and the regression analysis of the Sadowski formula using acquired data. However, there is currently no accurate and comprehensive research on the propagation attenuation law of seismic waves caused by shallow underground explosions and the construction of a calculation formula for ground vibration velocity of explosive seismic waves with clear physical significance. Therefore, it is necessary to carry out research on the propagation and evolution law and vibration calculation formula of seismic waves caused by shallow underground explosions.
In this study, the vibration velocity signals of seismic waves under various TNT charge amounts and burial depths were measured using a ground vibration velocity measurement system and subsequently analyzed to establish an evolution law for seismic waves generated by shallow underground explosions. An equation for calculating seismic wave-particle vibration velocity was derived based on the explosion similarity theory using dimensional analysis, which provides a highly precise theoretical method for the data acquisition of shallow underground chemical explosion seismic waves.
2 PROPAGATION CHARACTERISTICS OF EXPLOSION SEISMIC WAVES
Seismic waves are elastic waves and can be divided into two basic types: body waves and surface waves. Body waves can be further classified into longitudinal waves and shear waves. Longitudinal waves (P wave) are waves whose propagation direction is consistent with the particle vibration direction in the medium. They cause the medium to compress or expand and are also known as compression, tensile, or density waves. Longitudinal waves exhibit the lowest energy, lowest amplitude, and highest propagation speed and are generally the earliest to reach a measurement point [21,22]. Shear waves (S waves) propagate in a direction perpendicular to that of the particle vibration resulting in shear deformation of the medium. Shear waves exhibit higher energy, higher amplitude, and lower propagation speed than longitudinal waves.
To study the propagation of body waves in a media, the influence of a physical force is generally ignored. The equations of motion is shown in Eq. 1
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where [image: image] is the medium density, [image: image] is the Lame constant, G is the shear or stiffness modulus, [image: image] is the displacement vector, and [image: image] is the Laplace operator.
Surface waves are waves that propagated along a surface or a medium interface formed due to a discontinuous surface in the medium. Rayleigh and Loew waves are examples of surface waves; Loew waves are only generated when a thin layer of different media is present on a half-space surface [23,24], while Rayleigh waves are formed by the superposition of longitudinal waves and shear waves with a particle displacement perpendicular to a free surface. Using an explosion equivalent load model, in which the blast source is simplified to a spherical cavity, the motion law of explosion seismic waves on the free surface of a semi-infinite medium can be analyzed according to the elastic dynamics classical Lame problem solution. If the horizontal and vertical displacements of a free surface are represented as [image: image] and [image: image], respectively, the displacement of surface particles under any pulse can be expressed as Eq. 2 [25,26]
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[image: image] is the central source perturbation solution which varies according to the unit transition function [image: image] and [image: image] represents the transition from the basic central source to other sources and is calculated using Eq. 3
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Assuming [image: image] and [image: image], the specific form of the [image: image] component can be expressed as Eq. 4
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The specific form of the [image: image] component as Eq. 5
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In the above equations,
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The above equations can be used to evaluate the horizontal and vertical displacement as well as the particle vibration velocity of explosion seismic waves and consequently describe the model of the particle vibration displacement in a semi-free space.
3 COMPOSITION AND PRINCIPLE OF EXPLOSION SEISMIC WAVE TESTING SYSTEM
As the seismic wave produced at an explosion site are short-duration non-stationary random signals that exhibit rapid mutation [27], the response time of the seismic wave sensor should be as short as possible with a favorable response rate. In general, the frequency range of the explosion seismic wave is between 30 and 300 Hz [28], and the working bandwidth of the sensor needs to meet this range. Because the test site environment is bad and there are many uncertain factors, the test system needs to have good reliability to ensure the test normal conduct.
Seismic waves propagate such that in a near-field region, transverse waves and longitudinal waves arrive at virtually the same time, whereas, in a far-field region, longitudinal waves arrive earlier. Far-field seismic waves are mainly Rayleigh waves. Rayleigh wave on the tangential, radial and vertical vibration direction there is a certain relationship, so it can choose a direction to measure the explosion seismic wave ground vibration velocity [29]. However, in an actual explosion text, the longitudinal vibration velocity is generally measured for explosion seismic wave. Based on the frequency range of explosion seismic wave vibration signals, a single magnetoelectric speed sensor of the inertial type was selected. The sensor is installed such that its upper surface is 20 cm above the ground. Furthermore, to ensure that the sensor and the Earth are connected as one, it is fastened on a steel structure using a thread and the structure is then buried into the soil and tamped. After an ammunition explosion, the resulting vibrations travel along the NovoLog ground, soil, and rocks and cause the sensor shell to vibrate. However, owing to inertia, the core rod, coil, and damping ring of the sensor do not vibrate, which leads to relative motion between these components and the shell. Consequently, an electromotive force proportional to the vibration velocity is induced owing to the magnetic field in the air gap in the coil.
