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Controlling the hazards to facilities caused by detonation waves is a high priority in engineering design. To protect an un-
derground facility, soil can reduce the destructive effects of detonation waves. Soil dynamic characteristics and the area of the
destructive zone are affected by shock wave energy. The material at ground zero is impacted by high-intensity stress and forms a
crater. To ensure the safety of the facility, the protective soil layers must be sufficiently thick. Therefore, the purpose of this study
was to analyze the destructive effects that caused the deformation and destruction of an external protective soil layer. The results of
the explosion experiments and the numerical simulation analysis were compared to explore the dynamic characteristics of the soil
affected by the shock wave and the crater effects of on-ground explosions. The analysis model adopted an 8-node hexahedral
element to create a three-dimensional solid structure model of the fluid-solid interaction. The material failure analysis dem-
onstrated that the detonation wave destabilized the interior of the soil body, and the nearby high-intensity stress was the key factor
for material failure. The results can serve as a reference for the design of soil-covering layers that provide explosion hazard control.

1. Introduction

Structural protection engineering is the essential design
principle for vital industries and national defense infra-
structure. Burster layers can be used to reduce the damage
caused by blast effects to protect essential engineering fa-
cilities. Before designing military and industrial pipelines, it
is necessary to calculate the area and extent of the explosion
destruction effect to calculate the thickness of the protective
layer. The detonation wave is transmitted outward through
the medium; the generated stress wave induces particle
vibration in the medium and affects the internal stability of
the material [1-4]. The explosion shock wave compresses the
ground and pushes soil, forming a crater. The extent of
destruction and the affected range are determined by the
energy of the shock wave and the material characteristics of
the transmission medium [5]. Schenker et al. [6] investigated
the explosion pressure generated by indoor explosions. Their
results showed that the relative error between the shock
pressure obtained from experiments and numerical analysis
was 15%, and the relative error of the impulse was

approximately 9%. Wang and Lu [7] explored the shock
wave energy generated by an explosion. Their results indi-
cated that the energy released near the explosion source was
high and the effect of the compression wave on the soil was
relatively high. Crandle [8] analyzed the transmission of
detonation waves and the factors that affected the vibration
intensity. The results indicated that the transmission process
of detonation wave induced particle vibration and caused
different degrees of destruction to the medium. Koga and
Matsuo [9] studied an explosion caused by burying explo-
sives in soil. Part of the energy of the detonation wave was
converted into seismic waves in the transmission process;
those seismic waves induced particle vibration. Wang et al.
[10] studied the seismic waves of a low-altitude explosion
that were primarily generated by a shock wave in the air; the
seismic waves were transmitted in the form of shock waves
and then converted into elastic seismic waves, inducing
particle vibration on the surface. Soil compression waves
were generated by the ground compression induced by the
air shock wave generated during an on-ground explosion.
The compression wave eventually transformed into an elastic
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seismic wave. Wang [11] applied a numerical analysis model
of explosion pressure verification to an explosion experi-
ment to prove that the LS-DYNA finite element program
could effectively analyze the transmission behavior of a
detonation wave during an on-ground explosion.

Soil strength impedes soil failure or sliding along any
plane in the soil body. If soil has strength, then that soil
maintains a certain shape. Soil strength provides stability in
ultimate stress states, including stresses from soil weight or
external loading. The principal reason for material failure is
that the combination of normal and shear stresses reaches a
critical state. If the shear stress exceeds the ultimate strength,
the soil equilibrium state is upset and causes soil failure [12].
The process of soil loading and unloading during detonation
wave transmission is an irreversible stress-strain relation-
ship. When the detonation wave reaches the ground, the
pressure increases rapidly and passes down to the interior of
the soil. This state is referred to as overstress. The trans-
mission of overstress in soil is a complicated topic. Under
explosion dynamics, the yield criterion of a soil body can be
defined as the amount of excessive deformation. On-ground
explosions are converted into mechanical energy and
thermal energy and cause medium deformation and crater
[1].

