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Abstract: Modeling of the impact of a point explosion shock wave on a soil mass and an underground structure 
at different locations of the explosion epicenter from the ground surface was performed. The study of the stress-
strain state of soils was carried out using a nonlinear dynamic method and a fully coupled numerical model, in-
cluding various models of materials. The result of numerical modeling showed the adequacy of the adopted nu-
merical calculation methods. The findings showed that solving the problem in a nonlinear dynamic formulation 
allows obtaining the parameters of the shock wave at different depths from the explosion center, as well as ob-
taining a complete picture of the interaction of the shock wave with the underground structure in surface and un-
derground explosions. 
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МОДЕЛИРОВАНИЕ ВОЗДЕЙСТВИЯ УДАРНОЙ ВОЛНЫ  
НА ПОДЗЕМНОЕ СООРУЖЕНИЕ 
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Аннотация: Выполнено моделирование воздействия ударной волны точечного взрыва на грунтовый 
массив и подземное сооружение при различном расположении эпицентра взрыва от поверхности грунта. 
Исследование напряженно-деформированного состояния грунтов осуществлялось с использованием не-
линейного динамического метода и полностью связанной численной модели, включающей различные 
модели материалов. Результат численного моделирования показал адекватность принятых численных 
методик расчета. Сделанные выводы показали, что решение задачи в нелинейной динамической поста-
новке позволяет получить параметры ударной волны на различных глубинах от центра взрыва, а также 
получить полную картину взаимодействия ударной волны с подземным сооружением при поверхност-
ном и подземном взрыве. 
 

Ключевые слова: взрывные воздействия, ударная волна, волна сжатия, нелинейная динамика,  
напряженно-деформированное состояние, подземное сооружение, грунтовая модель 

 
 

1. INTRODUCTION 
 

Currently, various industrial undertakings are 
being built, relating to oil and gas and space in-
dustries, as well to nuclear power facilities, 
which include underground structures. Such un-
derground structures include repositories, shel-
ters, civil defense shelters, command posts, etc. 
The current design standards [1-4] require the 
calculation of such structures for emergency ac-

tions, including explosions. At the same time, 
the structures located on the surface have been 
thoroughly studied and there are a sufficient 
number of approved calculation methods for 
them, including the explosion triggered progres-
sive collapse, earthquake loads, and fires [5-8]. 
For example, the most common methods are 
equivalent-static, linear-spectral, as well as di-
rect dynamic methods of calculation [9-11], 
while there are not enough methods for under-
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ground structures and they are in great demand, 
in which case the problem is complicated, since 
it is necessary to take into account the soil sur-
rounding the underground structure. Therefore, 
there is a need to find and study new approaches 
to solving the problem of the interaction of 
shock waves with a structure.  
 
1.1. Work relevance.  
The relevance of the work lies in solving the 
problem of the interaction of a point explosion 
shock wave with an underground structure using 
a nonlinear dynamic method of calculation and 
a fully coupled numerical model, including the 
model of the soil, air, and an underground struc-
ture.  
 
1.2. Study objective.  
The primary objective of this study is to investi-
gate the soil strain-stress state and the response 
of an underground structure soil under various 
explosion scenarios. To achieve this goal, the 
specific objectives of the study include:  
 analysis of soil behavior under explosive 

loads; 
 analysis of soil models used in the calcula-

tion of underground structures for explosive 
loads; 

 a study of the strain-stress state of the soil 
mass in the propagation of shock and seismic 
waves; and 

 modeling of loads on an underground struc-
ture.  

 
 

2. MATERIALS AND METHODS 
 
2.1. Soil model. 
Soils tend to have a complex structure consist-
ing mainly of mineral particles that form the soil 
skeleton. The space between the solid particles 
is filled with air and/or water. When the pores 
between the solid particles are filled with air, 
the soil is of the dry type. When the pores are 
filled with water containing a small proportion 
of air, the soil is called saturated soil. Therefore, 
in general, soils can be called three-phase soils 

(Figure 1). Relative volume fractions of the 
three constituent materials of the soil are usually 
quantitatively determined by the porosity α and 
the saturation degree β. 
 

