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Abstract. This research analyzes current trends in calculating the construction of underground
structures. It finds that, considering the objective situation, the extreme load combination
(constant loads plus one extreme load) should be revised. This revision is related to an increase
in cases of shock and explosive effects on the constructions of underground structures that may
serve as shelters. The research aims to combine analytical foundations, which provide data on
explosive effect, with a numerical analysis methodology that includes an energy approach.
Solving this problem enables the analysis of the explosive effect on constructions of the
underground structure, considering the overall stress-strain state within the "construction of the
underground structure — surrounding massif" system. The authors present the analytical basis
of the energy approach to the explosive effect acting on constructions of underground
structures. Ways for implementing these foundations into the methodology of numerical
analysis are described. A numerical analysis of the underground lobby construction for impulse
impact, replacing the explosion, is performed, which is calculated in accordance with the given
analytical formulas. A comparison is made between the deformation energy of the lobby
construction — an integral parameter that includes stress and displacement — and the
deterioration energy of the C25/30 concrete grade.

1. Introduction

Before the start of the Russian-Ukrainian war, calculating the constructions of underground structures
mainly relied on the application of both permanent and temporary load complexes. In regulatory
documents that have been updated through several editions, these two load complexes have remained
the primary focus. The most recent edition of certain regulatory documents provides more detailed
information on the provisions for the extreme load complex, which, in addition to permanent loads,
includes one additional factor [1]. Seismic, shock, impulse, and various special dynamic influences
(including the influence of the metro train, industrial seismicity, and the dynamic effect of ground
transportation) are considered as such an additional extreme load [2].

It should be noted that research on constructions of underground structures and other ones under
extreme loads continues. In Ukraine, a considerable amount of scientific research focuses on the
dynamic interaction between metro trains and building structures, as well as wave propagation around
underground objects. Meanwhile, research on underground facility constructions that withstand shock
or impulse (explosive) loads remains sporadic and needs further expansion and systematization [3-5].

Until now, this broad field of research has not been fully explored, and the objective situation
of using underground facilities as shelters or dual-purpose facilities requires urgent solutions. If we
consider a similar field outside Ukraine, it is more systematic in nature [6-8]. If we disregard the
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above-mentioned task of dynamic interaction between the metro train and the underground structure,
as well as the task of seismic impact, which has been thoroughly developed, the tasks of dynamic
impact on the constructions of underground facilities focus on cases of shocks or explosions [8-10].

It is worth noting that the specificity of the research conducted in these cases characterizes the
methodology of their implementation [11, 12]. Most often, dynamic problems are solved using
numerical methods, the main one being the finite element method. However, such a practice, which is
not connected to the developed analytical approach based on the physics of explosion or impact
mechanics, can be considered one-sided [13-15]. It is in this area that analytical methodology has a
powerful mathematical apparatus that has been experimentally verified. Accordingly, the combination
of the numerical analysis method with the provisions of the analytical approach is the most adequate
for the task of explosive effect on constructions of underground structures.

As an effective methodological technique, one can adopt the energy approach, detailed in [14]. Its
main provision is the analysis of the specific deformation energy, which is an integral parameter that
includes stress and displacement. In this case, the stress-strain state in the “construction of the
underground structure — surrounding massif” system should be determined based on numerical
analysis, in which the parameters of the impulse replacing the explosion are set considering the
regularities of the analytical approach. Thus, the purpose of the presented research is to combine
analytical foundations that provide data on the explosive effect with the methodology of numerical
analysis, which takes into account the energy approach. Achieving this goal based on the results
obtained allows us to analyze the explosive effect on the constructions of the underground structure,
considering the total stress-strain state in the “construction of the underground structure — surrounding
massif” system.

2. Methods

The explosive effect on the constructions of underground structures, characterized by impulse, is
determined by solving dynamic equations that take into account inertial characteristics (the mass of the
structure construction and its elements), stiffness (the deformation capacity of the construction, related
to its dimensions and material properties), and strength parameters (calculated resistance of the
material to compression or tension). The construction response of the structure to a dynamic explosive
effect is connected with its duration and the time required for the construction to recover, which, in
practical calculations, is correctly assumed to be equal to the period of the first form of natural
oscillations.

The physics of the explosion determines the distribution of pressure P(t), consisting of two phases:
a compression phase and a rarefaction phase, characterized by different pressure values (P+ and P,
respectively) and duration of action (t+ and t., respectively). The maximum explosion pressure is
described by the dependence determined at the contact of two media, "explosive charge — air", which
drops sharply with distance.

