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ABSTRACT

The structure size of the crater formed by the earth-penetrating nuclear bomb explosion is one of the important 
parameters for evaluating the earth-penetrating nuclear bomb damage power. Obtaining the structure size of the 
crater formed by the earth-penetrating nuclear bomb explosion with different yields is great significance for the 
evaluation and design of the nuclear bomb damage power. In this study, considering the contradictory relationship 
between the structure size of the earth-penetrating nuclear bomb and the structure size of the equivalent TNT mass, 
we propose to use the equivalent energy mapping method to realize the finite element numerical simulation of 
the earth-penetrating nuclear bomb exploding into craters analyzed and compared the simulation results with the 
structure size of the crater formed by the ESS nuclear bomb explosion in the United States. The analysis results 
show that the error between the simulated crater radius and the real crater radius is 3.26%, and the error between the 
simulated crater depth and the real crater depth is 28.57 %. It meets the calculation accuracy error range of crater 
formation from nuclear explosion to chemical explosion. Therefore, this method provides an effective numerical 
simulation method and a means of obtaining the structural size data of the explosion crater for the earth-penetrating 
nuclear bomb cratering.

Keywords: Projectile penetration analysis; Equivalent TNT mass; Numerical simulation model of explosive crater 
formation; Equivalent energy mapping

1. INTRoduCTIoN
The structure size of the crater formed by the ground drilling 

nuclear bomb explosion on the target is one of the important 
parameters for evaluating the destructive power of the ground 
penetrating nuclear bomb1-3. Due to the limitation of nuclear 
test in the current international form, it is impossible to carry 
out the research on crater formation by live bomb explosion, 
and to accurately analyze and evaluate the damage power of 
ground-penetrating nuclear bomb explosion. Therefore, the 
research on the finite element numerical simulation method of 
ground-penetrating nuclear bomb explosion crater formation 
can make up for the shortage of the current data of live bomb 
explosion crater formation, improve the understanding of 
scientific research and design personnel on the damage power 
of ground-penetrating nuclear bomb, and provide data support 
for the accurate evaluation and design of the damage power of 
ground-penetrating nuclear bomb4-6.

Due to the huge power of nuclear test, high cost, and 
long duration of the hazard of explosive products, there are 
few researches on ground-penetrating nuclear bombs at home 
and abroad. For example, Wang, Y.J., et al. carried out the 
numerical simulation of touchdown explosion in pure soil 
medium around the shock wave effect of touchdown nuclear 
explosion7. The stress wave propagation process obtained from 

the numerical simulation is compared with the empirical study, 
which verifies the rationality of the numerical simulation 
method and the accuracy of the parameters of the numerical 
model. Nie, K.L.,8 et al. studied the electromagnetic pulse 
coupling characteristics of a certain type of vehicle around 
the high-altitude nuclear explosion environment, obtained the 
relevant laws of the electric field distribution inside the vehicle, 
and put forward electromagnetic pulse protection suggestions. 

Peng, G.L., 9 et al. proposed a fluid-magnetofluid-particle 
(PIC) hybrid model to describe the debris clouds motion from 
high-altitude nuclear explosions. They calculated the debris 
clouds expansion in the Starfish experiment in the United 
States, and compared the results with the experimental results 
and verify the solution scheme reliability. Aiming at the multi-
field coupling effects problems, geotechnical media strong 
nonlinearity and large deformation in nuclear explosions, 
Rong, J.L.,10 et al. proposed an nuclear explosion accurate 
description method on the ground that comprehensively 
considered the superposition effect of induced shock waves 
and direct shock waves. The simulation model was developed, 
and the simulation model was compared with the experimental 
data, which proved the simulation method correctness. 