 
Figure 1. Soil element. 

 
 For many processes with a low loading rate 

(under static loads), the overall macroscopic 
behavior of the soil skeleton can be deter-
mined within the framework of the principles 
of continuum mechanics, which makes it 
possible to simplify modeling and apply the-
ories and methods of continuum mechanics. 
Under conditions of fast loading, which are 
typical for explosions, soil models should in-
clude constitutive models of three phases 
necessary for determining the soil behavior; 
thus, different soil behavior should be taken 
into account, namely: 

 Dilatancy/contraction: Shear strains in soils 
can lead to volume changes. This determines 
the relationship between the shear strength of 
the soil and its strain properties. This effect 
was first described by Osborne Reynolds in 
1885-1886 and was called dilatancy and the 
decrease in volume is called negative dila-
tancy or contraction. In dense sand and over-
compacted clay, with a displacement, the 
height of the sample is increased by a certain 
amount, thereby increasing the soil volume, 
and in loose sand and normally compacted 
clay, a decrease in volume can be observed. 
Thus, the shear stress initially rises rapidly to 
a peak value with a relatively low displace-
ment value with a corresponding increase in 
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volume. With this new volume, the blocking 
is reduced, and, therefore, as the displace-
ment continues, the shear stress decreases 
and, finally, is aligned with the final residual 
value. 

 Such a nature of strain is explained by the 
fact that when one part of the soil is dis-
placed relative to another, its shear strength 
is determined by sliding friction. To over-
come the adhesion forces, it is necessary to 
extend and uplift them to a certain level, in 
which case loosening occurs in the shear 
zone, which is accompanied by a decrease in 
its shear strength. Thus, dense soils become 
looser, as a result of dilatancy, and loose 
soils become denser, as a result of contrac-
tion. 

 Plasticity: An increase in the applied stress 
usually results in some irreversible strain, 
with no signs of cracking or failure. Most 
soils have a very small elastic area and show 
plasticity from the beginning of loading. 

 Hardening/softening (thixotropy): It is the abil-
ity of soils to reduce their viscosity (to liquefy), 
as a result of mechanical damage, and increase 
the viscosity at rest. Freundlich found that 
thixotropy is manifested in soils, in which the 
content of clay particles exceeds 2%. It is sug-
gested that all clay soils are potentially thixo-
tropic, but for a specific manifestation of thix-
otropy, certain conditions and, first of all, quite 
intense exposures are necessary (Figure 2). 
 

 
Figure 2. Response of soil with respect  

to shearing. 

 High strain rate behavior: Soils with different 
water content exhibit different behavior at 
high strain rates. In experiments with different 
soils from sands to clays, it was noted that 
with a decrease in the loading time (an in-
crease in the loading rate), the compressive 
strength increases. Thus, in clay soils, when 
comparing experiments with a loading rate of 
0.02 s with tests at a loading rate of 10 min, 
the strength increased by 1.5-2 times and 
smaller values were obtained for more durable 
clays. In sandy soils, the effect of loading rate 
was significantly lower and the strength in-
crement did not exceed 15% of the static val-
ue. 
With repeated impulses and vibrations, all 
observations and experiments show the op-
posite picture, a significant reduction in the 
soil shear resistance in some cases. 

 Effects of drainage and volume changes: In 
saturated soils, an increase in the applied 
compressive stress causes an increase in the 
pore pressure of water. If drainage is possi-
ble, water outflows to the surrounding areas, 
where the water pore pressure is lower. The 
outflow rate depends on the soil permeabil-
ity; in gravel and sand, it is relatively fast and 
in silts and clays, it is slow. When the excess 
pressure of the pore water is dissipated, the 
applied stress is transferred from the pore 
pressure to the effective stress. 
It should be noted that there are also other 
characteristics of soil behavior, such as creep 
and temperature dependence. These aspects 
are not discussed here, since they are beyond 
the scope of this study. 
The mechanical behavior of soils can be 
modeled at many levels. Hooke’s law of lin-
ear isotropic elasticity can be considered as 
the simplest of the available stress-strain re-
lations, but, as a rule, it is too rough to grasp 
the main characteristics of the soil behavior. 
On the other hand, several researchers have 
proposed a large number of soil models to 
describe the soil behavior in various aspects 
in detail. However, the number of soil mod-
els that are suitable for implementation in 
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advanced software systems using finite ele-
ment methods is rather limited.  
Let us consider the most commonly used soil 
models that can predict the soil behavior de-
scribed above. These models include elastic, 
perfectly plastic soil models, hardening-
plastic soil models, elastic-viscous soil mod-
els, three-phase soil models, viscoplastic soil 
models, SFG unsaturated soil model, and un-
saturated plasticity models of the bounding 
surface.    