When the radius of the explosion impact is equal to a certain pressure limit, the impact of the
explosion on the construction is determined only by the impulse, the value of which can be determined
using integrals over the area (figure 1, a), and for practical calculations, the integral over the
compression area is used, since the more destructive effect of the explosion is determined by this
phase [16].

The curve shape describing the compression phase can be replaced by a straight line, and the
resulting impulse | can be considered triangular (figure 1, b). Such a representation of the explosion
impact is of practical value, since the shape of the impulse significantly affects the results of the
dynamic calculation of constructions for extreme combinations of loads.

But, even knowing the basic parameters of the shock-explosive or shock-air wave, the dynamic
calculation of complex constructions for the impulse impact remains quite complicated. The reason for
this is the application of very simplified calculation schemes for constructions.

The process of analysing the obtained results also presents a certain complexity, since the
specificity of dynamic tasks lies in researching the action of loads that change over time.
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Figure 1. Dependence of the explosive effect over time (a) and triangular-shaped explosive load
pulse (b).

3. Results and discussion

Using the provisions of the dynamic formulation during the analysis of the stress-strain state based on
the finite element method, it is possible to apply the energy approach to determine the state of an
underground structure under extreme load combinations. This approach enables a more comprehensive
research of such constructions and involves comparing the specific explosion energy E and the
specific deformation energy of the structure Egs. The condition of the energy approach is written as
follows:

E > Ey;
E=E .; €))

def’

E<Edef.

Formula (1) takes into consideration three deformation scenarios: the first scenario — the
construction is deformed; the second scenario — the construction is in the limit state; the third
scenario — the construction is not deformed.

Similarly, we can write in terms of the specific explosion energy E and the specific demolishing
energy Egem:

E>Egems
E = Eem; 2
E < Egem-

Formula (2) accounts for three deformation scenarios: the first scenario involves the structure
demolishing; the second scenario consists of the structure being in a limit state; and the third scenario
involves the structure not demolishing but deforming.

Accordingly, to evaluate the values in expressions (1)-(2), it is necessary to know the energy value
in each of the parts of the construction or in the entire underground structure. It is known that the
explosion energy is determined from the condition [17, 18]:

E=Qq, 3)

where Q is the heat of explosion (J/kg); q is the mass of the charge, kg.
The work of the explosion is distributed between demolishing, displacement of the medium, and
other types, and its total value is part of the total energy of the explosion (J/kg) [18]:
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where Pmax IS the maximum pressure value in the “explosive charge — air” plane, kPa; Po is the
atmospheric pressure value, kPa; k is the dimensionless adiabatic index of explosion products (for
detonation products, it ranges from k=1.05 ... 1.25).

The energy of the open charge is converted into the energy of the shock air wave Esaw, and is
determined [18, 19]:

— _ POVoo
Esaw = QQ[l —(k “)p.QV, J ) (5)

where V_ is the limiting volume of expansion of detonation products, m?; Vj is the initial volume of

the explosive charge, m?; pe is the density of the explosive, kg/m®. From formula (5), it follows that
Esaw=0.7E, i.e., during the explosion of a charge in the air, 70% of the total explosion energy is
transferred to a shock air wave.

It is the determination of this part of the explosion energy that is the basis for the analysis of
shelters located in a semi-sunken position. State regulatory documents currently regulate only such a
type of extreme load, in which there is no shock wave from the explosion, and only the shock air wave
is analysed [1]. There is no doubt that the analytical foundations set out in this manuscript
significantly expand the scope of calculations and can form the basis for a new regulatory document
regulating civilian shelters of a sunken type, which should be designed exclusively for the shock wave.

The specific energy of deformation or demolition at a point should be recorded in tensor form [14]:

Eper =é|cs||8|, (6)
Edem = é'aus_ ? (7)

where |G| and |6| — respectively, the tensors of the principal stresses at a point at a certain time and at
the moment of demolition, kPa; [S| and [S| — respectively, the tensors of the principal strains

(coinciding in the direction with the principal stresses and being dimensionless) at a certain time and at
the moment of demolition.

The joint solution of equations (1) and (6) or (2) and (7) makes it possible to evaluate the degree of
deformation or demolition in the construction of the underground structure. The calculation task for
the case of underground structures is significantly complicated due to the fact that the total
deformation energy in the system consists of the components of the deformation energy from static
and dynamic loads.