Deng, G.Q.,11 et al. made statistics on the historical 
nuclear test data in view of the impact of rock and soil water 
saturation on the nuclear explosion effect of drilling. Taking the 
stress and particle velocity as the failure criteria respectively, 
the minimum thickness of safety protection layer is calculated. 
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Starting from a high-altitude nuclear explosion X-ray point 
source, Xu, H.,12 et al. calculated the absorption of different 
energies X-ray photons in the high-altitude atmosphere 
by using a detailed energy level model, and obtained the 
X-ray energy spectrum evolution at different transmission 
distances and X-rays in the atmosphere spatial distribution 
of energy deposition in the medium. Gao, R.,13 et al. made a 
brief analysis on the formation and distribution of sediment 
particles, the explosion methods influence on them, and the 
sediment particles replacement. For a ground explosion with 
ground material mixed into the fireball, the composition of 
the settled particles is more complex, and there are certain 
difficulties in research. Ouyang, J.M.,14 et al. combined the 
electron number density distribution generated by the delayed 
radiation ionization of high-altitude nuclear explosions and the 
WKB method of radio waves propagating in the ionosphere, 
calculated the radio wave absorption characteristics of high 
altitude nuclear explosion and compared with the “TEAK” test 
results. 

Fan, Q.X.,15 et al. discussed the seismic magnetic effect 
generation of underground nuclear explosions and the feasibility 
of magnetic anomaly measurement, proposed a geomagnetic 
monitoring method, analyzed its characteristics, and discussed 
some problems to be solved as a verification technology. Xu, 
M.,16 et al. established a thermal effect model of light radiation 
acting on objects by finite element analysis means. Taking 
the steel structure material of the “Mengshi” vehicle as the 
research object, the heating of the material and the thermal 
stress and strain caused by the heating were calculated. Based 
on the analysis of the underground nuclear explosion shock 
and vibration effect, Xue, Y.L.,17 et al. discussed the simulation 
method of shock and vibration effect of underground nuclear 
explosion, and calculated the shock and vibration effect of 
closed chemical explosion. Ouyang Jian, M.,18 et al. used a 
numerical simulation program to simulate the ionization and 
evolution process of X-rays emitted by high-altitude nuclear 
explosions to the atmosphere at different heights, and gave the 
spatiotemporal distribution curve of electrons. 

According to the basic shell theory of nuclear explosion 
particle movement and the interaction mechanism between 
particles and atmosphere, Yang B, et al. 19 established a debris 
cloud movement simulation method under the geomagnetic 
field and atmosphere action. Parameters such as expansion 
scale, velocity, pressure and temperature of debris cloud 
in different directions in the early post-explosion period are 
given, which are basically consistent with the literature results. 
It can be seen from the above research that the current research 
on nuclear bombs mainly focuses on electronic radiation, 
spatial distribution of electromagnetic waves and thermal 
damage, while there are few researches on the size of the crater 
structure formed by the underground nuclear bombs detonation. 
Therefore, it is very necessary to carry out the research on the 
size of the crater structure formed by the underground nuclear 
bombs detonation.

According to the explosion energy equivalence principle, 
this study equals the explosive power of earth-penetrating 
nuclear bomb as equivalent TNT mass, and considers the 
influence of the TNT explosive structure size on the explosion 

crater structure in the case of large equivalent, we proposes the 
equivalent energy mapping finite element numerical simulation 
method. The finite element numerical simulation analysis of 
large-yield TNT simulating the crater formed by the earth-
penetrating nuclear bomb was realized, and the accuracy of the 
simulation model was verified by combining the ESS nuclear 
bomb actual measurement test crater structure data, which 
proved the feasibility of the above finite element numerical 
simulation model.

2. EARTh-PENETRATINg NuClEAR BoMB 
PENETRATIoN PRoCESS NuMERICAl 
SIMulATIoN

2.1  Numerical Simulation Model Establishment
This study is based on the structure of the B61-12 earth-

penetrating nuclear bomb, which has a total length of 3.6 m, 
a projectile diameter of 0.34 m and a total projectile mass of 
350 kg. 

When constructing the finite element numerical simulation 
model, the nonlinear display explosion dynamics simulation 
software AUTODYN was selected to carry out the numerical 
simulation analysis. The software has many excellent solvers 
including Euler, Lagrange, ALE, SPH, etc., as well as more 
than 300 commonly used material databases and fully 
automatic fluid-structure coupling technology. The software 
is widely used in the research of ballistics, warhead design, 
armor piercing, detonation, air and underwater explosions, etc. 
The calculation results have high accuracy, and have a very 
good reputation in the international military industry. 