The seismic wave measurement system for the explosion site consists of a single magnetoelectric velocity sensor, a TC-4850 blasting vibration meter, a data acquisition/processing terminal, and a 50 Ω coaxial anti noise cable. The main technical parameters of a single magnetoelectric speed sensor and a blasting vibration meter are shown in Tables 1, 2.
TABLE 1 | Main technical specifications of single item magnetoelectric speed sensor.
[image: Table 1]TABLE 2 | Main technical specifications of TC-4850 blasting vibration tester.
[image: Table 2]Due to the formation of high-speed flying fragments caused by the shell rupture during the ammunition explosion process, the impact of fragments on the vibration meter can directly cause damage to the measurement system and prevent data acquisition. Therefore, in actual testing, the vibration meter is usually placed inside a steel box, and then the vibration meter and protective box are buried underground by digging a pit. To ensure accurate acquisition of ground vibration signals during the explosion process, the triggering method of the vibration meter is set to internal triggering, with a triggering level of 0.1 cm/s and a negative delay collection time of 1 s, to ensure accurate acquisition of the variation law of velocity with time during the ground vibration process.
Figure 1 shows the structure of the explosion seismic wave measurement system, and Table 3 shows the values of the TNT charge, charge burial depth, and measurement point layout distance used in this study. The selection of TNT explosive mass and burial depth is based on relevant experiments conducted in the early stage. The selection of measurement point positions is mainly based on the estimated peak ground vibration velocity caused by TNT explosive mass explosion and the measurement point positions that will be focused on in the subsequent research process.
[image: Figure 1]FIGURE 1 | Explosion seismic wave measurement system.
TABLE 3 | Explosion test parameters and measuring points location.
[image: Table 3]4 SEISMIC WAVE TEST RESULTS ANALYSIS
The seismic wave data of the shallow underground chemical explosion tests were extracted, and the ground vibration velocity curves for the various TNT charges, different explosive burial depth and different measuring point distances were obtained as shown in Figure 2. As numerous tests were conducted, it will be tedious and futile to report all the ground vibration velocity curves. As shown in Figure 2, we have chosen to report the vibration velocity curves generated under four explosion conditions; TNT equivalent of 1 kg and burial depth of 0.1 m and 0.3 m, TNT equivalent of 5 kg and burial depth of 0.23 m, and TNT equivalent of 20 kg and burial depth of 0.44 m. The peak ground vibration velocities for the four explosion conditions were estimated from the respective curves and are shown in Table 4.
[image: Figure 2]FIGURE 2 | Explosion seismic wave ground vibration velocity curve for (A) TNT equivalent 1 kg, burial depth 0.1 m, and measurement point distances of 5, 11, 17, 25, and 31 m (B) TNT equivalent 1 kg, burial depth 0.3 m, and measurement point distances of 38.5, 44.5, 53.5, 58.5 and 65.5 m (C) TNT equivalent 5 kg, burial depth 0.23 m, and measurement point distances 43, 49, 55, 61 and 67 m (D) TNT equivalent 20 kg, burial depth 0.23 m, and measurement point distances of 43, 49, 55, 61 and 67 m.
TABLE 4 | Peak ground vibration velocity values of the explosion seismic waves (cm/s).
[image: Table 4]It can be seen from the ground vibration velocity curve in Figure 2 that the seismic wave signal generated during the explosion of the ammunition has only one peak. After the peak, the ground vibration velocity gradually attenuates and tends to 0 m/s. The ground vibration velocity curves at different measuring points have a high degree of similarity in the changing trends. This is because among the components of the explosion seismic wave, the Rayleigh wave has the largest amplitude on the free surface. Therefore, from the ground vibration velocity curve of the explosion seismic wave, the ground vibration velocity peak caused by the Rayleigh wave is the most significant, which is essentially different from natural seismic waves. Combined with the peak ground vibration velocity data in Table 4, the basic propagation law of explosive seismic waves in the soil medium can be obtained for different explosive TNT masses, different measuring point positions and different explosive burial depths. To more clearly analyze the relationship between the peak value and attenuation rate of explosive seismic wave ground vibration velocity and TNT charge and explosive buried depth, plot and analyze the peak value data of seismic wave ground vibration velocity in the above 8 different explosion environments. Taking the measurement point distance as the independent variable x and the ground vibration velocity peak value as the dependent variable y, the peak change curve of seismic waves ground vibration velocity is plotted, such as Figure 3 shown.