The most commonly used soil models that can 
predict the soil behavior described above are: 
Elastoplastic soil models: 
 Mohr-Coulomb model; 
 Drucker-Prager model.  
 Hardening soil models; 
 Cam-clay tent model (for some soils it is re-

quired that they were tent-like, so that there 
would be a limitation on the resulting hydro-
static pressure); 

 Three-phase soil models; 
 Viscoplastic soil models. 
Among them, the most commonly used in prac-
tice is the Mohr-Coulomb model. In further 
work we will accept it as the main one. 
A classical Mohr-Coulomb model is described 
by the following strength conditions, which 
have a different appearance under different test 
conditions. The first strength condition: 
 

𝜏 = 𝜎𝑣𝑡𝑔𝜑′ + 𝑐′ (1) 
 
– consolidated-drained shear; 
 

𝜏 = (𝜎𝑣 − 𝑢)𝑡𝑔𝜑 + 𝑐 (2) 
 
– consolidated-undrained shear;  
 

𝜏 = 𝑐𝑢 (3) 
– unconsolidated-undrained shear (for water-
saturated soils);  
 

𝜏 = (𝑢𝑎 − 𝑢)𝑡𝑔𝜑𝑏 + (𝜎𝑣 − 𝑢)𝑡𝑔𝜑′ + 𝑐′ (4) 
 
– consolidated-untrained shear, sedentary soils; 
 

𝜏 = 𝜎𝑣𝑡𝑔𝜑𝑟
′ + 𝑐𝑟

′  (5) 
 
– in the case of large shear strains. 
where𝜏 is a shear stress, upon reaching which 
the destruction of the ground will occur; 𝜎𝑣 – is 
an effective normal stress; φ’ – is an effective 
angle of internal friction; φ – is a drained angle 
of internal friction; с – are drained specific ad-
hesion forces; с’ – is effective specific adhesion 
forces; ua – is a pore air pressure; u –  is a pore 
water pressure; φb is an angle of internal fric-
tion, depending on the magnitude of the matrix 
suction; 𝜑𝑟

′  – is a residual angle of internal fric-
tion; 𝑐𝑟

′  – are residual specific adhesion forces; 
and 𝑐𝑢 – is an undrained strength. 
Second strength condition: 
 

𝑠𝑖𝑛𝜑 =
𝜎1 − 𝜎3

𝜎1 + 𝜎3
 (6) 

 
– for gravel, sandy and coarse soils; 
 

𝜎1 − 𝜎3

(𝜎1 + 𝜎3 + 2𝑐𝑐𝑡𝑔𝜑)
= 𝑠𝑖𝑛𝜑 (7) 

 
– for clay soils. 
With a three-dimensional stress-strain state, the 
equation takes the following form: 
 

|𝜎1 − 𝜎2| = (2𝑐𝑐𝑡𝑔𝜑 − 𝜎1 − 𝜎2)𝑠𝑖𝑛𝜑
|𝜎2 − 𝜎3| = (2𝑐𝑐𝑡𝑔𝜑 − 𝜎2 − 𝜎3)𝑠𝑖𝑛𝜑
|𝜎3 − 𝜎1| = (2𝑐𝑐𝑡𝑔𝜑 − 𝜎3 − 𝜎1)𝑠𝑖𝑛𝜑

} (8) 

 
According to this equation, the Mohr-Coulomb 
yield surface in the space of primary stresses 
has the form of a hexagonal pyramid (Figure 3), 
with a vertex at the point with coordinates. 
{𝑐𝑐𝑡𝑔𝜑; 𝑐𝑐𝑡𝑔𝜑; 𝑐𝑐𝑡𝑔𝜑} 
As is obvious, this model describes different 
types of soil, with different water saturation. But 
in addition to the classical model, there are other 
modifications of the model used for certain spe-
cific tasks.  
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Figure 3. Mohr-Coulomb yield surface  

in the space of primary stresses. 
 

