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This study explores reinforced 
concrete structures at the UFS-1 
and SHS VS-1-3 series block protec-
tive facilities under explosive condi-
tions. The task addressed relates to 
the insufficiently studied patterns 
of their stressed-strained state tak-
ing into account contact interaction 
between structural elements and the 
soil base. 

To solve the specified task, nu- 
merical modeling was performed 
using the finite element method. 
Calculations were carried out in the 
LS-DYNA software package (USA) 
taking into account physical and 
geometric nonlinearity and contact 
interaction of structural elements. 
The functional suitability of rein-
forced concrete structures at block 
protective facilities under explosive 
conditions was investigated. 

The explosive impact scenarios 
provided for a TNT equivalent charge 
of 15 kg at distances to the struc-
ture of 0.55 m and 5 m. The calcula-
tion results showed that the maxi-
mum values of excess pressure reach 
1.16 · 106 kPa and 1.01 · 103 kPa, 
respectively. It was found that the 
greatest stresses and displacements 
are localized in the junctions of blocks 
and near-surface areas of structures, 
which made it possible to identify the 
most vulnerable elements and justify 
directions for improving structural 
solutions. 

It was found that at the assumed 
values of explosive effects, the facili-
ties retain their functional suitabil-
ity and stability while damage is 
localized in small areas and does 
not lead to progressive destruction 
of the shelter. This is explained by 
the spatial work of the structure 
and the redistribution of dynamic 
forces among individual blocks and 
the soil base. 

The research results could prove 
useful for assessing explosion resis-
tance and implementing engineer-
ing solutions in the design of civil 
defense structures with the aim of 
improving them
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1. Introduction 

Current conditions of armed conflicts are characterized 
by the widespread use of highly effective means of destruc-

tion, accompanied by intense explosive effects on civilian 
infrastructure. Under these conditions, providing reliable 
protection for people through the use of protective shelters 
that can effectively counteract the effects of shock waves and 
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associated explosion factors is of particular importance. One 
of the key elements of such facilities is reinforced concrete 
structures, which must enable preservation of bearing capac
ity and integrity under dynamic loading conditions.

Analysis of related research reveals that conventional ap-
proaches to the design of protective structures are often based 
on simplified quasi-static models that do not fully take into ac-
count the complex nature of the interaction of the blast wave 
with structural elements. At the same time, the evolution of 
numerical methods, in particular the finite element method, 
allows for more accurate modeling of nonlinear processes 
of deformation and destruction of materials under impulse 
loads. This creates prerequisites for improving the validity of 
engineering solutions in the design of protective structures.

Of particular interest are block-type protective shelters 
whose structural systems are formed from individual rein-
forced concrete elements interconnected by mechanical links 
and installed directly on the soil base. Such solutions are char-
acterized by manufacturability, mobility, and the possibility 
of rapid deployment, but require additional substantiation of 
their reliability under the action of explosive loads.

Thus, it is a relevant task to assess the stressed-strained 
state and functional suitability of reinforced concrete structures 
for protective block shelters under the action of explosive loads, 
taking into account deformation processes, contacts with struc-
tural elements, as well as the influence of soil base.

2. Literature review and problem statement

Study [1] considers the dynamic behavior of reinforced 
concrete elements under explosive loading, while showing the 
dependence of stresses and deformations on the parameters 
of the shock wave and the conditions of fastening the struc-
tures. At the same time, the work does not take into detailed 
account the spatial interaction of prefabricated systems with 
the soil base, which is explained by the complexity of building 
nonlinear spatial models and significant computational costs.

Paper [2] summarizes the results of experimental and 
numerical studies on reinforced concrete slabs under explo-
sive loading and confirms the effectiveness of finite element 
modeling of local damage to structures. However, the issues of 
assessing the performance of prefabricated block-type shelters 
remain insufficiently studied due to the complexity of taking 
into account the contact interaction between the blocks and 
the limited experimental data for model verification.

Studies [3, 4] assess explosion resistance of reinforced con-
crete structures under internal and partially closed explosions, 
as a result of which regularities of damage localization and 
stress concentration were established. At the same time, most at-
tention is paid to monolithic or large-sized structures, while the 
peculiarities of the behavior of prefabricated block-type shelters 
remain insufficiently studied due to the difficulty of taking into 
account the contact interaction of a large number of elements.

The influence of contact explosion and combined pulse-tem-
perature loads on reinforced concrete structures is considered 
in [5, 6]; the determining influence of fastening conditions and 
nonlinear properties of materials is shown. However, the issues 
of assessing the functional suitability of prefabricated protec-
tive shelters after local damage to elements remain insufficient-
ly studied due to the complexity of formalizing the criteria for 
the operability of structural systems.

In papers [7, 8] modern approaches to assessing the explo-
sion resistance of civil defense structures and the use of addi-

tional structural elements to reduce the intensity of the explosive 
effect are considered. At the same time, the issues of spatial op-
eration of prefabricated block-type shelters remain unresolved, 
which is associated with the complexity of simultaneously taking 
into account nonlinear deformation, contact interaction, and 
shock wave propagation.