According to the impact caused by a shock wave,
compression, fracture, and vibration zones can be identi-
fied outside the explosion center. An on-ground explosion
induces high temperature, high pressure, and detonation
waves on the soil and causes soil compression, deforma-
tion, and the throwing phenomenon, resulting in crater
[13]. Ambrosini and Luccioni [14] analyzed the energy
released by the explosion of a unit volume of explosives
through the crater effect. Bazant and Belytschko [15] an-
alyzed the transmission of transient dynamic waves in
strain-softening media and verified the phenomenon of
localized strain softening in materials. The phenomenon of
strain softening causes the stress to decrease with the in-
crease in strain. Clough and Woodward [16] applied de-
formation analysis to geological engineering research; they
analyzed the stress, strain, deformation, and displacement
of an object under the effects of its weight or external forces.
Based on the constitutive law, the equilibrium equation,
and the deformation geometry law of continuum me-
chanics, the deformation analysis method was used to
analyze the stresses and strains of different material
compositions and the deformation geometries of different
combinations of strain and displacement. A previously
published study considered the characteristics of hetero-
geneous materials and explored material composition in-
cluding linear elastic and nonlinear stress-strain
relationships. The same study also investigated plastic
behavior models to explore material behaviors induced by
external forces such as stress, strain, deformation, and
displacement.

On the ground, the explosion shock wave affects the
stability of the material and causes different degrees of crater
destruction on target objects [17]. This study analyzed the
extent of destruction and impact of on-ground explosions on
protective soil layers. In the context of the yield strength and
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failure criteria of the material, this study analyzed the de-
struction radius, diameter, and destruction depth of craters
to evaluate the extent of destruction caused by the crater
effect of explosions.

The shock analysis was completed within a few milli-
seconds, and the discussion of destructive effects was fo-
cused on the dynamic soil response and the level of damage
by shock waves. Given the spatial limitations of the ex-
perimental site and legal restrictions on the amount of
explosive use, a large-scale explosion experiment is not
feasible. According to the nature of the research questions, to
enhance the accuracy of numerical analysis, this study
employed a fluid-solid coupling finite element approach in
conjunction with an explosion experiment that resulted in
craters was used to verify the accuracy of the element erosion
estimation. Exploring the transmission of shock waves in the
soil, this study determined the optimal benefits of the pa-
rameters of soil element failure caused by contact explosions
to establish the foundation of a dynamic numerical model.

2. Experimental Configuration

This study adopted on-site experiments and numerical
simulation analyses to explore the deformation and de-
struction effects of explosions. The amount of trinitrotoluene
(TNT) explosives in each of the three crater explosion ex-
periments was the same. The effects of explosions on the
crater effect of the soil were tested with explosives positioned
upright on the ground.

Figure 1 shows the configuration of the experiment site
for measuring the ground acceleration and apparent crater
of explosion. This study used explosions to obtain experi-
mental coeflicients of ground acceleration to verify the
accuracy of the numerical analysis model. In the on-ground
explosion testing, 226.796g (0.51b) TNT explosive was
placed upright on the ground. Three-axis accelerometers
were arranged at 350 and 500 cm from the explosion center
to quantitatively analyze the ground accelerations on X, Y,
and Z directions. The accelerometers measured the ground
accelerations of explosion vibration. The signals went
through an oscilloscope and to a signal conditioner for data
transmission and storage. The experimental instrument
included three-axis accelerometers, power supply systems,
oscilloscopes, signal conditioners, and data acquisition
systems.

3. Numerical Analysis Approach

The crater effect of explosions is highly nonlinear. Most
related studies have focused on analyzing the characteristics
of transmission medium failure caused by the shock wave.
Explosion experiments are costly, the experimental sites are
restricted, and the experiments can be dangerous. Using
computer-aided engineering analysis can avoid the hazards
of the explosion process. This study verified the results of
explosion experiments by using numerical simulation.
Numerical analysis based on the finite element method was
conducted using hydrodynamic code in LS-DYNA. The
Multi-Material Arbitrary Lagrangian-Eulerian (MMALE)
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F1Gure 1: Configuration of the explosives in the field experiment.
(a) For the ground acceleration measurement. (b) For testing the
apparent crater effect of explosions.

algorithm was integrated with the 8-node solid element to
establish a three-dimensional (3D) solid structure model of
the fluid-solid interaction.

3.1. Control of Time Stop and Element Type. The numerical
analysis tool for exploring explosion effects must satisfy the
coupling between the hydrodynamic state and the solid. The
LS-DYNA nonlinear finite element analysis program is
based on the mechanics of the continuous medium and
employs the explicit time integration method to calculate
dynamic mechanical characteristics. Using explicit time
integration analysis to investigate the instantaneous dy-
namics of explosions is conditionally a stable calculation
method that requires time step (Af) control.

The conditional stability of explicit time integration is
affected by the time step. However, when using explicit time
integration, the time step must be less than the critical time
interval, which is affected by its control factor (TSSFAC) (1).
The program automatically divides time (T') into T/At cycles,
and the LS-DYNA program manual suggests that the time
step control factor should be set in the range 0.1~0.9 and that
for the explosion analysis should be lower than 0.67 [18, 19].