From the above, it can be concluded that applying the energy approach to solving the dynamic task
of an explosion and determining its effect on the construction of an underground structure is very
difficult due to the insufficient development of the provisions for finding the explosion energy from a
distance to the source, as well as calculating the deformation energy of constructions under dynamic
influences.

Since the energy approach to static tasks has proven its effectiveness, research should be conducted
on its application to dynamic tasks. As part of this research, based on the results of the calculation of
the subway station lobby set out in [13], an analysis of the level of deformation energy was carried out
using the SCAD calculation complex postprocessor. The basics of postprocessing are given in
monographs [14, 20]; the same text also provides the basics of the so-called "filtering"” of results, that
is, obtaining secondary information based on the stress-strain state using formulas (6) and (7).
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Below is a model of a subway station lobby (figure 2), which was used for the article [13];
however, for this research, a triangular-shaped impulse (see figure 1) was applied to it and calculated
using the formulas of the energy approach.

-
Sturry wall h=0.6 m
i 04
St
JITTTTITTTTITITIOT T ITTITTTITTRTITITOTITT TTTTTTTITTITITIITT
HH - s B amn|
wy A 5 o HH
N mas H
o u | ul ¥
HEH H 0.5 il
S g 200 g
PR T T T
&a H i
) HH H
iEiaimaninsn s s snandi it ;
T
FH '_'35 FH
| |ERENENANSE SEOERN NN m|
EH HH =]
FH Concretelbase h=0.6 m 55
6.7 7.4 6.7
a) b)

Figure 2. The finite element model of the subway station lobby, taken from article [13] (a), and
a fragment of the model (the lobby construction with “slurry wall”) (b).

The calculation of the finite element model and the results of the stress-strain state, which were
previously obtained and analysed, are supplemented in this research by a picture of isolines and
isofields of specific energy distribution (figure 3). This value is calculated according to formula (6)
and has the dimension of stress, since deformations are relative. In the SCAD energy postprocessor,
specific energy values are given in kN/m?, which allows for further comparison with the specific
energy values of the material, i.e., C25/30 concrete grade.
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Figure 3. Isolines and isofields of the SCAD energy postprocessor in a fragment of the
model (the lobby construction without the upper part of the "slurry wall").
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The distribution of specific energy to some extent repeats the outline of the distribution of the
largest stress component, namely the vertical one. The maximum values of specific energy, which are
in the range of 2080 ... 5400 kN/m?, are observed in the local area of the upper ceiling in the middle
hall of the underground lobby. This situation is objective, since this zone is in the center of the
explosive impulse action applied to the surface.

If we assume the strength of C25/30 concrete grade equal to 30000 kN/m?, and the relative
deformation of 0.1 from the initial height (10%, which is adequate for environments that deteriorate in
a brittle mode), then the specific energy of concrete demolition will be equal to
Egem=1/20==0.5-30000-0.1=1500 kN/m?,

Accordingly, a comparison of the specific energy obtained during the numerical analysis and the
specific deterioration energy of C25/30 concrete grade proves that the upper ceiling of the
underground lobby is demolished under the action of the explosive impact. The demolition affects the
area of the upper ceiling and the top of the columns, which characterizes the impact of the explosion
as local.

The given calculation of specific energy is an example that shows the combination of analytical
foundations for determining the impulse impact, which is analyzed during numerical analysis using the
principles of the energy approach.

4. Conclusions

The research effectively combines analytical foundations, providing data on explosive effects and
loads through a numerical analysis methodology that considers the energy approach. Based on the
analysis results, current calculations for underground structures need a revision of regulatory
documents concerning the formation of extreme load combinations. The rising probability of
explosive effect requires modifications that favor impulse loading, which accounts for explosion
parameters.

The comparison of the specific energy levels obtained through post-processing and the
experimental deterioration of the C25/30 concrete grade, conducted during the numerical analysis of
the finite element model for the underground lobby, leads to the conclusion that the proposed energy
approach methodology is a convenient tool for strength analysis. The combination of analytical
principles for determining explosive effect and numerical analysis methodology has proven its
effectiveness. In the future, for practical calculations of underground and dual-purpose structures, it is
recommended to develop an additional postprocessor that will calculate the specific energy of various
materials by integrating the area under their deformation diagrams in different states.
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