Results from full-scale tests of the VS-1-3 and UFS-1 facil-
ities are reported in work [9]; they confirm that the functional 
suitability of structures under certain parameters of the ex-
plosive effect is maintained. However, experimental methods 
do not make it possible to fully determine the internal stress 
distribution and damage localization mechanisms, which 
is due to the complexity of registering fast-moving dynamic 
processes during an explosion.

Our review of the literature [1–9] demonstrates that exist-
ing studies mostly consider individual elements or monolithic 
structures without detailed consideration of the spatial work 
of prefabricated shelters and their interaction with the soil 
base. This allows us to argue that it is advisable to conduct 
a study aimed at numerical modeling of the stressed-strained 
state and assessment of the functional suitability of prefab-
ricated reinforced concrete shelters under the action of an 
explosive load.

3. The aim and objectives of the study

The purpose of our study is to identify patterns of the 
stressed-strained state and assess the functional suitability 
of reinforced concrete structures of block protective facilities 
under conditions of explosive impact, taking into account the 
contact interaction between structural elements and the soil 
base. This will provide an opportunity to substantiate engi-
neering solutions to increase the explosion resistance of civil 
defense structures.

To achieve the goal, the following tasks are set:
– to determine parameters of the explosive impact and 

devise calculation scenarios of the impulse load for block 
protective facilities;

– to construct a general calculation scheme and a finite 
element model of reinforced concrete structures at block pro-
tective facilities, taking into account physical and geometric 
nonlinearity and contact interaction with the soil base;

– to determine parameters of the stressed-strained state 
and assess the functional suitability and stability of reinforced 
concrete structures at block protective facilities under various 
scenarios of explosive impact.

4. The study materials and methods 

4. 1. The object and hypothesis of the study 
The object of our study is reinforced concrete structures 

at block protective facilities of the SHS UFS-1 and SHS VS-1-3 
series under conditions of explosive impact.

The principal hypothesis assumes that the use of numeri-
cal modeling taking into account nonlinearity, surface-contact 
interaction of structures and their elements with the influ-
ence of the soil base provides an opportunity to adequately 
describe the stressed-strained state (SSS) of protective shel-
ters. This allows us to assess their functional suitability under 
conditions of explosive impacts.

It is assumed that the materials of the structures are ho-
mogeneous within the volume of individual elements, and the 
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explosive load indicators are determined 
on the basis of the TNT equivalent of the 
charge and the empirical dependences 
of the Kingery-Bulmash model. It is as-
sumed that the maximum impact on the 
structures is exerted by the reflection of 
the shock wave, and the load is applied 
by impulsive pressure that varies in time.

Simplifications of the study include 
neglecting the chemical and gas-dynamic 
nature of the explosion, as well as as-
suming that the deep layers of the soil 
structure are completely undeformed. 
In addition, secondary damaging fac-
tors such as the formation of fragments 
and the thermal effects of detonation 
products were not taken into account.

4. 2. Structural schemes of protec-
tive shelters

Two types of shelters are subject to  
a calculated assessment of their func-
tional suitability under conditions of ex-
plosion impact, information about which 
is given in Table 1. These shelters have 
different purposes; however, increased re-
quirements are imposed on their function-
ing as they can be used as fortifications.

During modeling, the impact of the 
explosion should be reproduced, as indi-
cated in Table 1, by applying a simplified 
model using the curve of change in excess 
pressure at a point versus time, which is 
fitted with the well-known Friedlander 
formula.

The structural system of protective 
shelters consists of reinforced concrete 
blocks, which are fastened together by 
means of bolted joints. Fig. 1 shows 
the structural system of the SHS UFS-1  
facility.

Fig. 2 demonstrates a visual image 
showing the structural system of the pro-
tective shelter in axonometric projection.

Fig. 3 shows a structural system of the 
SHS VS-1-3 facility.

According to the diagrams in Fig. 1–3, 
the structural system of the shelter con-
sists of three types of reinforced concrete 
blocks: flat panels PShSS-1 and PShSS-2, 
as well as blocks of tubular rectangular 
shape LShSS-1 and LShSS-2.

The structural diagram of a reinforced 
concrete block of tubular rectangular 
shape with a doorway LShSS-2 is shown 
in Fig. 4.

Therefore, the structural schemes of 
the protective shelters SHS UFS-1 and 
SHS VS-1-3 are characterized by a spatial 
prefabricated structure and the presence 
of element joining nodes, which signifi-
cantly affect generation of the stressed-
strained state under the action of an ex-
plosive load.

