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Modeling and visualization of an explosion in sandy soil.
Numerical simulation and experiment
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Abstract

The background oriented shlieren (BOS) method is actively used for visualization of flows
that occur in a gas environment. Along with it, the capabilities of the method can be used to
visualize disturbances in an opaque continuous medium. In this case, in addition to tradi-
tional high-speed video shooting, a "background screen" is used in the form of an initial non-
uniform randomly distributed picture of the surface grains of the medium being studied.
When perturbations are propagated in this area, they are visualized using cross-correlation
analysis. It is of interest to determine the sensitivity of the method in the application of im-
portant tasks of sensing media by buried blasts. An additional advantage of using the BOS
method is its visual verification of the numerical solutions used.

The paper considers an experimental and calculated study of HE blast in a dry sandy
ground with a density of p = 1.5 g/cm3. During the experiment, optical-physical registration
of the process of perturbation development on the ground surface was used. Using a cross-
correlation image processing algorithm, the diameters of the perturbation zone and the
height of the dome were determined. The results of numerical simulation are also presented.
Comparison of calculated and experimental data on the height of the sandy ground discharge
showed their satisfactory correspondence, which indicates the adequacy of the applied math-
ematical model.

Keywords: sandy ground, buried blast, perturbation, ground dome, mathematical mod-
el, numerical simulation.

1. Introduction

The development of digital systems for image recording and processing has significantly ex-
panded the capabilities of optical diagnostic methods. Among the methods of digital image
processing, in the field of optical-physical registration, the cross-correlation algorithm is the
most widely used. This algorithm is successfully applied in the shadow background method
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[1] and in the digital tracer visualization method [2]. The use of cross-correlation processing
allows us to obtain quantitative information about the studied environment in addition to
qualitative data. The experimental data obtained in this way allow to conduct the verification
of numerical modeling techniques, which is demonstrated in [3 — 6].

The purpose of this work is to study the explosion in dry sandy ground, the verification of
numerical method, and work out the method of optical and physical registration of the dis-
turbance of the free surface of the ground. The results of the work are planned to be used in
the future as the basis for determining the detonation’s depth the specified mass of TNT
equivalent explosives or mass of TNT explosives at a predetermined depth.

2. Setting up an experiment

An experimental study of a buried blast was performed by high-speed video recording of the
surface of sandy ground (Figure 1). Two experiments were carried out in which a cylindrical
high explosive charge (HE) located at a depth h from the free surface of the field was initiated
(0.5 m in experiment 1, 0.5 m in experiment 2). The mass of HE in TNT equivalent was 0.113
kg. The initiation of the charge was carried out using a high voltage generator (VG). Simulta-
neously with the activation of the VG, a high-speed video camera was switched on. Video re-
cording was performed with a frame sequence period of 0.24 ms, a frame exposure time of 50
us, and a resolution of the camera matrix of 1440x700 pixels. Video recording was performed
from a distance of Z=32 m. The spatial resolution of the video recording scheme in the area of
the explosion epicenter was 0.6 pixel/mm.

In experiments, the same pattern of ground dome formation and its expansion was regis-
tered. Starting at a time of ~ 60 ms, the dome begins to fragment. The upward movement of
ground particles continues until ~ 570 ms, then there is a change of direction. Figure 2 shows,
as an example, fragments of video registration obtained during experiment 1.
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Figure 1-video recording scheme: 1-explosives charge (HE), 2-high-speed video camera.



t =121.54 ms t=617.38 ms
Figure 2-Fragments of video recording the epicenter’s area of a
deep explosive charge explosion.

3. Numerical simulation
Numerical simulation was performed using an explicit solver on a three-dimensional Euler
grid.
The system of equations describing the flow of the medium [7] has the form
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where O - the density of medium, v - the velocity vector of medium, F - the vector field of
mass forces,

0 — stress tensor, ¢ - strain rate tensor, E — internal energy t - current time.
The stress-strain state at a point in the calculated area was determined by the General system
of equations:
Ojj :_p'é}j +§;;
p =p(p,E),

where i - stress tensor, Sij _ stress tensor deviator, % _ Kronecker’s symbol,

p - the hydrostatic pressure given by the equation of state (SE).

The geometric parameters of the calculation model are shown in figure 3. Each part of the
calculation model corresponds to its own mathematical model of the material.

(2)



Figure 3-Geometry of the calculation model: a-explosive substance, b-sandy ground, c-air.

Air in the calculation was described as a continuous medium with the equation of state of an
ideal gas:
Yo,
p=(x-1)""E (3)

Po

where K = 1,4 - adiabatic index, E-internal energy per unit volume, Po - initial density.

To specify the explosive material, a special model of explosive was used, which allows model-
ing the detonation and flow of explosion products [8, 9].The pressure in the element HE in
each moment of time is determined by the formula

p=F-p(p.E) (4)
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p — density explosives, D — detonation velocity, Pcs - pressure Chapman-Jouguet, t, — ele-
ment burn-out time, Ax - the characteristic element size.
SE for explosives detonation products is accepted in the form of Jones-Wilkins-Lee [8, 10]:
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where v = £ is the relative volume of detonation products HE during the explosion, A, B,
0

Ri1, R2, w are empirical constants, E is the internal energy assigned to a unit of volume,
w=— (Z:;’ 3) — 1 - when the explosion products expand to a value of V >10, S is the entro-
S
py. . . 3
Equation (1) corresponds to the isentrope of the explosion products:
p,=A-e " 4 Be ™ 1 C.v 1) (6)

The parameters of the HE material model adopted in accordance with [11] are shown in ta-
ble.1.
The parameters of SE HE are taken in accordance with [11] and are shown in table. 2.

