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Relevance. In the context of the full-scale war of russia against Ukraine, the issues of ensuring the
reliability and survivability of buildings and structures under blast loading caused by aerial attack means,
missile and artillery strikes, and other damaging factors are of particular relevance [1, 2, 12-14, 19]. The
large-scale use of precision-guided weapons and strike unmanned systems necessitates the improvement
of approaches to the analysis of structures subjected to blast waves (shock waves), taking into account
realistic scenarios of damage to critical infrastructure facilities and protective structures [3, 4, 7].

Modern engineering practice provides the use of several principal methods for analyzing structures
under blast wave effects, among which the most widely applied are the quasi-static method, the impulse
(shock impulse) method, and the direct integration method of the equations of motion [5]. The quasi-
static method is based on transforming dynamic loading into an equivalent static load using a dynamic
amplification factor and is an effective tool for preliminary engineering assessments [6, 15]. The impulse
method allows accounting for the integral effect of short-duration loading through impulse parameters,
providing a more adequate representation of blast wave action [8, 9, 10]. At the same time, the most
accurate approach is the direct integration of the equations of motion, which makes it possible to consider
the actual time-dependent variation of loads, inertial characteristics of the system, damping, and the
complex spatial behavior of structures.

Despite the availability of these methods, their practical application in the design of protective
structures is complicated by the lack of generalized recommendations for selecting an appropriate
calculation method depending on loading conditions, structural configuration, and the consequence
class (importance level) of the facility. In addition, there is a need to improve the accuracy of
modeling blast wave parameters, in particular by accounting for the spatial and temporal non-
uniformity of shock wave effects on both enclosing and load-bearing structures.

The aim of this study is to systematize existing methods for analyzing building structures under
the action of blast waves, to examine their advantages and limitations, and to improve approaches to
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modeling loads and the dynamic response of structures. The paper generalizes the algorithms for
applying the quasi-static method and the direct integration method of the equations of motion, in
particular with consideration of spatial and temporal discretization of loading, which allows for a
more accurate representation of the interaction between the blast wave and structures.

The obtained results are of significant importance for enhancing the reliability of the design of critical
infrastructure facilities, civil and military protective structures, as well as for the development of
engineering measures aimed at minimizing the consequences of explosive effects under modern threats.

Summary of the main material

At present, several methods are used to design building structures subjected to blast shock wave
effects, which are discussed in more detail below.

The quasi-static method is based on representing the building frame as a single-degree-of-
freedom system and on the hypothesis that the maximum dynamic displacement is proportional to the
static displacement under the action of the maximum load [5]. These assumptions make it possible to
determine dynamic amplification factors and to perform the subsequent analysis using equivalent
quasi-static loads. In this approach, the equivalent quasi-static loads are established based on practical
experience in the design and analysis of structures subjected to shock waves from various types of
attack means. The application of this method provides satisfactory results for the preliminary analysis
of building and structural frames when followed by more accurate calculation methods.

The value of the equivalent quasi-static load can be determined by the formula:

q. = qmaxka’ ’ (1)
where ¢, is the maximum value of the dynamic load, KN/m?; k; — dynamic coefficient, which is equal to
the maximum value of the dynamic function. The adequacy of replacing the dynamic load with a static
one is determined by the correctness of determining the dynamic coefficient for each specific case [3, 6].

It is recommended to perform the calculation using the quasi-static method in six stages.

At the first stage, we collect the initial data and determine the explosion scenarios. This stage is the
foundation for all further calculations. It includes:

1. Definition of explosion scenarios and parameters: The type of explosion (air, ground or
underground) and the spatial location of the explosion center relative to the building (frontal, side or
corner impact) are established. The number of scenarios should take into account all possible cases of

P, emergency impact on the structures of the
T R protective structure [17, 18].
W%f%/ . H 2. Establishing the exact distance from the
/ explosion source to the object (or its individual
structures), which is key to assessing the
intensity of the wave.

3. Definition of TNT equivalent:
Converting the energy of a real explosive to
- 1 the mass of TNT to standardize the calculation.

- At the second stage, we determine the
— L parameters of the explosive shock wave.

Based on the established scenario,
indicators that directly affect the obstacle are
calculated in accordance with existing methods
described in detail in the works [1-5]:

1. Determination of excess pressure:
calculation of the maximum pressure at the
front of a shock wave propagating in free air
[11, 16].