For example, the Mohr-Coulomb model based 
on the works of A.J. Abbo and S.W. Sloan per-
formed in 1995 [12,13], taking into account all 
the above-mentioned soil behaviors, as well as 
the removal of elements, which is typical for 
explosive loads [14,15]. Therefore, we will use 
this version of the Mohr-Coulomb model. 
The usual Mohr-Coulomb yield surface is de-
scribed by the function: 

 
𝐹 = −𝑃𝑠𝑖𝑛𝜑 + 𝐾(𝜃)√𝐽2 − 𝑐cos𝜑 = 0 (9) 

 
where P is a mean pressure; 𝜑  is an angle of 
internal friction; 𝐾(𝜃) is a function of the angle 
θ in the deviator plane; √𝐽2 is a square root of 
the second invariant of the stress deviator; and 
C is an adhesion. 
The modified yield surface is a hyperboloid “fit-
ted” to the Mohr-Coulomb surface. The modi-
fied surface equation has the following form: 
 

𝐹 = −𝑃𝑠𝑖𝑛φ + √𝐽2𝐾(θ)2 + 𝑎2𝑠𝑖𝑛2φ
− 𝑐cosφ = 0 

(10) 

 
where “a” is a parameter that determines the ap-
proximation of the modified surface to the ordi-
nary Mohr-Coulomb surface. 
 

2.2. Air model. 
The model used in the calculation is described 
by a polynomial equation: 
 
𝑝 = С0 + С1μ + С2μ2 + С3μ3 + (С4 + С6μ

+ С7μ2)𝐸 (11) 

μ =
1

𝑉
− 1 (12) 

 
where V - relative volume, Е - internal energy. 
 
2.3. Model of an explosive. 
The explosive model is described by the Jones-
Wilkins-Lee (JWL) equation of state:  
 

𝑝 = 𝐴 (1 −
𝜔

𝑅1𝑉
) 𝑒−𝑅1𝑉 + 𝐵 (1 −

𝜔

𝑅2𝑉
) 

𝑒−𝑅2𝑉 +
𝜔𝐸

𝑉
  

(13) 

 
2.4. Modeling methods. 
Since the explosion in the ground has a highly 
linear character, for this purpose the best option 
is to apply a numerical calculation method using 
arbitrary ALE Lagrangian-Eulerian meshes, 
where Eulerian meshes were used for air, soil, 
and explosive and Lagrangian meshes were 
used for an underground structure.  
To solve the problem, we will use the LS-
DYNA software suite, which allows solving 
such problems in a nonlinear dynamic formula-
tion, using the central difference method [16-
18]. 
For approximation of the equations in this work, 
the second-order Godunov method was used. 
The time integration of the equations was car-
ried out using an explicit second order accuracy 
scheme (central difference method) with the ob-
servance of the scheme stability condition ac-
cording to the Courant criterion. 
A differential equation of motion of a system 
with a finite number of degrees of freedom: 
 

𝑀�̈� + 𝐶�̇� + 𝐾𝑢 = 𝑓𝑎 (14) 
 
for an explicit scheme, it looks like this: 
 

𝑀�̈̇�𝑡 + 𝐶�̇�𝑡 + 𝐾𝑢𝑡 = 𝑓𝑡
𝑎 (15) 
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Figure 4. Computational model and layout of reference points. 
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Figure 5. Results of the finite element mesh convergence study with dimensions: a) 0,3 m; b) 

0,25 m; c) 0,2 m; d) 0,15 m (where A,B,C,D,E – numbers of reference points). 
 