In this study, tantalum tungsten alloy (TAN/10%W) was 
selected as the body material of B61-12, with a density of 
18,100 kg/m3. In order not to affect the accuracy of numerical 
simulation results, according to the convergence analysis of 
mesh structure size in finite element numerical simulation 
[20], the mesh structure size was set as 0.01m×0.01m×0.01m. 
The projectile body penetrated the ground vertically, the 
ground material was soil, the projectile body penetration 
speed was 1000 m/s, and the ground grid partition size was 
0.012m×0.012m×0.012m. The coupling type between B61-12 
missile body and ground is set as Lagrange-Lagrange automatic 

Figure 1.  B61-12 earth-penetrating nuclear bomb penetration 
ground simulation mode.
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coupling. The established finite element numerical simulation 
model of B61-1 projectile body penetrating the ground is 
shown in Fig. 1.

In the Fig. 1, the ground material is standard sandy 
soil, and the sandy soil material parameters are shown in  
Table 121. 

Mohr-Coulomb elastic-ideal plastic model (MC model) is 
selected to calculate the change rule of sandy soil ground. This 
model integrates Hooke’s law and Coulomb’s failure criterion, 
and takes into account the influence of elastic modulus, 
Poisson’s ratio, effective cohesion, effective internal friction 
angle and shear expansion angle, so it can well describe the 
damage phenomenon to sandy soil during projectile penetration 
and ammunition explosion. MC model is shown in Eqn. (1)22.
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where, σn and τn are the shear stress and normal stress at the 
fracture surface of soil mass respectively; c0 is the initial 
cohesion (c0 ≥ 0); σt is the tensile strength (σt ≥ 0); m is the 
nonlinear coefficient related to soil properties and meets  
m ≥ 1. 

2.2  ground-drilling Nuclear Bomb Penetration 
Simulation Results Analysis
To verify the accuracy of the finite element numerical 

simulation method of projectile penetrating target, the actual 
test of steel projectile penetrating concrete target with projectile 

mass of 350 kg and projectile penetrating velocity of 1000 m/s 
was carried out. The projectile structure and penetration target 
structure during the test are shown in Fig. 2.

When establishing the finite element numerical simulation 
model, the main factors affecting the penetration depth of the 
projectile are the mass of the projectile and the flight speed 
of the projectile. Therefore, in the actual simulation process, 
the structural shape of the missile body is simplified, and the 
simplified missile body model is shown in Fig. 3. The mass of 
the simplified body is still 350 kg, and the flight speed of the 
body is 1000 m/s. After the above parameters are set, the finite 
element numerical simulation analysis of projectile penetrating 
target can be carried out after the parameters such as calculation 
times, calculation time, time step and energy overflow are set. 
After the simulation is completed, the penetration results of 
the projectile body are analyzed, and the penetration depth of 
the projectile body to the ground at different penetration times 
is obtained as shown in Fig. 3. The numerical extraction of the 
penetration depth of the projectile body is carried out, and the 
extraction results are shown in Table 2.

From the analysis of Fig. 3 and Table 2, we can find that 
as the penetration time increases, the projectile penetration 

Table 1. Sandy soil material parameters

r(g • cm-3) G/GPa B a0 / GPa
1.8 6.3×10-4 0.3 3×10-13

CVCR1
ep 

1 ep 
2 ep 

3

0 0.104 -0.016 -0.192
a1 / GPa a2 / GPa P3 / GPa P4 / GPa
7.0×10-7 0.30 4.0×10-4 6.0×10-3

Figure 2.  Projectiles and targets physical images: (a) Projectile 
structure (b) Target structure.

(a)

(b)

(a)

(b)
Figure 3.  Penetration depth of projectile at different penetration 

times: (a) Penetration time 0.017 ms (b) Penetration 
time 1.55 ms.

