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We present a numerical model for blast-induced seismic waves. This model is based on the transformation mechanism of the seismic wave field, and the process of the seismic wave’s generation is divided into two stages. The first stage is the generation of elastic waves. Due to the plastic deformation of the geotechnical medium in this stage, we have established the Euler model to describe it. The second stage is the prorogation of the elastic waves; we have established the Lagrange models to describe this stage. Finally, the influence of the main parameters of the explosive sources (detonation pressure and expansion index) on the seismic wave is analyzed by the established model. The results show that the proposed model in this paper can reasonably predict the evolution law of the seismic wave field based on the explosive source parameters.
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1 INTRODUCTION
It is essential to improve seismic resolution, since the seismic exploration has challenges in exploring the smaller, deeper, and thinner targets.
For a long time, physicists have been expected to explain the corresponding relationship between the elastic wave caused by the explosion and the initial conditions, such as the explosive performance and dynamic characteristics of the soil medium, by establishing an equivalent model. Jeffreys (1931) first introduced the operator symbol and operator to solve the one-dimensional cavity vibration problem. The particle displacement caused by the body wave (P wave) and surface wave (S wave) in the spherical impact propagating in the medium changes with time, and the displacement analytical solution of the two waves is obtained. In 1942, Sharpe (1942) observed and recorded the time travel curve of the particle vibration velocity at different positions through a large-scale explosion test in soil and clarified the relationship between some characteristics of the recorded results and the characteristics of explosive seismic sources. According to these experimental results, the equivalent model of the “equivalent cavity” elastic medium was proposed, and many studies conducted later were based on this equivalent cavity model. Goldsmith and Allen (1955) assumed that the elastic medium is isotropic, there is a spherical cavity with a certain radius inside, and the cavity is subjected to the pulse stress in the exponential attenuation form. The function equations of particle displacement, velocity, normal stress, and shear stress with respect to space and time are derived to reflect the propagation law of stress waves in the elastic medium. Friedman et al. (1965) calculated the one-dimensional stress–wave propagation during the expansion of the medium cavity, obtained the analytical expression of the elastic region with respect to time and spatial location parameters, and calculated the particle disturbance caused by the elastic unloading near the cavity when the pressure on the cavity wall decayed exponentially with the spatial location parameter by a “jump” difference scheme. However, the method he proposed becomes unstable as the distance increases. Achenbach and Sun (1966) also studied the effect of the initial cavity size on the explosion in the medium under the assumption that the medium is an elastomer. The stress fields when the cavity wall is not moving and the cavity radius increases with the time parameter alignment are calculated, and the propagation of the stress wave after the cavity stops expanding is discussed. Garg (1968a) changed the pressure load on the cavity under the premise of Friedman operation and gave a more complicated pressure form to calculate the particle stress and particle vibration velocity distribution in the plastic region near the cavity. The results obtained by this method can clearly reflect the spatial distribution of the particle stress and particle vibration velocity near the cavity in a short time. However, this method still requires a complex boundary processing method. In another research by Garg (1968b), the start-up conditions of the computation procedure were improved, which simplified the boundary condition process, and a new pressure attenuation load was applied. The numerical solution obtained by the theoretical method is only applicable to particles with a small time parameter and near the cavity. No detailed calculation methods are given for the more distant medium.