!
At = TSSFAC - %S“ (1)

1

where [ . is the minimum mesh size, and C; is the
wavelength.

The operations of finite element analysis require algo-
rithms and element types that are appropriate for the ma-
terial characteristics. The numerical calculation of motion in
this study used the MMALE algorithm, which adopted 8-
node hexahedral elements for analysis. The element is a 3D
solid structure model and the shape function is expressed as
in (2); the coordinates (& P M and { j) are associated with
different node positions and the values are +1. Eight nodes
were defined in the element; each node had degrees of

freedom for translation, velocity, and acceleration in the X,
Y, and Z directions. This element was suitable for explicit
dynamic analysis [18, 19].

¢j:é(1+55j)(1+’7’71‘)(1+“f)' (2)

The MMALE algorithm exhibits the advantages of the
Eulerian and Lagrangian algorithms. The Eulerian algorithm
is used to arrange the element meshing to separate the mesh
from the analyzed object, overcoming the negative volume
caused by the severe mesh distortion. The Lagrangian al-
gorithm is used for the material boundary analysis, which
can effectively track the displacement and deformation of
structural boundaries. For the dynamic analysis of the fluid-
solid interaction, fluid is analyzed using the Eulerian al-
gorithm to fix the nodes of the element mesh in the structure
space. Only the material particles flow in the space. The solid
is analyzed using the Lagrangian algorithm, and the material
particles move with the deformation of the continuum,
which is helpful for the deformation analysis of the
movement of the fluid-solid interaction [20-22].

3.2. Element Erosion Criterion. Soil is a three-phase system
composed of solid, liquid, and gas phases. For models of soil
composition, yield criterion, stress, and strain analysis, the
applicable conditions and material characteristics must be
considered and the dynamic response of the pore material
induced by the explosion force must be effectively analyzed.
The Krieg yield criterion is based on isotropic plasticity
theory, and the yield function is presented as in (3) The yield
planes, J, and 0,, are presented as in (4) and (5), where
ay=c?a, =2c tan ¢,and a, = tan? ¢. Before the material
yields, a linear elastic relationship exists between the stress
and strain. The relationship between the stress and strain of
the plastic state conforms to the rule of plastic flow, and the
material failure is determined according to the shear stress.
Based on the strain after yielding, the stress zone of pore
materials (e.g. soil, rock, concrete, foam, and honeycomb
materials) can be divided into hydrostatic pressure and shear
stress zones, which can be used to analyze the effect of
pressure on the compaction and destruction of the material.
It can be applied to numerical analysis programs such as LS-
DYNA, ANSYS, and MSC/DYTRAN.

Pyieta = J2 = (‘10 tap+ ‘12172)’ (3)
J,= %oi, (4)
a, =[3(a +a1p+a2p2)]l/2, (5)

where ], is the second invariant of the deviatoric stress, p is
the pressure, a,,a,,a, are the shear force yield plane co-
efficients, and o, is the axial yield stress.

The shear stress of the octahedral stresses is a function of
J,. The normal stress of the octahedral stresses is equivalent
to the average value of the principal stress as in (6). The
relationship between the maximum shear stress is given in



equation (7), and the second invariant of the deviatoric stress
is presented as in (8). For the pure shear stress,
0, =71>0,0, = 0,05 = —7, and the shear stress (7) is defined

as \Jy T = =T

1

Ooct = 3 (01 + 0, +03), (6)
V2 [

Toct:T\/ [ +05+05 0,0, - 0,05 - 0,05, (7)
V2

Toct = ?]2’ (8)

where o0, is the octahedral normal stress, 7, is the octa-
hedral shear stress, and 0, 0,, 05 are the maximum principal
stress, middle principal stress, and minimum principal
stress.

The soil constitutive law used in this study must consider
the stress and strain behaviors of the pore material caused by
pressure. Schwer [23] proposed that the shear failure cri-
terion of the soil/rock model in LS-DYNA reveals a rela-
tionship between the mean stress and failure strength. The
Krieg yield criterion can calculate the dynamic response in
the soil and is also suitable for the analysis of 3D models.
Therefore, this study used the Krieg yield criterion as its
constitutive law for analyzing the characteristics of soil.