Table 2  Relationship between projectile penetration time and 
depth

Penetration time / ms Penetrate depth / mm

0.017 14.81
0.318 279.86

0.7 545.82

1.047 734.25
1.55
1.93
2.12

938.21
938.73
938.73
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depth gradually deepens, the speed of the projectile gradually 
decreases. When the projectile first touches the ground, the 
penetration speed is faster. When the projectile penetration 
speed decreases, the projectile penetration ability gradually 
weakens until the speed of the projectile decays to 0 m/s. At 
this time, the projectile remains in the trajectory formed by 
the penetration process. The change rule between penetration 
depth and penetration time is shown in Fig. 4.

mass is relatively large, and the common equivalent TNT mass 
are 0.3 kt, 1.2 kt, 10 kt and 50 kt. The shock wave energy 
accounts for about 50 % of the total energy during the earth-
penetrating nuclear bomb explosion. Therefore, the equivalent 
TNT mass of the above four equivalent TNT mass converted 
into the shock wave energy proportion are 0.15 kt, 0.6 kt, 5 
kt and 25 kt, respectively. The shape of TNT explosive is a 
cylinder, and the ratio of height to diameter of the cylinder 
is 1:1, the equivalent TNT mass structural dimensions are 
calculated as shown in Table 3.

Figure 4.  Curve of projectile penetration depth and penetration 
time.

During the actual test, the projectile penetration concrete 
targets depth was 795 mm, the depth of finite element numerical 
simulation penetration targets was 938.21 mm, the difference 
between the simulation results and the measured penetration 
depth was 143.21 mm. The relative error rate between the 
finite element numerical simulation and the measured data 
is calculated by using the functional relationship shown in  
Eqn. (2). The calculation result is shown in Eqn. (3), and the 
relative error rate between the two is 18.08 %. The reason for 
this error is that the projectile structural shape and the concrete 
target poured in the actual test process are slightly different 
from the shape of the simulation model and the selected 
materials, but it generally conforms to the change rule of the 
projectile penetration depth in concrete. Therefore, it is feasible 
to use this method to carry out the finite element numerical 
simulation calculation of the earth-penetrating nuclear bomb 
penetration depth.
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3. FINITE ElEMENT NuMERICAl SIMulATIoN 
ANAlySIS oF ThE EARTh-PENETRATINg 
N u C l E A R B o M B E x P l o S I o N I N To A 
CRATER

3.1  Earth-penetrating Nuclear Bomb is Equivalent 
to the TNT Mass Model
B61-12 earth-penetrating nuclear bomb equivalent TNT 

Table 3. Equivalent TNT mass structure size

Equivalent TNT 
mass

Charging radius/ 
mm

Charge length/ 
mm

0.15 kt 2446.67 4893.33
0.6 kt 3883.84 7767.68
5 kt 7874.10 15748.20
25 kt 13464.52 26929.04

It can be seen from Table 3 that when the minimum 
equivalent TNT charge is 0.15 kt, the charge radius reaches 
2446.67 mm, the charge length reaches 4893.33 mm, and the 
size of the charge is larger, while the B61-12 earth-penetrating 
nuclear bomb diameter is 460 mm. Therefore, if the B61-12 
earth-penetrating nuclear bomb is directly detonated by filling 
with TNT to simulate the cratering process of the B61-12 
earth-penetrating nuclear bomb, the structure size of the crater 
will be affected by the TNT charge structure size, resulting in 
the cratering results don‘t conform to the cratering mechanism 
of the live ammunition explosions. Therefore, it is necessary 
to design a new method to make TNT explosion craters not 
affected by the size of the explosive geometry.

To reduce the influence of the structure size of TNT 
explosive on the explosion crater formation, the finite element 
numerical simulation model of the pressure propagation 
distribution of TNT explosive explosion shock wave was 
established by using the AUTODYN numerical simulation 
software and the equivalent mapping method of explosion 
energy. The established model is shown in Fig. 5.