Table 1

Types of shelters subject to calculated assessment of functional suitability

No. of 
entry

Type of shelter 
(designation) Brief description Features of explosive impact

1 SHS UFS-1

A deep shelter that 
can function as a 

fortification with in-
creased requirements

It is intended to provide protection 
against 152 mm shells and 120 mm 
high-explosive fragmentation mines 

upon direct hit

2 SHS VS -1-3

Above-ground shelter 
that can function as 
a fortification with 

loopholes

It should provide protection against 
152 mm shells and 120 mm high-ex-
plosive fragmentation mines when 

they are hit indirectly at a distance of 
5 m from the side surface with a slot

 
 
 

 

 
 
 

 

a

b

Fig. 1. Structural diagram of reinforced concrete structures 	
for the SHS UFS-1 protective shelter: a – side view; b – front view
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Fig. 4. Structural diagram of a reinforced concrete 
block of tubular rectangular shape with a doorway 

LSHSS-2

4. 3. Theoretical foundations of numerical 
modeling of dynamic interaction

To model the stressed-strained state (SSS) in 
reinforced concrete structures of shelters, a general-
ized engineering approach was applied, based on the 
following main provisions:

1. For mathematical modeling of the SSS of a de-
formed solid, a generalized theoretical approach is 
used, which is based on the initiation of movements 
of points of the mechanical system of rigid deformed 
bodies using a system of general dynamics equations 
and SSS equations caused by these movements. 
These equations are integrated using the finite ele-
ment method (FEM).

2. To model the concrete base of the samples, 
three-dimensional massive finite elements of hexa-
hedral shape with eight nodes are used.

3. To model steel reinforcement in the form of 
reinforcing bars, one-dimensional beam finite ele-
ments with a circular cross-section of the Hughes-
Liu type are used [10].

For modeling steel embedded parts and steel 
parts of door systems, shell flat FEs of the Belichko- 
Tsay type [10] with four nodes and five integration 
points along the thickness are used.

 
 
 

 

 
 
 

 

a

b

Fig. 3. Structural diagram of reinforced concrete structures 	
for the SHS VS-1-3 protective shelter: a – general view of the shelter; 

b – cross section of the shelter 1-1

Fig. 2. Axonometric projection of the structural scheme of the reinforced concrete structures 	
for the SHS UFS-1 protective shelter: a – general view of shelter structures; 	

b – assembled shelter suitable for use

a b
   



Eastern-European Journal of Enterprise Technologies ISSN-L 1729-3774; E-ISSN 1729-4061	 3/1 ( 141 ) 2026

10

4. To describe the nonlinear behavior of concrete material, 
a continuous failure surface model with a limiting dome is 
used [11,12], which is built on the basis of nonlinear deforma-
tion diagrams with descending branches.

5. As a model of the steel reinforcement material, a ma-
terial with the possibility of plastic deformations is used, bi-
linear deformation diagrams of the Prandtl type, the shape of 
which includes only a growth section and a horizontal section 
with a limiting deformation of 15% [10, 13].

6. To describe the interaction between the components of 
structural systems, a contact interaction model is used. Ex-
plosion loads are applied in the form of excess pressure to the 
segments of the model together with the applied gravitational 
load. The application of the load has a dynamic history and 
occurs gradually over a certain time.

When investigating the process of testing the sample, the 
software package LS-DYNA (Livermore Software Dynamic) is 
used, developed by specialists from the National Livermore 
Laboratory named after Lawrence, University of California, 
USA (Lawrence Livermore National Laboratory, LLNL). Cur-
rently, the code of the software package LS-DYNA is part 
of the suite of computational engineering systems ANSYS 
Workbench (USA) and is also included as a module in a sep-
arate part of this ANSYS APDL (USA) package. At the same 
time, the pre/postprocessor of this system is provided as a free 
software application by developers, and the license for calcu-
lations of the constructed models is provided in the software 
ANSYS Workbench or ANSYS APDL.

We studied the performance of reinforced concrete struc-
tures for protective shelters under the action of an explosive 
load on the basis of equations from the mechanics of a de-
formable solid using the finite element method in a nonlinear 
statement. Time integration of the equations of motion is 
carried out by an explicit method, which allows us to cor-
rectly take into account the impulse nature of the explosive 
effect [10, 13].

The motion of a deformed solid as a dynamic system is de-
scribed by the momentum conservation equation:

The fundamental equations that describe the state of 
a solid as a dynamic system are obtained by taking into ac-
count the laws of dynamics of a mechanical system and the 
conservation laws in accordance with ref. [10].

In this case, the generalized momentum conservation 
equation is written in the form

� � �ij i i if x, ,� � � �  	 (1)

where σij, i – Cauchy stress tensor at a given point belonging to 
the body; ρ – density of the material at a given point belonging 
to the body; ρ ⋅ fi – external forces acting on the body through 
a given point; ẍi – acceleration of a given point belonging to 
the body.

The finite element model of protective shelter struc-
tures is built by using three-dimensional volume elements 
for modeling concrete, one-dimensional beam elements for 

reinforcement, and two-dimensional shell elements for steel 
structural components [10]. This approach allows us to ade-
quately reproduce the spatial operation of the system and the 
interaction among its elements.