Table 1 - Parameters of the explosives material model

Explosives density Pressure Chapman-Jouguet

0, kg /ms Detonation speed D, km/s Pey, GPa

1821 8.48 34.2




Table 2-Parameters of the equation of state of detonation product HE

A, GPa B, GPa R, R- ()

748.6 13.38 4.5 1.2 0.38

Elastic properties of sandy ground were assumed according to Table 3 [12].
Table 3-Elastic properties of sand

Density of sand
Shear modulus ) .
G. MPa Poisson Ratio vV
Py (gl cm’ ’
1.5 150 0.3

The dependence of the yield strength of sand on pressure was determined by the ratio in ac-
cordance with [13]

H P 7)

where Yo is the adhesion (strength at zero pressure)

Y the value that restricts the intensity of shear stresses from above:

Y, = 50exp(_ 20.W
1+W

) MTIla [13], W — weight humidity in fractions of a unit.

1 =2-tgp — the value associated with the coefficient of internal friction, ¢ - the angle of in-

ternal friction.
Parameter values, and are shown in Table. 4.

Table 4 - Parameters of sandy ground taken in the calculation [12]

Density of sand Parameter value
Po 9/ sm’ Y,,MPa Y,, MPa p
1.5 0.01 8 0.91

A graphical representation of the dependence of the yield strength on pressure is shown in
Figure 4.
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Figure 4-Dependence of yield strength on pressure



The graph of the logarithm’s dependence of the relative volume on the pressure when com-
pressing sandy ground is shown in Figure 5.

On the graph, V/V0 =1 — 0, where V - the current volume, VO - the initial volume, and 0 -
the volumetric strain. The dependence of the volume strain on the pressure has the form [14]:

p po-A%0
- (8)
1+24%).1-5-0)

where tgp=0.6 - the internal friction angle tangent, A = 511 m/s is the coefficient of impact
adiabate [12], B = 1.72 is the coefficient of impact adiabate [12].
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Figure 5-Dependence of strain on pressure

The Unloading module for different density values p is defined by the formula [14]

df(p)
K=
P~ dp (9)
where f(p) = p - the function of density dependence on the pressure.
Numerical simulations were performed using an explicit solver on a three-dimensional Euler

grid

4. Analysis of the results obtained

The video information obtained in the experiments was used to determine the dome’s height
of the sandy ground (H) at discrete moments of time. Direct measurement of the dome height
by video recording frames caused difficulties, especially for small H values, related to identi-
fying the top point of the ground dome. To solve this problem, we used cross-correlation pro-
cessing of video recording frames. A multi pass cross correlation processing algorithm with a
square survey window and 50% overlap was used. The size of the survey window was itera-
tively reduced from 256 to 8 pixels. Approximation of the correlation function was carried out
using three-point Gaussian interpolation without pre-processing images. The fast Fourier
transform algorithm was used to calculate the correlation function.

Fragments of the results of cross-correlation processing of video recording frames are shown
in Figure 6. The sequential image analysis was performed after the explosion of explosive
charge HE with the image of an undisturbed surface of sandy ground. This approach allows to
visualize the field areas of displacement of the ground surface where there is no significant
change in its structure. The received information can be used for estimating the diameter of
the disturbance area (Figure 7), but is not suitable for determining the height of the ground
dome. For information about the height of the dome of the sandy ground, the surface struc-
ture of which changes, two consecutive images of the sandy surface were analyzed, and the



maximum change in the analyzed area in the vertical direction was determined (Figure 8).
Thus, the increment of the height of the ground dome H was determined for the time equal to
the video registration period The cross-correlation processing algorithm allows to analyze
images in the sub-pixel area, in this case, the standard deviation from the increment H was
0.06 pixels, which, taking into account the registration scheme, is 0.1 mm. Experimental data
in comparison with the results of numerical simulation are presented in Figure 9 as a graph of
the ground dome height dependence on time
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Figure 6-Experimental values of the displacement field (absolute values) of sandy ground
relative to its initial (undeformed) state
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Figure 7-Estimated data on the diameter of the perturbation area:
1 — experimental data at h=0.55 m, 2-experimental data at h=0.5 m.
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Figure 8-Experimental values of the displacement field (vertical component) of sandy ground
that occurred during the frame period of video registration
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Figure 9 - Dependence of the height of the ground dome on time: 1-experimental data at
h=0.55 m, 2-experimental data at h=0.5 m; 3-calculated data for h=0.5 m.

From the analysis of the results of experiments and calculations, it can be concluded that the
ground dome’s rate of growth increases up to a certain point in time, after which it becomes
almost constant. This can probably be explained by the fact that at the initial stage of the ex-
plosion’s development in the cavern, the high pressure of the explosion products promotes
accelerated movement of a solid mass of ground. After the expansion of the cavern, the pres-
sure of the explosion products decreases - the rate of growth of the dome height also decreas-
es.

The comparison of calculated and experimental data is given up to the time of 25 ms, since
after that the dome begins to fragment into separate parts, which cannot be described by nu-
merical algorithms within the continuum model.



5. Conclusion

The paper considers an experimental and computational investigation of a cylindrical charge
explosion in dry sandy ground with a density of 1.5 g/cm3. During the experiment, optical and
physical registration of the disturbance development process on the ground surface was used.
The diameters of the perturbation zone and the height of the dome were determined using a
cross-correlation image algorithm. The correlation function was approximated using three-
point Gaussian interpolation without pre-processing images. The fast Fourier transform algo-
rithm was used to calculate the correlation function. The results of numerical simulation are
also presented. The comparison of the calculated data on the height of the sandy ground dis-
charge and the experimental data on the height comparison showed their satisfactory corre-
spondence, which indicates the adequacy of the applied mathematical model.

The work was supported by the grant of the President of the Russian Federation no. MK-
2078.2019.8.
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