Figure 5.  Equivalent TNT explosion finite element numerical 
simulation model.
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In order to use the existing measured data of nuclear 
bomb explosion to verify the above model accuracy, in the 
model establishment process, the equivalent TNT mass is 0.6 
kt, the density of TNT explosive is 1630 kg/m3, and the length-
diameter ratio of the explosive is 1:1. The explosive radius is 
3883.84 mm, and the explosive length is 7767.68 mm. The 
size of the grid structure is 5 mm × 5 mm, and the detonation 
method is the central point detonation. TNT explosion process 
is described by JWL Eqn. of state23, which is shown in  
Eqn. (4).
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where P is the pressure, V is the volume, E is the internal 
energy, A and B are the material parameters, R1, R2 and ω are 
constants. The specific values of the parameters are shown in 
Table 424-25.

Table 4. JWl equation of state parameters

r / (g • cm-3) D / m•s-1 Pc1 / GPa A / GPa
1.23 4500 5.6 42

B / GPa R1 R2 w

100 3.55 0.16 0.41

The visible air domain size is 10000 mm × 10000 mm 
(Length × Width), and the grid structure size is 10 mm × 5 
mm. In order to simulate the real environment of the infinite air 
domain during the actual ammunition explosion, the remaining 
three sides except the symmetry axis are set as pressure outflow 
(Flow out), and the ideal gas state Eqn. is used for the air, which 
is shown in Eqn. (5).
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where, P is the gas pressure; γ is the ideal gas constant; r is the 
gas density; r0 is the initial density of the gas; E is the energy 
density (energy per unit volume of explosive). The air material 
parameters are shown in the Table 5.

Table 5. Air material parameters

r0 / kg•m
-3 γ E / MPa

1.225 1.4 0.2533

When the TNT is detonated, the pressure distribution of 
the shock wave pressure in the air with the explosion time is 
shown in the Fig. 6.

It can be seen from Fig. 6 that in the early stage of the 
explosion, with increase of the explosion time, the shock 
wave propagates outward as a spherical wave, as shown in  
Fig. 6(a). When the spherical wave propagates to the boundary 
of the TNT explosive structure, due to the different densities 
of internal and external interface materials, reflected shock 
waves will be generated at the interface. The front of the 
shock wave is affected by the reflected shock wave, resulting 
in the change of the spherical wave shape, such as shown in  
Fig. 6(b). At this time, it means that the solid TNT explosive 
has been completely detonated, and the solid TNT explosive is 
converted into an explosive product. Use AUTODYN software 
to output the explosion energy at this moment into a ‘. fil’ format 
mapping file. The method of energy mapping of blast shock 
wave is usually used to improve the calculation efficiency and 

(a)

(b)
Figure 6.  Evolution cloud map of shock wave pressure distribution 

at different explosion times: (a) Explosion time 0.10 
ms (b) Explosion time 0.60 ms.

accuracy of large-scale finite element numerical simulation 
model. This method has been widely used in the process of 
pressure propagation of conventional explosive blast wave. 
For example, in order to simulate the process of underwater 
explosion shock wave transmission and the first bubble 
pulsation, Wu, G.M.,23 et al. carried out the three-dimensional 
model numerical simulation analysis through the energy 
mapping technology. The numerical simulation results are in 
good agreement with the empirical formula calculation results. 
This method greatly improves the calculation efficiency while 
ensuring the calculation accuracy, and has strong engineering 
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application value. Du, Z.P.,24 et al. used the explosion energy 
mapping technology of the ANSYS-AUTODYN software to 
carry out the research on the maximum radius and pulsation 
period of bubbles produced by underwater explosion of the 
submerged explosive. The theoretical model and the bubble 
radius, pulsation period and radial motion velocity obtained by 
simulation are consistent, which shows that this method meets 
the calculation accuracy requirements required by the project. 

To verify the effectiveness of the energy mapping method 
of explosion shock wave in the process of TNT explosive 
explosion crater formation, we use the crater data obtained 
from the explosion test of TNT explosives with mass of 20 kg 
and 50 kg and buried depth of 0.44 m and 0.60 m in sandy soil 
to compare with the crater data obtained by the finite element 
numerical simulation energy mapping method. The crater 
structure shape, crater diameter and depth data obtained by 
numerical simulation are shown in Fig. 7 and Fig. 8.