[image: Figure 3]FIGURE 3 | Peak ground vibration velocity curves for (A) 1 kg TNT and burial depths 0.1, 0.2, and 0.3 m (B) 5 kg TNT and burial depths 0.17, 0.23, and 0.45 m (C) 10 kg TNT and burial depth 0.65 m (D) 20 kg TNT and burial depth 0.44 m.
The results indicate that although the peak ground vibration velocity exhibits a negative correlation with the measuring point distance, the attenuation rate is not constant. As indicated by the tendency of the slope of the peak ground vibration velocity peak attenuation curve, the peak value decays faster at a measurement point closer to the burst center, and the duration of the ground vibration at a particular speed is longer at a measurement point away from the burst center. Furthermore, the propagation distance of the seismic wave is larger and damage to the target is more intense. For example, the attenuation rate of the peak ground vibration velocity from 2 to 2.4 m for the explosion of a 1 kg TNT equivalent buried at a depth of 0.2 m is 12.2585 cm/s/m. As the measurement point distance increased, the attenuation rate gradually decreased from 12.2585 cm/s/m to 1.7619 cm/s/m 2.4–6 m), 0.1809 cm/s/m (6–9.5 m), 0.1698 cm/s/m (10–10.5 m), 0.087 cm/s/m (14–17 m), and 0.0562 cm/s/m (17–24.5 m), which indicates that the ground vibration velocity of the explosion seismic wave gradually weakens. Furthermore, the results showed that the attenuation law of the vibration velocity changed abruptly at certain measurement points and did not exhibit acceptable consistency from the first to the last measuring point. In Figure 3, the peak ground vibration velocity for an explosion of 10 kg TNT buried at a depth of 0.65 m, measured at a point 47 m from the burst center (0.6154 cm/s) was higher than that measured at a point 41 m from the burst center (0.5565 cm/s), which was not consistent with the law of seismic wave propagation attenuation. This abnormality in the results was attributed to an error in the sensor installation process. The sensors in question were buried at different depths which resulted in a higher value of the vibration velocity at a distance away from the burst center. After disregarding the incorrect data, the measured results generally met the propagation law of explosion seismic waves in a soil medium. Therefore, to obtain accurate data and make reliable comparisons, the velocity sensors must be installed at the same burial depth.
At a constant TNT equivalent value, the peak ground vibration velocity of the explosion seismic waves decreased as the burial depth increased, which indicated a negative correlation. The change in the peak ground vibration velocity with the burial depth for TNT equivalent charges of 1 kg and 5 kg is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Correlation between the peak ground vibration velocity and explosive burial depth (A) and (C) 1 kg TNT and burial depths 0.1, 0.2, and 0.3 m at various measurement point distances, (B) and (D) 5 kg TNT and burial depths 0.17, 0.23, and 0.45 m at various measurement point distances.
As shown in Figure 4, the peak vibration velocity decreases exponentially (quadratic function) with an increase in the explosion distance and burial depth. The peak ground vibration velocity, measured at a distance of 19 m from the explosion center, for a TNT equivalent of 5 kg decreased from 2.2987 cm/s to 1.5071 and 1.3047 cm/s as the burial depth was increased from 0.17 m to 0.23 and 0.47 m, respectively. and closer to the explosion center. At a measurement point distance of 7 m from the explosion center, decreased from 5.9736 cm/s to 3.7812 and 2.3011 cm/s as the burial depth was increased from 0.17 m to 0.23 and 0.47 m, respectively, indicating that the attenuation rate of the peak vibration velocity (9.9018 cm/s/m) is more significantly affected by the burial depth closer to the explosion center. For a constant burial depth, the attenuation rate of the peak vibration velocity for an increase in the measurement point distance from 7 to 55 m was 0.1097 cm/s/m. This indicated that the change in the burial depth exhibited a more significant effect than the change in the measuring point distance on the peak ground vibration velocity of the explosion seismic waves.