The overstress transmitted by a detonation wave in soil is
an irreversible stress-strain relationship. The energy trans-
mission and conversion process of the explosion causes
destruction to soil and forms a crater. The finite element
erosion algorithm is conducted based on the pressure, stress,
and strain of the material. The high strain rate generated by
the explosion shock wave affects the internal stress variation
of the soil, resulting in strain in the soil. The soil yield
criterion can be defined as the amount of excess deforma-
tion. LS-DYNA defines element failure and erosion criteria
by MAT_ADD_EROSION. The failure element is thus re-
moved from the material model. On the basis of the rela-
tionship between stress and strain of material, this study
used the failure shear strain as the elemental erosion failure
criterion and for soil destruction area analysis. If the material
failure criterion y, >y,.. is met, the element in the model is
deleted, as presented in [19], where y, is the maximum shear
strain, y, = (&, — &)/2, ¢ is the maximum principal strain,
&; is the minimum principal strain, and y,,,, is the shear
strain at failure.

3.3. Nonlinear Dynamic Models. To verify the numerical
model, the 1/4 symmetric numerical analysis model was
established according to the experimental conditions of
ground acceleration in the experiment. The fluid and the
solid meshes were independent from each other. The solid
mesh size was twice that of the fluid mesh. The fluid mesh
adopted the common point mode and the solid mesh
adopted the contact mode. The fluid-solid coupling was
established using the mesh overlap method [24]. The size of
the mesh was determined based on the minimum width of
the TNT explosive. The application of finite element analysis
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requires consideration of the complexity of an analysis
model and the mesh size. To enhance the calculation ac-
curacy, adopt a fluid dynamic analysis program LS-DYNA,
finite element analysis software, to conduct the fluid-solid
interaction. A TNT free-field explosion simulation is ana-
lyzed for mesh size convergence under an explosive load.
The analysis results reveal the optimal mesh size is 0.5 times
that of the side length of the TNT. The time step control
parameter was set to 0.3 [25]. The fluid-solid interaction
numerical analysis model of the MMALE algorithm was
established through the use of the definition of LS-DYNA
CONSTRAINED_LAGRANGE_IN_SOLID and the 3D
solid elements. The explosives and air mesh were defined by
the Eulerian algorithm, and the soil mesh was defined by the
Lagrangian algorithm.

Figure 2 shows a 1/4 symmetry model for numerical
simulation analysis of explosion-induced ground accelera-
tion. The dimensions of the air model were
550 x 500 x 200 cm. The density of the TNT explosive was
1.63 g/cm®, the weight was 226.796 g (0.51b), and the di-
mensions of the model were 3.28 x3.28 x9.3cm. The ex-
plosive was placed in the center of the model and was on the
ground. The dimensions of the soil model were
550 x 350 x 200 cm. The dimensions of the finite element
mesh of air, explosives, and soil were 1.64 x1.64 x 3.28 cm.

Figure 3 shows a 1/4 symmetry model for numerical
analysis of crater failure effects. The dimensions of the air
model were 120 x 150 x 120 cm. The dimensions of the soil
model were 120 x 120 x 120 cm. The cuboidal TNT explosive
sample was placed on the ground at the center of the model
and the density was 1.63 g/cm’. The amounts of TNT ex-
plosive were 113.389g (0.251b), 226.796g (0.51b), and
453.592 g (1.01b), which were selected to analyze the crater
effect of placing dynamite samples upright on the ground.
The dimensions of the 113.389 g, 226.796 g, and 453.592 ¢
TNT models were 1.64x1.64x9.3cm, 3.28 x3.28 x9.3cm,
and 6.56 x 6.56 X 9.3 cm. The dimensions of the finite ele-
ment mesh of air, explosive, and soil were 0.82, 0.82, and
1.64 cm, respectively.

3.4. Material Constitutive Laws. The internal constitutive
law of the material is presented by the relationship between
the stress tensor and strain tensor. The equation of state
(EOS) describes the relationship between pressure, tem-
perature, density, internal energy, and change in volume
after a material has been impacted by external force. The
analysis of explosion phenomena must be paired with the
corresponding equations of state to satisfy the dynamic
response and volume change of the analyzed material after
the material has been affected by the explosion force.

Soil from the explosion site was sampled for analyzing
the physical and mechanical characteristics, and the Unified
Soil Classification System (USCS) was applied for the cat-
egorization. According to the results of laboratory analysis,
the soil moisture content of the explosion site was 12.8%,
density was 2.6 g/cm’, cohesive ¢ = 8.43 kg/cm?, and friction
angle ¢ = 14°. The classification symbol was SP-SM, which
referred to poorly graded sand with silt.
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FIGURE 2: Numerical analysis of the 1/4 symmetry model of the ground acceleration induced by explosion.