2. Determination of reflected pressure:
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Fig. 1. Scheme of applying BSW parameters to a building or 3. Determining the duration of the
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which excess pressure acts on the structure until it is completely extinguished (7).

At the third stage, we determine the period of the building's natural oscillations. (7).

The building is considered as a dynamic system taking into account permanent and temporary long-
term loads and the calculation of the natural oscillation period for the main (first) form is performed.
This stage makes it clear how exactly the structure is able to "react" to a short-term external impulse.

At the fourth stage, we determine the dynamic coefficient (k).

The calculation of the dynamic coefficient within the elastic work of the protective structure structures
can be determined through the ratio of
the duration of the explosion to the %
period of oscillations according to the
graph in Fig. 2.

Also, the dynamic coefficient can
be determined according to the relevant
nomograms or technical manuals for
the relevant structures [3].

At the fifth stage, we determine the
equivalent static load. 1

The determination of the equivalent
static load is performed according to
formula (1). The obtained value is used 85
as a uniformly distributed static load
(t/m? or other pressure units) to check

0

the strength of structures. 001 002003 00500701 02 03 0507 1 2 3 46567810
At the sixth stage, we perform a T/t
structural inspection in accordance Fig. 2. Graph for determining the dynamic coefficient of the structure

. . taking into account the elastic work of the protective structure structures
with regulatory requirements (after & u W proteciive struclure structu

quasi-static calculation).

Shock impulse method. The essence of this method is to use the momentum conservation theorem to
determine the strength and vibrations of the supporting frame of a building or structure [14]. The main
parameters for which the calculation is performed using the shock impulse method include excess pressure
and the time of action of the load from the gebides
BSW. In the BSW front, the reflected pressure ) I
should be taken, the values of which can "
significantly exceed the values of the excess -
pressure. For individual specific scenarios and
cases, they can be determined depending on the ~— @-—-—-———m-——-
main parameters, or taken as constant, for
example, for buildings of a certain structural "—
scheme with given parameters of load-bearing ~ #
structures. In this case, the pressure of both
signs can be taken into account. In simplified
terms, for most calculation schemes, the load is A-A
taken as a shock pulse of the compression phase
with a triangular distribution.

The shock impulse method can be used
both for calculating the frame of the entire
building or structure and for its individual
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structural elements. 9:1=P kg e
It is recommended to apply the shock
impulse of the compression phase of the i toxucka_cnnpyda
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reflected pressure of the BSW along the front
according to the constant patterns of the change
in the pressure of the BSW. On the side and rear Fig. 3. Scheme of applying quasi-static loads to the protective
surfaces of the structure, it is allowed to apply structure of the CIF
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the averaged values of the shock impulse of the compression phase of the excess pressure of the BSW in the
form of evenly distributed loads.

The method of direct integration of equations of motion. This method consists in the dynamic
calculation of the structure on the actual laws of load changes over time. This method is the most
accurate. This method can be used to take into account the operation of reinforced concrete structures
of buildings and structures with cracks.

When using this method, it is necessary to determine all parameters of the dynamic actions (time
histories of overpressure from blast shock waves) and to approximate them. Such an approach makes it
possible to obtain all required load variation parameters at discrete time intervals.

The method of direct integration of the equations of motion also allows taking into account various
combinations of graphs of changes in excess pressure along the front of explosive shock waves. The
results of the calculation are set at the corresponding moments that coincide with the integration points.

The method of direct integration of equations of motion is based on a system of differential equations
of motion obtained from the general equations of mechanics by discretization in spatial variables:

Mu”(t)+Cu’(t) + Ku(t)+ q(¢) = 0, ()
where M, C, K — respectively the mass, damping and stiffness matrix of the system; u(?), u'(¢), u"(¢),
q(t) — vectors of nodal displacements, velocities, accelerations and nodal loads at a given time ¢.

The solution of equation (2) is possible by two main methods: expansion by the forms of natural
oscillations and difference schemes, which are also called direct integration of the equations of motion.
The method of expansion by the forms of natural oscillations can be used only for linear calculation,
since the principle of superposition is not used in nonlinear theory. The method of direct integration of
the equations of motion is of a general nature and can be applied to all problems of dynamic
calculation of structures.