To describe the nonlinear performance of concrete, a con-
tinuous failure surface model with a limiting dome is used, 
which takes into account both brittle and ductile material 
failure [11, 12]. Reinforcing steel is modeled using a bilinear 
deformation diagram taking into account plastic deforma-
tions [10, 13]. To describe performance of the soil base, the 
Drucker-Prager model is used [10].

The interaction among individual structural elements and 
between the structure and the soil base is described using 
contact algorithms employing the penalty function method, 
which makes it possible to take into account the possibility 
of joint opening, sliding, and local destruction of contact 
zones [10, 13].

We model explosive load on the basis of empirical de-
pendences that determine the change in the excess pressure 
of the shock wave in time. For this purpose, the Fried-
lander fitting is used, and the explosion parameters are 
determined using the Kingery-Bulmash model taking into 
account the TNT equivalent of the charge and the distance 
to the object [14]. In this case, the effect of shock wave 
reflection from the soil surface and structures is taken into  
account [15, 16].

The numerical implementation of the constructed models 
was performed using the LS-DYNA software package, which 
enables modeling of the dynamic interaction of structural sys-
tems taking into account geometric and physical nonlinearity, 
contact interaction, and material destruction processes under 
the action of impulse loads [13, 17].

5. Results of modeling an explosive impact  
on reinforced concrete structures  

of block protective facilities

5. 1. Determining explosive impact parameters and 
calculation scenarios

The structural systems under study include all compo-
nents of the protective structure at a facility given in Table 1.

According to the first scenario, a charge with an equiv-
alent mass of explosives m(TNT) = 15 kg is detonated above 
the surface of the soil cushion at a distance of 0.55 m from its 
geometric center for a buried protective shelter SHS UFS-1.  
The second scenario assumes that a charge with an equiv-
alent mass of explosives m(TNT) = 15 kg is detonated at 
a distance of 5 m from the side surface of the protective 
structure SHS VS-1-3. Table 2 gives parameters of the ex-
plosive impact scenarios used in the numerical modeling of 
protective shelters.

To determine the magnitude of the excess pressure of the 
shock wave using the model, data was obtained from special 
software that is publicly available [16].

Table 2
Types of shelters subject to calculated assessment of functional suitability

Scenario 
No. Charge type Brief description TNT mass, 

kg
Distance to the surface 

during the experiment, m
Excess pressure of the 

reflected shock wave, kPa

1 OF-843 120 mm mortar shot 1.4 0.25 156506.35

2 OF-25 152 mm caliber artillery shell with en-
hanced power of heavy-duty action 10 5 678.94



Engineering technological systems: Reference for Chief Designer at an industrial enterprise

11

To justify the position of the epicenter of the explosion, 
the following provisions were taken into account:

1) in both scenarios, the amplifying effect of the reflection 
of the shock wave from the surface is taken into account. In 
this case, it is assumed that the maximum pressure corre-
sponds to the pressure of the reflected shock wave [14, 15];

2) to determine the excess pressure of the shock wave, 
taking into account the recommendations UFC 3-340-02 [15], 
the Kingery-Bulmash model [14, 16] is used, capable of tak-
ing into account the amplification of the excess pressure due 
to the superposition of the reflected and direct shock waves.  
As a provision that sets more stringent conditions for con-
sidering the explosive effect, the assumption of the location 
of the epicenter of the explosion near the surface in both 
scenarios is accepted. This makes it possible to verify applied 
loads using universal calculation dependences recommended 
by regulatory documents and reference sources [14, 15]. Cal-
culation operations are implemented using the Conventional 
Weapons Effects Program (CONWEP) algorithm, integrated 
into the LS-DYNA software package [13].

The CONWEP calculation algorithm is based on the em-
pirical dependences from the Kingery-Bulmash model and 
takes into account the attenuation of the shock wave during 
its indirect incidence, as well as the pressure gain due to re-
flection from the soil surface and the structure [14, 15]. The 
pressure applied to a fixed point on the surface where the 
shock wave propagates varies according to a law that gener-
alizes empirical experience. The law of pressure change is 
shown in Fig. 5.

Overpressure 

ta t+ t 

P1 
P 

P0 

Fig. 5. Pressure curve on the surface of structures 	
in a fragment of a protective shelter

This curve is constructed based on the scaled distance 
from the wall to the explosion center, which is calculated from 
the following formula [14, 15]

Z R M� � �1 3,	 (2)

where R is the distance from the wall to the explosion center; 
M is the mass of the charge in TNT equivalent.

The parameters of the curve shown in Fig. 5 are deter-
mined using a special nomogram, which is obtained empir-
ically and fitted with the Kingery-Bulmash model [14, 15].