The correlation between the explosive burial depth and peak vibration velocity was further analyzed based on the mechanism of the generation of explosion seismic waves. When an explosive explodes in air, the explosive products expand significantly, collide with the ground, and consequently, owing to the compressibility of the surface propagation medium, partly convert to seismic waves manifested as vibrations on the ground. The vibration velocity is directly related to the energy transformation in the collision process, and the higher the compressibility of the ground propagation medium, the higher the conversion of the energy of the explosive products into seismic waves, and consequently the higher the peak ground vibration velocity. According to the density distribution law for a surface propagation medium, as the burial depth increases, the soil medium becomes denser. Thus, soil closer to the surface is more readily compressed, which increases the proportion of explosion products converted to seismic waves, and consequently a higher peak ground vibration velocity. Whereas, the soil compressibility decreases with depth, and thus the peak ground vibration velocity of the explosion seismic waves decreases.
5 PARTICLE VIBRATION VELOCITY CALCULATION MODEL
The ground vibration velocity curves generated under various TNT charges and burial depths indicated that the propagation law of explosion seismic waves for a shallow underground chemical explosion is closely related to the burial depth [30]. However, at present, the existing equation for the estimation of the particle vibration velocity is only applicable for air explosions and thus provides unreliable results for ground explosions, particularly for certain burial depths. Therefore, to solve this issue, along with the measuring point distance and TNT charge, the burial depth must also be considered in the formulation of an equation for the ground vibration velocity of seismic waves generated by shallow underground explosions.
Several studies have reported that the ground vibration velocity of explosion seismic waves is directly related to the compressibility and energy conversion ratio of the propagation medium. As the propagation medium compressibility is mainly related to the material density [image: image], and the material sound velocity [image: image] also affects the seismic waves travel speed [28], based on the similarity law of explosion, the peak ground vibration velocity of explosion seismic waves can be expressed in terms of the equivalent TNT charge [image: image], unit of TNT explosive release quality chemical energy [image: image], measuring point distance [image: image], material density [image: image], and sound velocity [image: image] (Eq. 8).
[image: image]
According to the dimensional homogeneity principle and comprehensively considering the form and physical meaning of the independent variable dimension, the equivalent TNT charge [image: image], measuring point distance [image: image], and speed of sound [image: image] are selected as reference physical quantities, and the dimensional power exponent is sorted based on the Π theorem [31,32]. Thus, three dimensionless physical quantities can be expressed as Eq. 9
[image: image]
Eq. 8 can be rewritten as Eq. 10
[image: image]
In an actual explosion test, the energy [image: image] released by an equivalent TNT charge [image: image] is calculated as a product, and thus, Eq. 10 can be rewritten accordingly as Eq. 11
[image: image]
From the perspective of stress wave theory, for a specific surface propagation medium, [image: image] represents a certain elastic parameter of the material [33]. For linear elastic materials, [image: image] is the material elastic modulus, and its dimension is consistent with those of stress and pressure. It can be represented as a dimensionless quantity, for a propagation medium pressure [image: image] and charge burial depth [image: image] using Eq. 8, and the functional relationship of the particle vibration velocity V can be expressed as Eq. 12
[image: image]
Furthermore, its dimensionless function can be expressed as Eq. 13
[image: image]
For a specific medium, there exists a functional relationship between the dimensionless peak particle vibration velocity [image: image] and the dimensionless charge Q, and thus, Eq. 13 can be further rewritten as Eq. 14
[image: image]
Based on the results of previous experiments, the functional relationship represented in Eq. 14 is concretized, and the materialized functional relationship is represented as Eq. 15
[image: image]
To obtain a quantitative expression of the functional relationship of the particle vibration velocity, the explosion seismic wave test data performed in this study were organized according to Eq. 15 During data sorting, [image: image], and [image: image] were defined, the data sorting result is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Dimensionless particle vibration velocity peaks produced by different TNT charges and different explosive burial depths.
The results in Figure 5 indicate that the general trend of the sorted data satisfies the consistent variation law. Therefore, to obtain a quantitative formula for calculating the particle vibration velocity of explosive seismic waves, using a nonlinear adaptive fitting method to fit the functional relationship of the above test data, the functional relationship consistent with the above-mentioned data trend is as Eq. 16
[image: image]
The above functional relationship fitting results and the existing measured data and the function fitting technical indicators are shown in the following Figure 6.