No reflection boundary condition (NRBC)

Air

o NRBC TNT
150 cm|
120cm
v Y Soil
 fe——120em— <120 | XA
Air: TNT: Soil:

Grid: Eulerian
TNT model with ALE
Element: solid

Grid: Eulerian

Air model with ALE
Element: solid
Material: MAT_NULL

EOS: LINEAR_POLYNOMIAL EOS: JWL

Material: MAT_HIGH_EXPLOSIVE_BURN

Grid: Lagrangian

Soil model with ALE

Element: solid

Material: MAT_SOIL_AND_FOAM

FIGURE 3: Numerical analysis of the 1/4 symmetry model of the explosion crater effect caused by material failure.

The soil constitutive law must be able to effectively
simulate the crushing or compacting behavior of the pore
material and the dynamic response after the material has
been affected by the explosion. According to the material
characteristics, this study selected the MAT_SOI-
L_AND_FOAM material model to analyze the dynamic
response characteristics of the soil. The soil parameters are,
respectively, elastic modulus E = 43.75 MPa, shear modulus
G = 14.68 MPa, bulk modulus K, = 729 MPa, and shear-
yield surface parameters a, =7.105x 1077, a; = 4.198 x
1078, and a, = 6.215x 107 1°.

The TNT explosive model used the MAT_HIGH_EX-
PLOSIVE_BURN material model. Combined with the
Jones-Wilkins-Lee (JWL) equation of state analysis in (9),
the phenomena of the high speed, high temperature, high
pressure, and rapid energy-releasing high explosives were

simulated. = The  parameters  are,  respectively,
A=3712x10"Pa, B=3231x10°Pa, R, =415 R, =
0.95, w = 0.30,V = 1.0, E, = 4.29 x 10°® J/kg, initial density is
1630kg/cm®  and its detonation velocity is 6930 m/s
[19, 26, 27].
w
1———

p= A( )e_Rlv + B(l - L)e_sz +
R,V R,V

where p is the pressure, V is the relative volume, E, is the
initial internal energy per unit reference specific volume, and
A, B, Ry, Ry, and w are the constants representing charac-
teristics of the explosive.

The air model used the MAT_NULL material model and
was analyzed using the EOS_LINEAR_POLYNOMIAL in
(10). The coefficients in the LINEAR_POLYNOMIAL are

wE,

v 9)



Cy=C,=C,=C3=C4=0and C, =C; =y — 1. The EOS
can be simplified as gamma law, which is expressed in (11).
According to the gamma law calculation, y =14,
C,=Cs=0.4 and E, = 2.53 x 10°J/kg [19, 28].

p=Cy+C, + Czyz + C3y3 +(C4 + Csu + CGFZ)EO, (10)
with u = (p/py) — 1,
p=0-1LE, (11)
Po

where p is the pressure, Cy—Cj are the constants, y represents
the rate of change to the specific air temperature, g is the
dynamic viscosity coefficient, E, denotes the initial internal
energy per unit reference specific volume, p represents the
current air density, p,, is the initial air density value, and p/p,
denotes the relative density.

4. Results and Discussion

4.1. Validation of Numerical Modelling by the Experimental
Results. The numerical algorithms, material parameters, and
numerical models were integrated with experimental data to
verify the correctness of the analytical models. This study
conducted on-ground explosion experiments to measure the
physical quantity of ground acceleration and verify the
numerical analysis results, providing numerical models for
analyzing the crater. Figures 4 and 5 show the curves for the
experimental and numerical ground acceleration for the
points 350 and 500 cm from the explosion center. Relative
error (%) of peak ground acceleration (PGA) was defined as
follows: (numerical analysis value — experimental measure-
ment value)/experimental measurement value x 100%.

The PGAs of the vertical (Y) direction for points 350 and
500 cm from the explosion center in the experiment were
11932 and 0.9977 m/s’, respectively, and those in the nu-
merical analysis (Y) direction were 1.077 and 0.901 m/s?,
respectively. The relative errors were —9.71% and —9.73%,
respectively, lower than 10%. The PGAs in the horizontal (X)
direction for points 350 and 500 cm from the explosion
center in the experiment were 0.9096 and 0.7371 m/s’, re-
spectively, and the vertical PGAs of the numerical analysis
were 0.824 and 0.671 m/s®, respectively. The relative errors
were —9.39% and —9.00%, respectively, lower than 10%. The
PGAs in the horizontal (Z) direction of the experiment were
0.8493 and 0.6118 m/s>, respectively, and the vertical PGAs
of numerical analysis were 0.766 and 0.557 m/s’, respec-
tively. The relative errors were —9.84% and —8.96%, re-
spectively. The relative error value is in the range of 10%.