On the basis of the elastic medium, considering the destruction and compression of the soil medium caused by an explosive high-pressure effect, it is very meaningful to introduce the elastic–plastic medium. Ghosh (1968) took the large underground explosion as the premise, assumed that the medium around the cavity was an elastomer, and pointed out that the medium near the cavity should exhibit plastic properties, and there was a plastic wave that propagates outward from the cavity boundary after the elastic wave. Elastoplastic region boundaries also propagated outward at a certain speed. In his article, he assumed two situations: first, the propagation velocity of the elastoplastic boundary is constant, and the pressure load on the cavity boundary is under normal pressure; second, the propagation velocity of the elastoplastic boundary and the pressure load of the cavity boundary decay exponentially with time. The corresponding analytical expression is obtained by solving the displacement field in these two cases. Lyakhov (1964) and LyakhovPolyakova (1967) obtained the relationship between peak overpressure and distance by the closed explosion test of the TNT spherical charge in sand. The results show that the larger the air-to-volume ratio, the smaller the moisture content and the larger the overpressure attenuation velocity. The peak overpressure in the unsaturated soil may be 1/100th of the peak overpressure in the saturated soil. The explosives in unsaturated soil produce a stable shock wave, and the shock wave attenuation becomes the elastic–plastic wave when the overpressure attenuation is 4–12 kg/cm2. Kawasumi and Yosiyama (1935) solved the displacement field of the cavity wall when the spherical pressure load is given by the Fourier’s integral and proved that the simplest reason for the seismic wave is the existence of the initial strain potential energy. It is pointed out that the cavity is subjected to different loads, and the excited damping oscillation form still maintains a certain degree of similarity. G. N. Bycroft (1966) solved the cavity-expansion problem of the semi-infinite space analytically, taking into account the free-surface particle vibration caused by the seismic wave returning to the cavity wall after free-surface reflection and re-reflecting. The particle displacement solution of the free surface with the known expansion velocity of the cavity wall is calculated.
In addition, the pressure time function of the point source is determined according to the far-field vibration waveform and spectral characteristics, and this kind of inversion is also an effective seismic source model to interpret the explosive seismic wave. The pressure load of the equivalent seismic source is the difference between the true stress and the linear elastic model stress, which is essentially different from the “ideal cavity” model. Heelan (1953) proposed a point-source moment model to explain linear explosion, and the theoretical prediction results are close to the experimental results. Aboudi (1972) used the finite difference method to calculate the stress and displacement fields during the explosion of shallow-buried deep explosives. The numerical calculation is carried out for two different cases of cavity non-expansion and cavity expansion velocity constants. Thiruvenkatachar derived the series form the transient solution of the semi-infinite elastic space problem using the iterative method (Thiruvenkatachar and Viswanathan, 1965) and proved its convergence. Considering the complexity of the series solution, the analytical approximation (Thiruvenkatachar and Viswanathan, 1967) was made on the steady-state solution using the saddle-point method, and the approximate solution of three emissions between the chamber wall and the free surface is obtained. At the same time, the transient solution is also calculated for the case where the pressure load on the chamber wall is subjected to an exponential decay law with time. Pekeris (1955) studied the problem of free-surface vibration caused by the impact pressure under the one-dimensional column model and solved the displacement of the free-surface particle of horizontal and vertical directions caused by the action of a single impact pressure (impact pressure only related to the time parameter) on the semi-infinite elastic medium. Based on the Heelan model, Blair proposed a class of models that can calculate infinite linear explosion (Blair, 2007) and finite linear explosion (Blair, 2010).
However, all these methods focus on the destruction of the medium rather than the propagation of explosion waves. The solutions of non-wave dynamic expansion and elastic wave propagation are independent.
In this study, we propose a numerical model that describes the whole process from the explosion of explosive sources to the propagation of seismic waves. Based on our model, the blast-induced seismic waves can be predicted. The influence of the main parameters of the explosive sources (detonation pressure and expansion index) on the seismic wave is briefly discussed. The model shows that the frequency spectrum of seismic waves can be enhanced by lowering the initial explosion pressure of explosive sources or increasing the adiabatic exponent. This model would help us to predict seismic waves, which are generated by explosion, and control the seismic waves for a specific exploration target.
2 TRANSFORMATION MECHANISMS OF THE SEISMIC WAVE FIELD
There are four stages of the explosion process involved during the blast-induced seismic wave’s generation: hydrodynamics, crushing of soil mediums, dynamic expansion, and elastic-wave propagation outside the destructed zone (Opjiehko, 2011).