When the blast wave front indirectly hits the surface of the 
wall of the shelter structure, the pressure is weakened. The 
weakened pressure is determined using the following formula

Peff = Prefcos2θ + Pinc(1 + cos2θ – 2cos2θ),	 (3)

where θ is the angle between the facet of the surface finite 
element and the line drawn from the point of the explosion 

center at a right angle and the shortest distance from the 
explosion center to the center of the facet; Pinc is the pressure 
caused by the incident shock wave, determined by using the 
following formula

P P einc s� �� � �1 � �� ,  � � �
��

t t
t t

a

a
,	 (4)

Pref – pressure of the reflected shock wave, determined by 
using the following formula

P P eref r� �� � �1 � �� . 	 (5)

The application of an explicit algorithm for integrating the 
dynamics equations makes it possible to take into account the 
spatial propagation of the shock wave front along the surfaces 
of the structure, taking into account the increase and decrease 
of pressure over time [10, 13]. In this case, two variants of the 
explosive effect are considered – an explosion at a consider-
able distance and an explosion near the surface. The second 
variant is adopted in the work as more conservative from 
the point of view of assessing the strength of the structure.

When setting the parameters of the position and power 
of the explosive charge, the limitations of the CONWEP al-
gorithm were taken into account, which could lead to errors 
at small distances. In view of this, the minimum explosion 
distance was taken as not less than 0.55 m. To clarify the load 
parameters in the second scenario, the experimental data given 
in the test protocol [18] were used. According to these data, 
the maximum excess pressure was about 1000 kPa, which 
was taken into account when choosing the equivalent mass 
of the charge.

So, ultimately, it was established that for the first scenario, 
a charge m(TNT) = 15 kg is used at a distance from the surface 
of the soil cushion l = 0.55 m (Fig. 1) for the first scenario, and 
a charge m(TNT) = 15 kg at a distance from the surface of the 
soil cushion l = 5 m.

Using the provisions, hypotheses, and assumptions to 
build a mathematical model of protective structures, geomet-
ric diagrams and models were constructed, and segments to 
which the shock wave is applied were selected. That is, the 
surfaces of reinforced concrete structures that are located 
closest to the epicenter of the explosion are the segments 
to which the explosion effect is applied. Also, the explosion 
effect is applied to segments belonging to all external struc-
tures of buildings through which the shock wave can spread. 
Fig. 6, 7 show an image of the segments to which the explo-
sion pressure is applied and the position of the explosion 
epicenter of the constructed mathematical model.

After calculations, results were obtained that allow us to 
study the dynamic loads of the explosion impact. The impact 
of the explosion was studied according to the first scenario, 
shown in Fig. 5, with a combination of explosion parameters 
with a TNT equivalent of the charge m(TNT) = 15 kg, and 
a minimum distance from the epicenter of the explosion to 
the surface in the middle of the soil cushion of the protective 
structure l = 0.5 m. In this case, the maximum pressure in 
the perpendicular direction to the segment of the covering 
slab should be 1157019.62 kPa according to preliminary cal-
culations. The impact of the explosion was studied according 
to the scenario shown in Fig. 6. In this case, the maximum 
pressure in the perpendicular direction to the segment of the 
wall of the structure should be 1014.02 kPa according to pre-
liminary calculations.
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Under the conditions of this calculation scheme, the dis-
tribution of excess pressure was obtained over the segments of 
surfaces exposed to the explosion. The resulting distribution 
for the first scenario is shown in Fig. 7.

The resulting distribution for the second scenario is shown 
in Fig. 8.

Analyzing the pressure distribution from the shock wave, 
shown in Fig. 7–9, we can see that they take the form of a ring 
spot that spreads over the surface where the FE segments are 
located, to which this pressure is applied. This pattern corre-
sponds to the applied pressure from the shock wave, which is 
determined by the plot in Fig. 5 and the CONWEP algorithm. 
That is, a time-dependent pressure is applied to each FE seg-
ment located near the surface. The beginning of the initiation 
of pressure on a given segment corresponds to the time of its 

achievement by the shock wave. And thus, in the spot, one 
can observe zones of peak pressure that decrease and pass to 
a rarefied zone. This can be illustrated by plots of pressure 
changes on individual segments. The excess explosion pressure 
is determined in the segment of the surface of the protective 
structure located opposite the epicenter of the explosion ac-
cording to the first scenario, shown in Fig. 9, a in the form of 
a plot of explosion pressure changes for a certain distance from 
the plate to the epicenter of the explosion. Similarly, the excess 
explosion pressure determined in the segment of the surface of 
the protective structure located opposite the epicenter of the ex-
plosion according to the second scenario is shown in Fig. 9, b in 
the form of a plot of change in explosion pressure for a certain 
distance from the plate to the epicenter of the explosion. The 
plots (Fig. 9) show the values of the maximum excess pressure.