In the experiment of placing the same amount of ex-
plosives and measuring waves at 350 and 500 cm from the
explosion center, the results showed that high ground ac-
celeration energy was induced near the explosion center.
Specifically, the vertical ground acceleration was higher than
the horizontal ground acceleration, and the transmission
speed in vertical direction declined faster than that in the
horizontal direction, which was consistent with the atten-
uation characteristics of detonation wave energy. The errors
of experimental and numerical analysis results were in a

Shock and Vibration

reasonable range, which were consistent with related studies
[6]. The results also verified that using the MMALE algo-
rithm to establish the numerical model of the fluid-solid
interaction could effectively analyze the dynamic charac-
teristics of the explosion phenomenon [17, 20, 21, 28].

The analytical results shown in Figures 4 and 5 reveal a
short loading time and high vibration frequency in the
dynamic process of the points. Although the ground ac-
celeration yielded by the numerical analysis was not pre-
cisely consistent with signals measured in the experiment
on-site, the overall dynamic temporal variation curves were
consistent with the attenuation characteristics of the shock
wave energy. The discrepancy between experimental and
numerical analysis results was mainly attributable to the
nonuniform, nonlinear dynamic variability in the materials,
geometries, conditions, and contact characteristics involved
in the shock effect analysis. In addition, the material pa-
rameters used in the finite element analysis of instantaneous
dynamics must correspond to the dynamic responses ob-
tained from the EOS—namely, changes in the internal en-
ergy, temperature, pressure, and volume of the
material—and the numerical calculations were affected by
the meshed model. According to the analysis results of shock
wave transmission in the soil, the temporal variation curves
of the ground acceleration produced by the experiment and
the numerical analysis were consistent temporally and
spatially, and the relative error was within 10%. Therefore,
the numerical analysis was satisfactorily effective in esti-
mating the dynamic response of the explosion effects and the
material’s changes in stress, strain, and volume after re-
ceiving external forces.

4.2. Analysis of Control Parameters for Element Failure.
The LS-DYNA program mainly defines elemental erosion as
destruction of material by pressure, stress, and strain pa-
rameters and provides settings for material model element
failure and the erosion criteria as the basis for evaluating the
failed element unit. The simulated material element fails
according to the element erosion setting of the MAT_A-
DD_EROSION model. When element failure and erosion
criteria are met, the element is removed from the calculation
model. Considering the constitutive law and yield criteria of
soil, the material destructive zone is affected by principal
strain and shear strain. Therefore, this study examined the
parameters of principal strain of failure and shear strain of
failure as the main conditions for soil elemental erosion. The
crater diameter and depth calculations for the numerical
analysis of elemental erosion were based on the position of
an eroded element on the axis of symmetry. The relative
error percentage (%) of the crater diameter and depth was
defined as follows: (numerical analysis value — experimental
average value)/experimental average value x 100%.

Figure 6 shows the actual apparent craters of the three
explosion experiments. The crater effect caused by the on-
ground explosion by placing 226.796 g TNT explosive up-
right was analyzed. The experimental results indicated that
the diameter and depth of the crater of experiment site 1
were 28.00 and 14.89 cm, respectively, experiment site 2 were
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FIGURE 4: Temporal variation curves of the ground acceleration for a point 350 cm from the explosion center.
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FIGURE 5: Temporal variation curves of the ground acceleration for a point 500 cm from the explosion center.
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FIGURE 6: Apparent craters in explosion experiments.

32.50 and 15.45 cm, respectively, and experiment site 3 were
26.00 and 14.85 cm, respectively. The average crater diam-
eter and depth were 28.83 and 15.06 cm, respectively.

Table 1 presents the relative error of principal strain
control between the results of numerical simulation and
explosion experiment caused by using 226.796 g TNT. The
parameter range was between 0.006 and 0.016. The analysis
results revealed that the relative error of the crater diameter
and depth was —20.36~70.66% and —1.99~63.35%, respec-
tively. The simulation result was most favorable when the
failure principal strain value was 0.012. With the increase of
the failure principal strain value, crater diameter and ele-
ment erosion volume became increasingly irregular, mainly
due to the material kinematic hardening associated with the
high strain rate of explosion.

Table 2 presents a comparison of relative errors between
shear strain control of the numerical simulation and ex-
periment caused by using 226.796 g TNT. The analysis re-
sults revealed that with the increase in the failure shear strain
value, the diameter and depth of the element erosion zone
(the crater) decreased. Furthermore, the relative errors of the
shear strain control analysis with respect to crater diameter
and depth were within the range of —20.36~36.53% and
—12.88~52.46%, respectively. Shear strain control resulted in
a satisfactory numerical convergence trend. The conver-
gence effect was most favorable when soil failure shear strain
was 0.012, and the relative errors between crater diameter
and depth were both within 10%.