According to the analysis of Fig. 8, the relative errors 
between the crater diameter and depth formed by the shallow 
explosion of 20 kg TNT and the measured test results are 3.19 
% and 25.76 % respectively; The relative errors between the 
crater diameter and depth formed by the shallow explosion of 
50 kg TNT explosive and the measured test results are 3.81 % 

and 21.27 %. The relative error between the results calculated 
by the finite element numerical simulation energy mapping 
method and the actual test results meets the requirements of 
the engineering test accuracy of the explosion field. Therefore, 
the method of explosion energy mapping can be used to carry 
out the relevant research when the finite element numerical 
simulation analysis is carried out for the structure size of the 
explosion crater of large equivalent TNT explosives.

3.2  Equivalent Energy Mapping Explosion into Crater 
Structure Size Analysis
When the projectile penetrates the ground at a speed of 

0 m/s, the projectile penetration process ends. At the lowest 
point of penetration trajectory, it is necessary to simulate 
nuclear bomb explosion and crater formation. Because the 
projectile speed is 0 m/s at this time, the projectile structure 
can be deleted, the penetration trajectory left by the projectile 
penetrating the target can be retained, and the above prepared 
“. fil” energy mapping file can be imported at the lowest point 
of the trajectory to map the energy to the coordinate point at 
the bottom of the trajectory. In this simulation experiment, the 
buried depth of the reference US ESS nuclear bomb test is 20.4 
m, so the coordinates of the energy mapping position are set to 
(20400,0). Use the “Read Datafile” function in the explosion 
mechanics simulation software to import the above output 
shock wave pressure energy mapping file to the mapping 
coordinate point, and then set the corresponding simulation 
parameters, such as the number of cycles is set to 1000000, 
the calculation step is 0.001 ms, the calculation time is 3000 
ms, and the maximum energy overflow is set to 999999 (to 
prevent the numerical simulation from being suspended due 
to excessive energy overflow). The simulation can be started 
after the parameters are set. The ground structure will take the 
mapping coordinate point as the center and explode into craters 
under the action of the mapping energy. The evolution process 
of crater structure after explosion energy mapping at different 
times is shown in Fig. 9.

To quantitatively analyze the size of the crater structure 
in the explosion energy mapping process, the structure size 
of the crater under the above seven explosion moments was 
extracted, and the crater radius and crater depth under different 
explosion time were obtained as shown in Table 6.

(a) (b)
Figure 7. Numerical simulation of crater structure shape: (a) 20 kg TNT explosive (b) 50 kg TNT explosive.

Figure 8.  Numerical simulation and actual measurement of 
crater structure size.
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(a) (b)
Figure 9. Structure of explosion craters at different explosion times: (a) Explosion time 71.99 ms (b) Explosion time 940.2 ms.

Table 6.  Crater structure size detailed parameters at different 
explosion time

Explosion time /ms Crater radius / m Crater depth / m

71.9 -- 15.5
166.4 -- 44.5

268.7 12.2 46.5

375.7 26.5 48.0

596.3 30.5 49.1

823.8 45.1 49.5
940.2 47.5 49.5

Note: ‘--’ in the above table indicates that the ammunition current explosion 
has not broken through the ground, and the crater radius has not yet been 
formed.

Figure 10. Variation of crater structure size under different      
 explosion times.

To more intuitively and clearly analyze the variation law 
of the crater radius and crater depth in the explosion energy 
mapping process, the curves of the crater radius and crater 
depth at different explosion moments are drawn as shown in 
Fig. 10.

From analysis of the evolution law of the crater structure 
size in Fig. 9, Fig. 10 and Table 6, it can be seen that with 
increase of the explosion time, the crater diameter and depth 
gradually increase. At the beginning of the explosion, when 