These four stages and the evolution of explosion waves are illustrated by the stress–strain relationship of the soil media in Figure 1 (Henrych, 1979), and the evolution process of the explosion wave profile is illustrated in Figure 2 (Henrych, 1979). The complete transformation mechanisms are illustrated in our previous research results (Chenglong et al., 2018) (Chenglong et al., 2017). At the same time, the medium is subject to different intensities in the process of stress–wave propagation, and different deformation areas will be generated after the seismic wave propagation, as shown in Figure 3 (Favreau, 1969).
[image: Figure 1]FIGURE 1 | Stress–strain relationships of the soil medium (Henrych, 1979).
[image: Figure 2]FIGURE 2 | Evolution of explosion waves (Henrych, 1979). (A) steady shock wave, (B) unsteady shock wave, (C) plasticity, (D) elasticity.
[image: Figure 3]FIGURE 3 | Response regions in a spherical explosive (Favreau, 1969).
In order to find the key influencing factors of explosive seismic wave propagation, specific propagation stages need to be divided. According to Ding’s research, the seismic signals are produced from the vibration of the elastic cavity, rather than being decided by the non-elastic properties of a medium (Ding and Zheng, 2002), and the whole process of the explosion wave’s evolution could be considered in two parts. They are the dynamic expansion of blast-induced cavities and the propagation of elastic waves. These two parts are associated with the condition of the elastic zone’s boundary (Drukovanyi et al., 1976).
According to the seismic wave field transformation theory mentioned previously, the whole process of the explosive source-excited seismic wave can be categorized into the formation of seismic waves of the close-in blasting zone and propagation of the seismic wave in elastic regions. As the two processes differ vastly in the range and scale, the numerical simulation method of the multiscale seismic wave field is adopted to establish models to conduct the research.
3 EXCITATION MODEL OF EXPLOSION SEISMIC WAVES
The formation of the initial seismic wave is simulated by the Euler model. Due to the high-pressure load in the vicinity of the explosion, the Euler method is applied to manage large deformation problems. With the simulation of the close-in explosion area, this paper grasps the explosive source parameters, elastoplastic boundary, and the relationship between the pressure load characteristics on the boundary and extracts the pressure load as the conditions of loading in the simulation of far explosion zones.
3.1 Control equation
The simulation of the close-in explosion area is aimed at addressing problems such as large deformation in very short time periods and finite strain transient. Such problems are described in terms of mass, momentum, energy conservation equation, and the equations of continuous mechanics made of equations that describe the behavior of the material.
In order to simplify the problem, the following assumptions are usually made.
3.1.1 Continuum assumption
It is assumed that the substance is composed of a large number of micelles, and the size of the micelles is negligible compared with the discussed flow field. However, it is much larger than the molecular free path and the size of the solid crystal structure. The micelles are processed statistically and on average to obtain corresponding macroscopic variables, thus leading to the natural conclusion that matter is a continuous composition of micelles with microscopic quantities.
3.1.2 Assumption of local heat balance
It is assumed that each micelle in the substance is in a thermal equilibrium state, and there exists a statistically averaged thermodynamic quantity in each micelle. All the conclusions of equilibrium thermodynamics can be applied to any micelle. Ignoring the dissipative process in micelles, it is considered that micelles have instantaneously reached heat balance, and then, an energy balance relation can be established for the material micelle.
3.1.3 Material homogeneity and isotropy assumption
It is assumed that each material micelle is composed of the same species, the physical and mechanical properties of which are the same in any direction.
The processes of non-steady flows such as seismic source-explosive detonation, product expansion, and deformation of the soil medium depend not only on the time variable t but also on spatial variables r and z. In a 2D rectangular coordinate system (α = 0) or an axisymmetric cylindrical coordinate system (α = 1), without considering external force, external source, and heat conduction, the conservative form of the partial differential equations of Euler fluid elastoplastic dynamics is as follows.
Mass-conservation equation:
[image: image]
Momentum-conservation equation:
[image: image]
Energy-conservation equation:
[image: image]
3.2 Physical model
3.2.1 Geotechnical medium models and parameters
The geomaterial model in the finite-element model is an elastoplastic model, and the equation of state in the model is in the linear equation of state, which is expressed as follows (Blake, 1952):
[image: image]
where K is the bulk modulus of the geomaterial, and the intensity model of the geomaterial is the von Mises model (Forrestal and Tzou, 1997).