The results revealed that shear strain and principal strain
erosion conditions were the primary control parameters af-
fecting soil element failure. When the failure shear strain
value was 0.012, the numerical model exhibited a satisfactory
convergence effect. Figure 7 shows the numerical analysis of
the explosion caused by 226.796 g TNT. The element erosion
condition was set that if the shear strain parameter of the soil
reached the critical value of 0.012, the element would be
deleted. The results indicated that the relative errors of the
experiment were —8.98% and —1.99%, respectively. Using the
numerical model established using the shear strain param-
eters to verify the element erosion algorithm in this study
could effectively simulate the element failure of the explosion.

4.3. Explosion Response and Failure Analysis of Soil. This
study explored the effects of ground explosions on soil
deformation and crater effects from the perspective of ex-
plosion hazard control. This study conducted on-site ex-
plosion experiments and the finite element numerical
analysis to analyze the yielding and failure of the protective
soil material in the crater effect. This study focused on the
destructive effects of high-energy external force, such as
instant impact and vibration, caused by contact explosions
on the ground medium and the craters created by
explosions.

Figure 8 shows the temporal variation of soil plastic
strain caused by an explosion of 226.796 g TNT. The figure
shows that the detonation pressure was transmitted outward
in soil in a spherical shape, and an explosion cavity was
formed centering on the explosion source. The energy
transmission process was divided into elastic seismic waves
and plastic shock waves. The center of the explosion cavity
was divided into broken, plastic-elastic, and elastic zones. In
addition, the shock wave energy near the explosion center
was high, and the compression wave intensity of the soil was
relatively high. Figure 9 shows the crater effects caused by
on-ground explosions of 113.389g and 453.592g TNT
samples. For the 113.389g dynamite sample, the crater
diameter was 22.96 cm, and the depth was 13.12 cm. For the
453.592 g TNT sample, the crater diameter was 59.04 cm,
and the depth was 22.96 cm.

The analysis results of Figures 7 and 9 show that the shape
of the craters was irregular, which was caused by the material
displacement, deformation, and failure induced by the shock
wave. The primary cause was that the impedance of the shock
wave in soil varied with pressure. When the pressure wave
reached the free surface and was reflected in the form of a
tensile wave, the effects of the expansion wave, pressure wave,
and the pressure of the explosive gas caused the tensile wave
and shear wave on the ground. The high pressure generated
by the nearby explosion resulted in the concentrated and
nonuniform distribution that caused local penetrative damage
to the elements. Among them, some structural elements
increased the dynamic strength because of the rapid rates of
strain of the material under dynamic loading.
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TaBLE 1: Comparison of principal strain control.

Crater
Failure principal Diameter Depth
strain Numerical Explosion Relative error Numerical Explosion Relative error
simulation (cm) experiment (cm) (%) simulation (cm) experiment (cm) (%)
0.006 49.20 70.66 22.96 52.46
0.008 49.20 70.66 22.96 52.46
0.010 49.20 70.66 24.60 63.35
0.012 32.80 2883 13.77 16.40 15.06 8.90
0.014 32.80 13.77 16.40 8.90
0.016 22.96 -20.36 14.76 -1.99
TaBLE 2: Comparison of relative errors for shear strain control.
Crater

Failure shear Diameter Depth
strain Numerical Explosion Relative error Numerical Explosion Relative error

simulation (cm) experiment (cm) (%) simulation (cm) experiment (cm) (%)
0.006 39.36 36.53 22.96 52.46
0.008 32.80 13.77 21.32 41.57
0.010 32.80 13.77 16.40 8.89
0.012 26.24 2883 —8.98 14.76 15.06 -1.99
0.014 26.24 -8.98 14.76 -1.99
0.016 22.96 -20.36 13.12 -12.88
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FIGURE 7: Numerical analysis of the element erosion of the crater caused by the on-ground explosion by using a 226.796 g (0.51b) TNT.

The results indicated that if the amount of the explosive
was increased multiple times, the radius and depth of the
crater would increase, and the radius of the failure area
would also increase multiple times. The radius of the crater
was approximately 10~12 times the width of the rectangular
dynamite samples, and the depth of the plastic zone was
approximately 1.8~2.2 times the radius of the crater; the area
was the affected range of the plastic shock wave. The energy
outside the region was converted into elastic seismic waves,
which induced surface particle vibration.

In addition, soil was a low-tensile material. Under the
impact of the explosion shock wave, the acceleration of the
particle motion increased the shear stress in the soil body.
The soil structure was subjected to stress concentration
because of the uneven distribution of stress, resulting in a
decrease in shear strength. The compression wave caused
particle displacement, and the failure started from local
plastic deformation. The analysis results showed that under
the effect of shock wave, the shear stress failure zone would
appear in the periphery of the crater. The primary feature
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FIGURE 8: Temporal variation of soil plastic strain induced by an explosion. (a) t=99.89 us. (b) t=1,499.90 us. (c) t=499.88 ys.