the energy generated by the explosion did not break through 
the sandy soil surface, the high temperature, high pressure gas 
and the explosion products could not be released, the energy 
in the internal cavity spread sharply to the surrounding areas, 
making the crater depth gradually increase. Therefore, in the 
explosion energy mapping early stage, the energy expansion 
and evolution is mainly reflected in the increase in the crater 
depth. However, as the explosive products break through the 
ground, the high-pressure environment inside the crater is 
quickly released into the air, lifting the surface of the ground 
to form an intuitive crater, and the crater diameter gradually 
increases with the explosion duration. At this time, due to the 
release of the high-pressure environment to the outside world, 
the crater internal pressure gradually decreases, so the increase 
in the crater depth is not obvious, and the crater depth reaches 
a certain value and does not change. Similarly, when the crater 
diameter is increased to a certain value, due to the substantial 
attenuation of the explosion blast wave pressure, it is no longer 
possible to effectively affect the crater apparent geometry, so 
even with the explosion time passage, the crater radius no 
longer changes, that is, the crater maximum radius in Table 6 
remains at 47.5 m, and the crater maximum depth remains at 
49.5 m.

To verify the accuracy of the above explosion crater finite 
element simulation model, the simulation data is compared 
with the measured data of the existing publicly published ESS 
nuclear bomb explosion crater. The equivalent TNT mass of the 
ESS nuclear bomb is 600 t, and the explosion apparent crater 
diameter and depth when the ammunition is buried at a depth of 
20.4 m are 46 m and 38.5 m, respectively. Compare the crater 
structure parameters obtained by the blast energy equivalent 
mapping method with the ESS nuclear bomb measured data, 
calculate the relative error between the simulated crater radius 
and depth and the measured crater radius R and depth H of the 
ESS nuclear bomb. The functional relationship for calculating 
the relative error of crater radius is shown in Eqn. (6); The 
functional relationship for calculating the relative error of 
crater depth is shown in Eqn. (7).
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Substitute the above finite element numerical simulation 
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data and measured data into Eqn. (6) and Eqn. (7) to calculate 
the relative error rate of explosive crater radius as shown in 
Eqn. (8), and the relative error rate of explosive crater depth as 
shown in Eqn. (9).
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As can be seen from the above calculation results, the 
absolute values of the relative errors between the radius and 
depth of the crater formed by the finite element numerical 
simulation and the measured radius and depth of the crater 
of the ESS nuclear bomb explosion are 3.26 % and 28.57 %, 
respectively, for 600t equivalent TNT explosive mass and 20.4 
m explosive burial depth. It can be concluded that the crater 
radius obtained by the method of explosion energy equivalent 
mapping is very close to the measured results, but there is a large 
error between the explosion crater depth. Analysis the reason is 
that the sandy soil structure changes with the increase of depth 
in the actual test, such as the sandy soil contains rocks, gravel 
and so on, which leads to the change of the sandy soil structure 
mechanical properties. However, in the process of finite 
element numerical simulation, the sandy soil structure model 
is isotropic, and the mechanical properties are stable, so the 
simulation results have certain error with the measured results, 
but according to the accuracy requirements of finite element 
numerical simulation of nuclear detonation transformation 
explosion in China, the error accuracy between the simulation 
results and the measured results is less than 30 %. Therefore, 
the finite element numerical simulation model of explosion 
cratering established in this study is valid. This method can be 
applied to the numerical finite element simulation analysis of 
the ground cratering structure of nuclear explosion transformed 
into chemical explosion.

4. CoNCluSIoNS
In this study, finite element numerical simulation 

method was used to analyze the target penetration depth and 
crater structure of a certain type of earth-penetrating nuclear 
bomb, and the simulation results were compared and verified 
with the measured data. The verification results show that 
the finite element numerical simulation analysis is carried 
out for the penetration depth of a 350 kg earth-penetrating 
nuclear bomb into concrete target, and the simulation results 
are in good agreement with the measured results. Using the 
explosion energy equivalent mapping method proposed in this 
study, the finite element numerical simulation analysis of the 
underground explosion crater formation of the ESS nuclear 
bomb with the equivalent TNT explosive mass of 600 t was 
carried out, and the simulation calculation accuracy met the 
accuracy requirements of the nuclear explosion into chemical 
explosion crater formation. This method has good adaptability 
to the crater formation of nuclear bomb explosion when the 
mass of equivalent TNT explosive is large equivalent, and 
provides an effective numerical simulation method and data 
acquisition method for the earth-penetrating nuclear bombs 
explosion crater.
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