[image: image]
where σs is the yield strength of the medium and G is the shear modulus of the medium. The engineering elastic constants of the soil are determined by the triaxial and light-gas gun tests, as shown in Table 1.
TABLE 1 | Soil parameters (Chenglong et al., 2018) (Chenglong et al., 2017).
[image: Table 1]3.2.1 The equation of state and parameters for detonation products of explosives
JWL model is used to describe the effects of explosives. It should be noted that this model is a simplified model. When the type and shape of explosives change, the calculation results will be different. For TNT, the equation of state commonly taken for the ideal explosive detonation products is the JWL equation of state (Yixin et al., 2013).
[image: image]
where e is the C–J detonation energy and [image: image], and [image: image] are the experimentally determined parameters (Figure 2). The values of these parameters are listed in Table 2.
TABLE 2 | Parameters of the JWL equation of state for TNT explosives (Yixin et al., 2013).
[image: Table 2]3.3 Geometric model
A one-dimensional wedge soil model is established, and the numerical simulation of the dynamite scheme calculated by the analytical model in the second section is carried out to obtain the variation of each area and the main factors affecting the elastic-wave pressure. The model and the status of each area after the explosion are presented in Figure 4.
[image: Figure 4]FIGURE 4 | One-dimensional wedge calculation model.
3.4 Simulation results and analyses
The explosion of 1 kg TNT in silty clay is calculated, and the motion of the damage area by explosion is calculated through the one-dimensional model, as shown in Figure 4:
From the simulation results in Figure 5, it can be seen that an explosive cavity is formed in the medium in direct contact with the explosive and shows a fluid state. With the attenuation of the pressure peak, a plastic range with a certain width is formed between the explosive cavity and the elastic zone. With the spread of the explosive stress wave, the cavity and the plastic range gradually expand. After a certain time, when the stress in the medium tends to be stable, the cavity radius and the elastoplastic boundary stop expanding. By documenting the development of the cavity and the elastic–plastic range, the curve of development time of the two boundaries is obtained, as shown in Figure 6.
[image: Figure 5]FIGURE 5 | Movement of the explosion-damaged area.
[image: Figure 6]FIGURE 6 | Time-dependent movement of the boundary of different blasting areas.
In Figure 6A, the blasting cavity radius is formed after the dynamite blast increases with time, and the size of the blasting cavity gradually tends to a certain value near the position of 2 ms. The region of the explosion cavity in this method is 0.36 m (Chenglong and Wang, 2017), and the region which is calculated by a quasi-static model is 0.37 m. The regions we obtained through experiments are 0.38 m (Chenglong and Wang, 2017). In Figure 6B, it is obvious that the plastic range formed after the dynamite blast begins to develop almost at the same time as the cavity and expands outward at the same time. When the pressure reaches the limit of yielding of geomaterials, the plastic range stops developing and approaches a certain value, which is the elastoplastic boundary after the final stabilization.
The initial pressure load generated by the explosion (Figure 7) and the pressure load on the elastoplastic boundary (Figure 8) are extracted, respectively. It can be seen from the change in the pressure load that the peak value of the pressure load drops rapidly from 3 GPa to 2.5 MPa, and the duration also increases from 0.02 ms to 2 ms.
[image: Figure 7]FIGURE 7 | Initial pressure elastic–plastic boundary.
[image: Figure 8]FIGURE 8 | Pressure on the elastic plastic boundary.
4 PROPAGATION MODEL OF EXPLOSIVE SEISMIC WAVES
The Lagrange model is adopted to simulate the propagation of the initial elastic wave in geomaterials. Since the pressure peak of the initial elastic wave is basically consistent with the yield condition of the geomaterial, under the loading condition of the initial elastic wave, the medium will not experience large deformation. By changing the load of the initial elastic wave, the whole process of the seismic wave field excited by the explosive source is simulated.