Methods for dynamic calculation of elastic systems are based on the decomposition of the solution
into the forms of natural oscillations:

u(t) = @y(2). 3)
Forms ¢;, i=1,2, ..., m, ® =[¢,, ¢, ..., ¢,] and frequencies @; of natural oscillations is the
solution to the eigenvalue problem
Ko, =o' Mg,. “4)
The forms satisfy boundary conditions and orthogonality conditions:
9/ M@; =0, o/ Mp; =0 npu i#j (5)
and are normalized by the mass matrix:
oMo, =1, /Mo, =a}. (©)
If the orthogonality conditions are also satisfied for the damping matrix C:
gol'TC§0i=2'éwi’ 0<é<l, (7)
then system (2) breaks down into separate equations:
yi+28w,y! +a)i2yi =—q,(1), q,(t) = (piTq(t)s i=12,.,m. (3)

The accuracy of the results using this method depends on the number m of calculated shapes, and
the error is inversely proportional to the square of the largest frequency.

When constructing a difference scheme for the system of differential equations (2), acceleration,
velocity, and displacement are approximated by difference relations. External load ¢(¢) in the equation of
motion (2) is a piecewise linear function in time that can approximate any impulse, including the BSW.

If we denote the time step by 6,

t,=nb,u, =u(t,),
Sy =y —1,)/0, Bou=(u,, —u,)/(20)=(5,u+5, u)/2, Q)
Yo = (U, —2u, +un_1)/02, o = (g +u,)/2.

Replacing the acceleration, velocity and displacement at time tn by the difference relations (2), we
obtain:
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)= 1= Gty = 20, 1,6,
Uy = By = (4 —1,1)/(26), (10)
= 01 = Uy +1,.1))2.
Substituting relation (7) into (2), we obtain a system of equations:
Myu+CBu+Kou+q,=0, n=0,1,... (11)
The value of displacements u, and u_; are determined from the initial conditions, in most cases uy =
0, u.; = 0. Such difference schemes are called implicit, because the unknown displacements u,,, are

determined by previously found u,, u,; from a system of linear equations whose matrix includes the
stiffness matrix K

U,y =, + 0 +62((12- D)+ o), 0<B<1/2,
Wy =+ 01— D+ 1uly), 0 T<1, (12)
My + Cutgyy + Kty = [y

It is recommended to perform the calculation using the direct integration method of the equations
of motion in the following six stages.

Stage 1. Collecting initial data and defining explosion scenarios.

This stage is the foundation for all further calculations. It includes:

1. Definition of explosion scenarios and parameters: The type of explosion (air, ground or
underground) and the spatial location of the detonation center relative to the building (frontal, side or
corner impact) are established.

2. Comprehensive scenario coverage: The number of scenarios should consider all possible cases
and combinations of explosive loads that may arise from an emergency impact. Both the most probable
and the most critical detonation variants should be analyzed for each individual structural element of
the protective structure.

3. Establishing precise distance: Determining the distance from the detonation source to each
characteristic point of the object, which is key to estimating the intensity of the wave.

4. Definition of TNT equivalent: Converting the energy of a real explosive to the mass of TNT to
standardize the calculation.

Stage 2. Spatial and  temporal T
discretization of the BSW parameters = i

At this stage, the physical impact is _/ -
converted into a mathematical load . o e Sen s
function. P(¢), which takes into account T
the unevenness of the impact.

Spatial discretization: The surfaces of
the building are divided into a grid with a
step of no more than 1.0-1.5 m for the
reflected pressure zone, for the incident P
pressure zone it is allowed to increase the A-A
grid step to 2.5-3 m. For each point, the
individual  distance R and  the
corresponding reflected or incident
pressure are calculated. This allows
taking into account the nonlinear
attenuation of the wave along the facade.

Front dynamics: It is imperative to
record the time of wave arrival for each Saxucha cnopudo
grid point to simulate the sequential "run"

L |
of the wave front through the building. ...

Stage 3. Creating a dynamic model, Fig. 4. Scheme of applying loads for the method of direct
accountin g for masses and damping integration of equations of motion on the protective structure of the

Formation of a linear mathematical CIF
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model (matrix [M], [C], [K]):

1. Inertial masses: The dead weight of structures and permanent loads are taken into account 100%
as inertial masses.

2. Damping: The system's ability to dissipate energy is specified (Rayleigh method). For reinforced
concrete, a damping coefficient of 5% of the critical value is assumed.