                                                                  
                        
 
 
                                                                                                         Epicenter of the explosion 
                                                                                                         15 kg of TNT (first scenario) 
                            Segments subjects 
                            to explosive loading 
                                            

 
Fig. 6. Layout of segments in the SHS UFS-1 protective shelter that are exposed to the explosion 	

according to the first scenario

                                                                  
                        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                  Epicenter of the explosion 
                                                                                                             15 kg of TNT (second scenario) 
                     
               Segments subjects                                                                                5 m 
             to explosive loading                                                                             
                              
 
 

 Fig. 7. Layout of segments in the SHS VS-1-3 protective shelter that are exposed to the explosion 	
according to the second scenario

Fig. 8. Distribution of excess pressure across segments of surfaces exposed to the explosion for the SHS UFS-1 protective 
facility according to the first scenario: a – after 1 s; b – after 4 s

  
a b
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By analyzing the data in Fig. 6, it was determined that the 
excess pressure applied to the structures corresponds to the 
set value. Given this, it can be noted that this pressure was 
calculated and applied to the segments correctly.

5. 2. Construction of the calculation scheme and 
a finite element model of the protective structure

Fig. 10 shows a general calculation scheme of structures 
at the SHS UFS-1 protective facility. The individual compo-
nents-parts of the protective shelter depicted in the diagram 
have different colors so that they can be separated from each 
other. In this model, each individual component is a separate 
part that perceives the impact of the explosion and interacts 
with other components-parts of the model.
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Fig. 10. Maximum excess pressure on the surface of the 	
plate at the set explosion parameters: a – m(TNT) = 15 kg; 

l = 0.5 m; maximum pressure on the plot Pref = 1157020 kPa; 	
b – m(TNT) = 15 kg; l = 5 m; maximum pressure 	

on the plot Pref = 1016 kPa

A feature of this model is the presence of a special compo-
nent that is the basis for the soil, limiting its global movement 
and the movement of its points. In this case, this component 
of the model is represented by an absolutely rigid body. Also, 
the anchoring system of reinforced concrete blocks and rein-
forcement are considered as separate components of the model.

Fig. 11 shows a general calculation scheme of structures at 
the SHS VS-1-3 protective facility.

To numerically model the performance of reinforced con-
crete structures for protective shelters, generalized nonlinear 
material models were used that take into account their opera-
tion under dynamic loading conditions. Concrete is described 
using a continuous failure surface model with a limiting dome, 
which allows for brittle and ductile fracture in a complex stress 
state [11, 12]. Reinforcing steel is modeled using a bilinear 
deformation diagram taking into account plastic deforma-
tions [10, 13]. For the soil base, the Drucker-Prager model was 
used, which provides an adequate reproduction of its perfor-
mance in compression and shear [13].

The mechanical load on the structures is given in the form of 
excess pressure of the shock wave, which varies in time according 
to the impulse dependence. The load parameters are determined 
based on the TNT equivalent of the charge and the distance to the 
object using the empirical dependences from the Kingery-Bul-
mash model [14, 15] taking into account the recommendations 
of the regulatory document UFC 3-340-02 [15]. In this case, the 
effect of the reflection of the shock wave from the soil surface 
is taken into account, which leads to an increase in pressure on 
the structure. The boundary conditions of the model take into 
account the interaction of the structure with the soil base, as 
well as restrictions on movements in the deep layers of the soil.

The finite element model of protective shelters was built us-
ing three-dimensional volume elements for concrete, one-dimen-
sional beam elements for modeling reinforcement, and two-di-
mensional shell elements for steel components [10]. This scheme 
makes it possible to take into account the spatial work of the struc-
ture and the interaction of its components. The contact interac-
tion between the elements is implemented using penalty function 
algorithms, which ensures the correct reproduction of load trans-
fer, sliding, and local opening of joints [10, 13]. The numerical 
implementation of the model was performed using the LS-DYNA  
software package [13], which makes it possible to take into ac-
count geometric and physical nonlinearity, contact effects, and 
material destruction processes under the action of impulse loads.

Fig. 9. Distribution of excess pressure across segments of surfaces exposed to the explosion for the SHS VS-1-3 protective 
facility according to the second scenario: a – after 5 ms; b – after 8 ms

          
a b
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Following the calculations, we obtained results that make 
it possible to investigate the mechanisms of destruction or loss 
of integrity of shelter structures and establish the relationship 
of these aspects with ensuring the performance of its protective 
functions under the influence of an explosion. To study the 
mechanisms of destruction or loss of integrity, the impact of the 
explosion was investigated under two scenarios with the most 
dangerous combination of explosion parameters with a TNT 
equivalent of the charge m(TNT) = 15 kg, and a minimum 
distance from the epicenter of the explosion to the surface of 
the shelter fence l = 0.55 m for the first scenario and a charge 
m(TNT) = 15 kg, and a minimum distance from the epicenter 
of the explosion to the surface of the shelter fence l = 5 m for 
the second scenario. 

As described above, the system was loaded in two stages: in 
the first stage, the load of the initiated prestress in the connect-
ing bolts was applied due to the tightening force and the grav-
itational load due to the own weight of the system elements.

5. 3. Assessing the stressed-strained state and func-
tional suitability of structures

To analyze the stressed-strained state, a diagram of the 
distribution of plastic deformations after applying pressure 
from the blast wave to the surface of the shelter structures 

was constructed for the scenario when the epicenter of the 
explosion is located on the side of the shelter. The constructed 
distribution of plastic deformations for both shelters is shown 
in Fig. 12, 13.