4.1 Control equations
When the initial elastic wave is formed, its pressure peak is less than the limit of yielding of the medium. Hence, it will not cause large deformation in the geomaterial. In this regard, the Lagrange method is applied to simulate the propagation process of seismic waves, and the governing equations include the mass-conservation equation, the momentum-conservation equation, and the energy-conservation equation in the following form.
Mass-conservation equation:
[image: image]
Momentum-conservation equation:
[image: image]
Energy-conservation equation:
[image: image]
4.2 Physical model
By simulating the formation of the blasting seismic wave, the radius of the elastoplastic boundary and the pressure curve on the elastoplastic boundary are obtained. When the curve is applied to the viscoelastic medium models in the initial condition, the propagation process of seismic waves can be simulated.
For the geomaterial in the propagation process of the seismic wave, the viscoelastic medium model is adopted, in which the linear equation of state is selected. The linear viscoelastic model is adopted for the intensity model of geomaterials. The long-term behavior of this model is described by the elastic shear modulus G, and the viscoelastic behavior is introduced by the instantaneous shear modulus (G0) and the viscoelastic attenuation constant (β). The viscoelastic deviatoric stress at the time increment n + 1 is calculated from the viscoelastic stress at the time increment n and is expressed as follows (Ricker, 1953):
[image: image]
For the effect of the explosive source, we extract the data curve of the blasting seismic wave formation simulation in the previous step and load the corresponding explosive source.
4.3 Geometric model
The calculation model is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Calculation model diagram.
The observation points (Gaussian point) are set at the free surface of the geomaterial and below the explosive source, with a burial depth of explosives of 15 m as measured by the observation points. The variation of the seismic wave excited by the explosive source on the surface and the downward direction is analyzed. The overall computational domain is 200 m × 100 m, and the free boundary is selected on the surface of the soil medium, while the transmitting boundary is adopted for other boundaries. These boundary conditions do not reflect the stress wave propagating along these boundaries.
4.4 Calculation results
We simulated the aforementioned case using a dual-core CPU (Intel Xeon Silver 4210 R Processor) and calculated each scenario for 10 h, resulting in the following results. By simulating the propagation process of the seismic wave, Figure 10 reveals the vibration velocity nephogram of seismic waves excited by 1 kg TNT at 10 ms, 30 ms, and 50 ms. Qualitative analysis is adopted on the nephogram of different particle vibration velocities. At 10 ms, the seismic wave excited by the explosive takes the explosive source as its center and radiates spherical stress waves to the surrounding area. As the stress wave propagates, stress waves with different peaks are gradually formed in the medium. It is easily seen from the velocity contours of 30 ms and 50 ms that although the detonation products of the explosive source have already been completed at this time, the particle velocity of the explosion center is higher than the external vibration velocity, indicating that the blasting cavity generated by the explosive source is still moving after the explosion. This is the main cause of the subsequent seismic wave, which is the same as Ding Hua’s conclusion that the seismic wave signal is due to the cavity vibration.
[image: Figure 10]FIGURE 10 | Seismic wave velocity nephogram at different times.
The results of the particle velocity at 30 m from the explosion center are shown in Figure 11, and by Fourier analysis on the vibration velocity, we obtained Figure 12:
[image: Figure 11]FIGURE 11 | Comparison of particle vibration velocities obtained by numerical simulation.
[image: Figure 12]FIGURE 12 | Spectrum features of particle vibration.
Through the numerical simulation of the explosive source excitation seismic wave process, the explosive cavity, plastic range, particle velocity, and spectrum features at different distances can be obtained. As a result, the relation between parameters of explosive-source characteristics and amplitude-frequency characteristics of the seismic wave field can be deeply analyzed.
5 INFLUENCE OF PARAMETERS OF EXPLOSIVE SOURCE CHARACTERISTICS ON AMPLITUDE FREQUENCY CHARACTERISTICS OF SEISMIC WAVES
Through the theoretical study on seismic waves stimulated by explosive sources, when the geotechnical medium parameters are determined, the detonation pressure of explosive sources and the expansion index of explosion products are the main factors that affect the amplitude frequency characteristics of seismic waves. The following are respective studies on the patterns of how different detonation pressures and product expansion indexes affect the amplitude frequency characteristics of seismic waves.