[image: Figure 6]FIGURE 6 | The fitting effect of the functional relationship and the measured data.
The results of the curve fitting in Figure 6 indicate that the established fitting curve is consistent with the peak ground vibration velocity of the explosion seismic waves measured at various distances for various TNT charges and burial depths. Furthermore, the error sum of the functional relationship fitting curve for the measured seismic wave data is 0.97176 (the closer the sum of squares of errors is to 1, the better the fitting effect of the function and the more significant the fitting model), which indicates a high fitting accuracy.
We use the measured seismic wave data of shallow chemical explosion with the mass of TNT explosive of 5 kg and 10 kg and the buried depth of explosive of 0.2 m and 0.65 m respectively to verify the calculation accuracy of the model. The relative error between the calculated value and the measured value is shown in Figure 7. The calculation formula of relative error is shown in Eq. 17
[image: image]
[image: Figure 7]FIGURE 7 | Relative error diagram of measured value and calculated value.
It can be seen from the relative error results between the above measured values and calculated values that the maximum relative error occurs when the TNT explosive mass is 5 kg, and the distance between the measuring point and the detonation center is 15 m, 9.8%; the minimum relative error occurs when the TNT explosive mass is 10 kg, and the distance between the measuring point and the detonation center is 7 m, 0.4%; the relative error at other measuring points is between the two. It can be concluded that the calculation accuracy of the above equation for calculating the vibration velocity of shallow underground chemical explosion seismic wave is better than 90.2%. Therefore, the particle vibration velocity formula of explosive seismic wave established by the method of explosion similarity law and dimensional analysis in this study can reflect the propagation attenuation law of shallow chemical explosion seismic wave, and can provide theoretical support for the calculation of ground vibration velocity of shallow chemical explosion seismic wave in engineering testing. Therefore, the equation for the estimation of particle vibration velocity of explosion seismic waves established in this study using the explosion similarity law and dimensional analysis method can accurately reflect the propagation and attenuation law of shallow underground chemical explosion seismic waves. Consequently, it provides theoretical support for the calculation of the ground vibration velocity of seismic waves generated by shallow underground chemical explosions in engineering tests.
6 CONCLUSION
Due to the fact that the propagation attenuation law of seismic waves caused by surface explosions of ammunition and the existing theoretical models for calculating ground vibration velocity cannot well reflect the propagation characteristics of explosive materials caused by shallow underground explosions, a measurement system for seismic waves caused by shallow underground explosions was established. A research study was carried out to investigate the ground vibration velocity of explosive seismic waves with different TNT explosive masses at different depths. The analysis of the test results shows that:
(1) In the process of shallow underground explosions, the ground vibration velocity of explosive seismic waves decreases gradually with the increase of the distance from the epicenter of the explosion. However, the attenuation rate is not consistent. Specifically, in areas close to the epicenter, the vibration velocity attenuates rapidly, while in areas far from the epicenter, the vibration velocity attenuates slowly. Moreover, the duration of the seismic waves is longer. Therefore, the destructive range of the explosive seismic waves is greater and the destructive effect lasts longer.
(2) The size of the ground vibration velocity peak of explosive seismic waves caused by shallow underground explosions is significantly affected by the depth of the explosive material. When the TNT charge mass is constant, the ground vibration velocity peak of the explosive seismic waves gradually decreases with the increase of the depth of the explosive material, and the size of the vibration velocity peak is negatively correlated with the depth of the explosive material. Moreover, the influence of the depth of the explosive material on the vibration velocity peak is much greater than the influence brought by changes in distance from the measurement point.
(3) A calculation formula for the ground vibration velocity of explosive seismic waves caused by shallow underground explosions was established based on the explosion similarity theory and dimensional analysis. By using the measured data and nonlinear adaptive fitting, a quantitative functional relationship expression was obtained. The calculation results of this functional relationship formula are in very good agreement with the measured data, and the calculation accuracy of the functional relationship formula is better than 90.2%.
The research results clarify the relationship between the propagation attenuation law of seismic waves caused by shallow underground explosions and the depth of explosive materials. The calculation formula for the ground vibration velocity peak of explosive seismic waves established using dimensional analysis methods has higher accuracy than the traditional Sadovsky formula calculations. It can better reflect the propagation and distribution characteristics of shallow underground explosive seismic waves, and provides theoretical support for the calculation of ground vibration velocity peaks caused by shallow underground explosions and the seismic performance structure design of targets. It has significant engineering application value.
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