The plastic strain distribution shown in Fig. 13, 14 demon-
strates the locations of defects in the structural elements 
where crack growth in their concrete base is possible. How-
ever, one can see that fragmentation and separation of the 
structural elements into separate parts does not occur.

Fig. 15 shows the distribution of displacements in the soil 
cushion.

When analyzing the above distribution of displacements 
in the soil cushion, shown in Fig. 15, on can see that they do 
not have large values, that is, the soil during the calculated 
time moves no more than 0.08 m (80 mm). These deformations 
are not significant, and when they stabilize near this value, it 
can be assumed that the destruction of structures does not 
occur and the shelter retains its protective capabilities. 

To assess the consequences of the explosion on reinforced 
concrete structures of shelters, a field of displacements of 
structural elements after applying a load from a shock wave 
according to the first scenario was constructed. The corre-
sponding distribution of displacements for the SHS UFS-1 
protective facility is shown in Fig. 16.

 
                                                     Soil 
 
 
 
 
 
 
 
 
 
 
                                                                                   Steel door      Steel door frame 
 
 
               Reinforced concrete slab 
 
 
                                                                                                                                        Ground  
                                                                                                                                        (absolute rigid body) 
         Reinforced concreter blocks LSSS-1              
                                                                                                                           Reinforced concreter blocks PSSS-2 
       Reinforced concreter blocks PSSS-1 
                                                                                                                         Reinforced concreter blocks LSSS-2 
 
                                                                                                                                     
 
 

 
Fig. 11. General calculation scheme of the SHS UFS-1 protective facility

         Reinforced concreter blocks LSSS-1  

   Reinforced concreter blocks PSSS-2 

 Steel door frame 

 Steel door 

 Ground (absolute rigid body) 

   Reinforced concreter blocks PS

Fig. 12. General calculation scheme of the SHS VS-1-3 protective facility
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Fig. 13. Distribution of plastic deformations after applying 
pressure from the blast wave (m(TNT) = 5 kg, l = 0.55 m) 	

to the surface of the SHS UFS-1 protective facility 	
for the first scenario

 
Fig. 14. Distribution of plastic deformations after applying 

pressure from the blast wave (m(TNT) = 5 kg, l = 5 m) 	
to the surface of the SHS VS-1-3 protective facility 	

for the second scenario

 
Fig. 15. Distribution of displacements (m) of elements 	

in the soil cushion of the SHS UFS-1 protective facility after 
applying pressure from the blast wave

 
Fig. 16. Distribution of displacements (m) of elements 	

in a fragment of the SHS UFS-1 protective facility after 
applying pressure from the blast wave

The above distribution of displacements clearly demon-
strates that the largest values of displacements are localized 

in the near-surface areas of the structure, which are directly 
exposed to the shock wave. With distance from the load appli-
cation zone, a gradual decrease in displacements is observed, 
which indicates their attenuation in the thickness of the 
structure. The distribution has a pronounced uneven nature, 
which is due to the geometry of the structure and the condi-
tions of its interaction with the soil base. At the same time, 
maximum displacements do not lead to a loss of the overall 
stability of the structure. The visualization for the SHS VS-1-3 
protective facility is shown in Fig. 17.

 
Fig. 17. Distribution of displacements (m) of elements 	

in a fragment of the SHS VS-1-3 protective facility after 
applying pressure from the blast wave

When analyzing the above distribution of displacements 
in the elements of shelter modules, shown in Fig. 16, 17, 
one can see that they do not take large values, that is, these 
elements move no more than 0.04 m (40 mm) during the 
calculated time. These deformations are not significant, and 
when they stabilize near this value, it can be assumed that the 
destruction of the structures does not occur and the shelter 
retains its protective capabilities. 

For a detailed analysis, plots of displacements of the most 
dangerous points on the upper surface of the SHS UFS-1 pro-
tective facility were constructed. The positions of these points 
are shown in Fig. 18, the plot for which is shown in Fig. 19.

The plots in Fig. 19 show that the displacements of struc-
tural elements increase rapidly at the moment when the 
shock wave pressure is maximum, and then, after fluctuations 
associated with oscillatory processes, quickly decay and stabi-
lize at deformations of no more than 25 mm. This indicates 
that no avalanche-like build-up of deformations is observed 
and the shelter structures retain their protective capacity.