Acceleration vector: 
 

𝑎𝑡 = 𝑀−1(𝑓𝑡
𝑒𝑥𝑡 − 𝑓𝑡

𝑖𝑛𝑡) (16) 
 
where 𝑓𝑡

𝑒𝑥𝑡 – external force vector; 
 𝑓𝑡

𝑖𝑛𝑡 – internal force vector. 

Accounting for various types of non-linearities 
is performed through the internal force vector 
{F}: 
 

𝑓𝑡
𝑖𝑛𝑡 = ∑ (∫ [𝐵𝑇]{𝜎}𝑑Ω + {𝐹𝑐𝑜𝑛𝑡}

Ω

) (17) 
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where В – deformation–displacement matrix; σ – 
displacement vector; 𝐹𝑐𝑜𝑛𝑡 –  contact force vector. 
The velocity and displacement vectors in the 
corresponding step are determined as follows: 
 

𝑣𝑡+∆𝑡/2 = 𝑣𝑡−∆𝑡/2 + 𝑎𝑡∆𝑡 (18) 

𝑢𝑡+∆𝑡 = 𝑢𝑡 + 𝑣𝑡+∆𝑡/2

∆𝑡𝑡 + ∆𝑡𝑡+∆𝑡

2
 

(19) 

 
 
3. STUDY RESULTS 
 
For the analysis of soil strain-stress state, a 
computational model was created with dimen-
sions of 20.0 x 20.0 x 20 m (h) (Figure 4). In 

this model, the ground and air areas, as well as 
an explosive weighing 200 kg were modeled 
using solid elements. 
When using the central difference method, the 
accuracy of the calculations largely depends on 
the size of the region to be broken, in other 
words, in our case, on the size of the solid finite 
elements. Several computational models with 
variable size of solid finite elements from 0.3 m 
to 0.15 m were considered. 
The optimal model was chosen with a cell size 
of 0.2 m, in which the difference with the refer-
ence diagram of 0.15 m did not exceed 5%. The 
structure is located at a depth of 3 m (Figure 5). 
 

  

a) b)    

c)  d)  
Figure 6. Isopoles of pressures at time points: а) 0,0077 s; b) 0,022 s; c) formation of explosive 

crater; d) propagation of air shock waves and compression wave. 
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a)  b)  
 

c)   d)    
Figure 7. Isopoles of pressures at time points: a) 0,0077 s; b) 0,026 s; c) 0,056 s;  

d) formation of explosive crater. 
 

a)   b)  
 

c)   d)  
 Figure 8. Isopoles of pressures at time points: a) 0,0077s; b) 0,01s; c) 0,022s; d) 0,05s. 
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3.1. Explosion on the ground surface.  
The propagation of a shock wave during an ex-
plosion on the ground surface is considered 
(Figure 6), where it can be seen that immediate-
ly after detonation, spherical shock waves prop-
agated in the air from the charge epicenter, 
which was on the ground surface. Shock waves 
penetrated the ground in the form of hemispher-
ical waves, forming a crater in the ground, fol-
lowed by the propagation of seismic waves. 
 
3.2. The explosion at a depth of 1m. 
Next, an explosion at a depth of 1 m from the 
ground surface was considered (Figure 7). 
Taking into account the results of these two 
loading cases, it can be concluded that the most 
dangerous case is an explosion at a depth of 1 
m, since the propagating seismic waves have a 
greater depth and blast pressure. 
 
3.3. Impact of an explosion on an under-
ground structure at a depth of 1 m. 
Figure 8 shows the impact of an explosion on an 
underground structure at a depth of 1 m. The 
wave front reached the surface of the structure 
within 7 ms from the beginning of the explo-
sion. The blast pressure was 1.7 MPa. 
 
 
4. CONCLUSIONS 
 
The parameters of the shock wave in an explo-
sion on the surface and at a depth of 1 m were 
compared with empirical values using the for-
mulas [19] and the calculation results with accu-
racy of 5-10% coincide, which proves the ade-
quacy of the adopted numerical calculation 
methods. Solving the problem in a nonlinear 
dynamic formulation makes it possible to obtain 
the parameters of a shock wave at different 
depths from the explosion center, as well as to 
get a complete picture of the shock wave inter-
action with the underground structure during a 
surface and underground explosion.  
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