We continue to use the numeric simulation scheme propagated by blasting seismic waves as described previously to change the bursting pressure of explosive sources so that the detonation pressure can vary in the range of 5–25 GPa. A monitoring point on the surface directly above the explosive source is selected 15 m away from the explosive source, and the particle velocity caused by different detonation pressures at this point is shown in Figure 13.
[image: Figure 13]FIGURE 13 | Particle velocity at 15 m from the explosion center at different distances of explosion pressure.
By extracting the particle vibration velocity peak under different detonation pressures, the influence law of the detonation pressure on the particle vibration velocity peak is obtained, as shown in Figure 14A; PPV in this figure is the peak particle velocity. Through Fourier transform on the velocity curve in Figure 13, the influence law of the detonation pressure on the dominant frequency of the seismic wave is acquired, as shown in Figure 14B:
[image: Figure 14]FIGURE 14 | The influence law of seismic wave field characteristics under different detonation pressures.
Figure 14 proves that the particle vibration velocity peak value increases with the increase in the detonation pressure. Both the particle vibration velocity peak value and the particle vibration amplitude are parameters representing the seismic wave energy. The law of energy increasing with the increase in the bursting pressure obtained by the numerical method is consistent with the conclusion of the theoretical model of the seismic wave by the explosive source. The increase in the explosive pressure leads to the expansion of the damage area by the media and more loss on high-frequency parts, lowering the master frequency of seismic waves. The detonation pressure of the explosive source in the numerical simulation scheme remains unchanged, and the expansion index of the explosion products of the explosive source varies from 1.0 to 4.0. Then, the calculated attenuation law is obtained as shown in Figure 15:
[image: Figure 15]FIGURE 15 | Influence of the expansion index of different explosion products on the characteristics of seismic wave field.
Figure 15 shows that the particle vibration velocity peak decreases with the expansion index of detonation products, and the dominant frequency of the seismic wave increases with the increase in the product expansion index. The process of explosive source exploding and forming a damage area is very fast, which is considered as an adiabatic process. According to the adiabatic law, when the product expansion index increases, the damage area decreases by explosion, the energy decreases, but the main frequency increases.
6 CONCLUSION
Based on the numerical simulation of the characteristics of the explosive source and the relation of the wave field, the development process of the explosive cavity and elastic–plastic boundary is collected along with the variation rule of seismic wave amplitude frequency characteristics with distance.
The formation of seismic waves is simulated by the Eulerian method. During the formation of seismic waves, along with the development of explosive cavities and elastoplastic range, the boundaries between the three zones almost expand simultaneously along the explosion center until the explosive cavity, plastic range, and elastic zone are formed in turn.
The Lagrange method is applied to simulate the propagation process of seismic waves, extract the numerical simulation data curve of the formation process of seismic waves, and load it into the two-dimensional Lagrange model. The vibration velocity of the particles at different positions can be acquired, and the Fourier transform can be adopted to obtain the spectral features of the particle vibration.
Finally, the influence law of the explosive source detonation pressure and the expansion index of explosion products on the particle vibration velocity peak and the dominant frequency of the seismic wave are analyzed. The detonation pressure and expansion index of explosive sources exert opposite effects on the energy and dominant frequency of seismic waves, and the change law between the energy of the seismic wave and the master frequency is often the opposite, and this conclusion was calculated by our prediction model for amplitude–frequency characteristics of blast-induced seismic waves (Chenglong et al., 2018). While the energy of the seismic wave increases, the master frequency of the seismic wave decreases. To finally realize the control of the seismic wave field and improve the seismic exploration accuracy, it is vital to comprehensively consider the influence law of the explosion pressure of the blasting source and product expansion index on the amplitude and frequency of seismic waves and adjust the amplitude and frequency characteristics of seismic waves to a certain extent, so as to improve the seismic exploration accuracy.
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