 
  
 
 
 
 
 
                              
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                   1          2 
                                                                                                                                            3               4 

 
Fig. 18. Position of the most dangerous points 	

of the side wall of the SHS UFS-1 protective facility during 
an explosion
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Fig. 19. Plots of point displacements in the structures 	
of the SHS UFS-1 protective facility that undergo 	

the greatest displacements during an explosion 	
according to the second scenario

Plots of displacements of the most dangerous points on 
the upper surface of the protective structure were also con-
structed. The positions of these points and the corresponding 
plot are shown in Fig. 20, 21, respectively. 
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Fig. 20. Position of the most dangerous points 	
on the side wall of the SHS VS-1-3 protective facility during 

an explosion
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Fig. 21. Plots of movements of the most dangerous points 
on the structures of the SHS VS-1-3 protective facility, 

which undergo the greatest movements during an explosion 
according to the second scenario

The plots in Fig. 21 show that the displacements of struc-
tural elements increase rapidly at the moment when the shock 
wave pressure is maximum, and then, after fluctuations asso-
ciated with oscillatory processes, quickly decay and stabilize 
at deformations of no more than 5.5 mm. These deformations 
are insignificant and our results indicate that the structures 
at a protective facility retain their functional suitability and 
protective properties under the action of an explosive load 
with the adopted parameters for both scenarios considered.

6. Discussion of results based on modeling  
the explosive impact on protective shelters

Our numerical modeling results showed that the nature 
of the stressed-strained state of protective shelter structures 
significantly depends on the indicators of the explosive load, 
the geometry of the structure, and the conditions of contact 
interaction between individual elements of the structure and 
the soil surface. According to the results shown in Fig. 7–9, 
the maximum values of excess pressure are formed in areas 
localized closest to the epicenter of the explosion, which is 
justified by the influence of the reflected shock wave and the 
factors of spatial propagation of the explosion pulse. It was es-
tablished that for the first variant of the explosive impact, the 
maximum excess pressure reaches Pref = 1.16 · 106 kPa, while 
for the second variant – about Pref ≈ 1.01 · 103 kPa. This dif-
ference is explained by the smaller distance to the explosion 
center and the more intense influence of the reflected wave in 
the first scenario.

Analysis of the distribution of plastic deformations and 
displacements, shown in Fig. 12–16, revealed that the largest 
local deformations occur in the near-surface areas of struc-
tures and in the nodes of block connections. This is due to the 
uneven transmission of the impulse load between individual 
elements of the system and the stress structure in the contact 
zones. At the same time, our results confirm the absence 
of progressive destruction of the structural system even 
under the most unfavorable loading conditions, which indi-
cates reliable rigidity and stability of the structural design of  
the shelters.

A feature of the proposed approach is the consideration 
of the simultaneous influence of physical and geometric 
nonlinearity, contact interaction between structural elements 
and the soil surface, as well as the impulse nature of the 
explosion action. Unlike studies [1–6], which mainly con-
sider individual reinforced concrete elements or monolithic 
structures, our study focuses on the spatial deformation of 
prefabricated block shelters. This allows us to establish local 
patterns of stress concentration and distribution features be-
tween structural blocks.

The limitation of our research is the use of a simplified 
description of the explosive effect without detailed consider-
ation of the gas-dynamic processes of detonation and second-
ary impact factors. In addition, the results are adequate for 
the considered structural schemes of shelters and the range 
of parameters of the explosive load adopted in the work. The 
reliability of the results also depends on the accepted material 
models, contact interaction parameters, and conditions of 
fastening the structure.

The disadvantage of the study is the limited number of 
considered schemes of the blast wave action and the absence 
of analysis of long-term damage accumulation in structures 
under repeated loads. These shortcomings could be eliminat-
ed by conducting a series of full-scale experiments, expanding 
the range of structural schemes of shelters, and using more 
detailed models and soil base.

Further studies should consider the construction of mod-
els for combined explosive and thermal effects, the inves-
tigation of progressive destruction of structures, and the 
improvement of contact interaction. Difficulties may include 
significant computational and experimental costs, the com-
plexity of test verification of fast-moving dynamic processes, 
as well as the need to refine the parameters of nonlinear ma-
terial models for different types of building structures.
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7. Conclusions

1. We have established that the SHS UFS-1 and SHS VS-1-3 
protective facilities have significant sensitivity to explosive 
effects at the joints of the blocks and near-surface areas of 
contact with the soil. This is explained by the concentration 
of local stresses with uneven distribution of the impulse load 
between the nodes of the structural elements.

2. A calculation scheme and a finite element model of 
a protective structure have been constructed, which take 
into account physical and geometric nonlinearity, the im-
pulse nature of the explosive impact, as well as the contact 
interaction of structures with the soil base. Unlike sim-
plified calculation schemes, the proposed model makes it 
possible to reproduce the spatial work of the structure and 
the localization of plastic deformations in critical zones, 
which increases reliability of the assessment of its stressed-
strained state.

3. The maximum values of excess pressure were calculat-
ed based on the results of numerical modeling of the explosive 
effect for a charge of m(TNT) = 15 kg at distances of 0.55 m 
and 5 m, which are Pref = 1.16 · 106 and Pref ≈ 1.01 · 103 kPa, 
respectively. It was found that under the considered loading 
schemes, the shelter structures retain their functional suit-
ability and stability; our results correlate with the data on field 
tests No. 366-В/2024, which confirms reasonable reliability of 
the proposed approach.
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