(d) t=2,000.00 ps. (e) t=999.84 us. (f) t=2,499.90 us.

was that the soil medium was plastically deformed. As the
stress wave passed, if the second invariant (J,) of the stress
deviation of the particle was higher than the yield strength of
the material, plastic shearing would be generated in the
region, resulting in permanent deformation and destruction.

Based on the aforementioned results, the sudden change
in pressure caused by the explosion resulted in substantial
deformation and destruction of the material. Shock wave
was a strong compression wave. The shock wave generated
by explosions was transmitted in the soil medium. The

energy was mostly depleted by the deformation, destruction,
and pushing of the surrounding medium. Soil was a three-
phase material composed of solid, liquid, and gas. The
plasticity of soil was high, the strength was low, and com-
pressive strength was higher than the tensile and shear
strength. In addition, the explosion effect changed the stress
state of the material, and if the stress exceeded the material
yield strength, the internal structural stability would be
affected, leading to soil deformation, local failure, and the
affected range of stress.
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FIGURE 9: Numerical analysis of element erosion of the crater created by (a) 0.251b TNT (113.389 g) and (b) 1.01b TNT (453.592 g).

The explosion caused points on the ground surface to
vibrate. The dynamic material response analysis was
conducted according to the pressure applied to, stress of,
and strain of the material. Shock waves were transmitted
through mediums. A high strain rate changed the stress
state of the material; when the stress exceeded the ma-
terial’s yield strength, plastic deformation occurred, and
displacement increased, which in turn undermined the
material stability. The transmission of shock waves was
affected by the material properties of the transmission
medium and terrain at the experimental site. From the
perspective of controlling shock effects and minimizing
damage, this study estimated the intensity and spatial
range of damage caused by shock waves through the
analysis of material deformation, temporal variation of
plastic strain, displacement, and shear strain. The results
could be conducive to determining the soil-covering layer
material and the protective soil layer thickness to produce
effective strength, thus preventing the transmission of
shock wave energy. Additionally, the analysis of the
ground surface vibration effect and a vibration isolation
design could effectively block the transmission of shock
waves, in turn reducing vibrations and minimizing the
damage.

5. Conclusions

This study analyzed the failure characteristics of transmission
medium caused by the shock wave. By using explosion-induced
ground acceleration, this study verified the numerical model to
establish an effective numerical analysis model for explosion.
The hazards caused by craters created by explosions were
explored. The material failure criterion and the finite element
erosion algorithm were used to analyze the plastic deformation
and destruction area of the soil. The results of this study can
serve as a reference for the control of explosion vibration
hazards, explosion at the exterior of protective soil, and disaster
prevention. The results of the study are summarized as follows:

(1) The numerical analysis of this study used an 8-node

hexahedral element to establish a solid structural
model of the fluid-solid interaction using the
MMALE algorithm. A 3D numerical model was
established by combining the shear strain parameters
of the element erosion algorithm to analyze the
crater effect of the explosion. The experimental re-
sults showed that the numerical model could ef-
fectively analyze the dynamic response of nonlinear
materials, the hydrodynamic behavior generated by
explosions, and the temporal pressure change of
explosions.

(2) A typical explosion is characterized by a sudden

change in pressure at the explosion site. For the
destruction phenomena in this study, the trans-
mission of high-intensity shock waves affected ma-
terial stability. The soil was affected by uneven stress,
and the failure conditions of the material were af-
fected by the stress and shear strain. The transmis-
sion of shock wave in soil was primarily caused by
the increase of the inertial force that led to the de-
crease in shear strength; and the secondary cause was
the continuous vibration effect that induced the
increase in shear stress of the soil body and affected
the stability of the material.

(3) The stress state of the material that has been affected

by explosive vibration changes tends to influence the
structure and strength of the soil body. In this study,
during the shock wave transmission process, the
essential condition of failure was the plastic defor-
mation and shear strain increment caused by the
exceeded material yield strength. The ground surface
was strongly compressed, destroying its original
material structure. The soil was compressed by shock
waves and crater was formed. The plasticity of the
soil body varied with the pressure of shock wave and
the extent of destruction varied. The area encom-
passing the crater radius and the depth of 1.8~2.2
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times the crater radius was the plastic concentration
zone of shear failure. In this region, the material was
affected by compression, crushing, deformation, and
destruction.
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