3. Temporary loads: Wind and snow loads can be ignored due to their incommensurability with the
pressure of the BSW.

4. Work of material: Materials (concrete and reinforcement) are described within linear elasticity
(Hooke's law) using dynamic elastic modul.

Stage 4. Direct integration method of equations of motion.

Direct solution of the dynamic equilibrium equation according to formula (2).

It is recommended to take the integration step no more than 1/10 of the smallest period of the
system's natural oscillations.

Integration time is set in such a way as to capture the full cycle of the structure's response,
including the phase of maximum amplitudes after the shock wave passes. As a rule, the calculation is
performed over an interval that is 3-5 times the duration of the compression phase of the BSW.

Stage 5. Verification of structures in accordance with the requirements of regulatory documents of
Ukraine.

According to the design standards for protective structures, the calculation for the second
serviceability limit state under special influences is not performed. The main criterion is to ensure the
load-bearing capacity and overall stability of the structure.

Conclusions. Scientific novelty and practical significance of the results.

The main methods of calculating building structures under the action of an blast-shock wave are
generalized and systematized, in particular the quasi-static method, the shock impulse method, and the
method of direct integration of equations of motion, which allowed us to determine their areas of
effective application.

It was established that the quasi-static method is advisable to use at the initial stages of design to obtain
engineering estimates, while the method of direct integration of equations of motion provides the most
accurate results in a detailed analysis of the operation of structures under the action of a blast-shock wave.

An improved approach to modeling the load from a blast-shock wave is proposed, which takes into
account the spatio-temporal discretization of pressure and the sequence of the wave front passing over
the surface of the structure.

The scientific novelty of the obtained results lies in:

— systematization of calculation methods in a single methodological structure;

— development of detailed algorithms for applying the quasi-static method and the method of
direct integration of equations of motion;

— improvement of approaches to taking into account the unevenness of dynamic loading;

— expanding the possibilities of applying dynamic methods for analyzing the real operation of
structures.

The practical significance of the work lies in the possibility of using the proposed approaches in the
design and testing of buildings and structures exposed to blast loads, in particular:

— critical infrastructure facilities;

— civil defense protective structures;

— military engineering structures.

The results of the study are aimed at increasing the level of safety and stability of buildings and
structures in the conditions of russian armed aggression against Ukraine, and can also be used to
improve the regulatory framework in the field of designing structures for special impacts.
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Muxaiinoscoxuii /1.B., Koytopy6a B.1., Cknapos 1.O., Komap O.A.
PO3PAXYHOK KOHCTPYKIIIV HA JITFO BUBYXOBUX HABAHTAKEHbB: BIJl CHPOLIEHAX MOJIEJIEN O
PO3IIHUPEHOI'O JUHAMIYHOI'O AHAJII3Y

AKTyajbHicTh. B ymoBax moBHOMacumTaOHOI BiiiHM pocii mpot YKpalHHM OCOONMBOI aKTyalbHOCTI HaOyBalOTh MHUTAHHS
3a0e3MeueH s HaliiHOCTI Ta KUBYYOCTI Oy/iBesb 1 copys mpu J1ii BUOYXOBUX HAaBAaHTAKECHb, CIIPUYMHEHUX 3aC00aMHU IMOBITPSIHOTO
Harajy, pPaKeTHO-apTHIIEPIHCHKUMH yAapaMHU Ta HIIUMH YPaXKaloUUMH (HaKTOpaMH.

CyuacHa iH)KEHEpHa NpaKTUKa Iepeadayae BUKOPUCTAHHS KUIBKOX OCHOBHHX METOZIB PO3pPAaXyHKY KOHCTPYKLii Ha aito BYX,
cepe]] IKUX HaHOUIbII MOMMPEHUMH € KBa3iCTATUYHUI METOJ, METOJl YJaPHOro IMITy/IbCY Ta METOA NPAMOro IHTErpyBaHHS PIiBHSAHb
PyXy.

IMonpy HasBHICTh 3a3HAYCHMX METOMIB, IX MPAKTHYHE 3aCTOCYBaHHS y IPOEKTYBAHHI 3aXMCHHX CIIOPYJ YCKIIAIHIOEThCS
BIJICYTHICTIO y3araJbHEHHX PEKOMEHJALIH 11010 BUOOpPY METOAY PO3PAXYHKY 3aJIEXKHO BiJl YMOB HABAHTAXKEHHS, KOHCTPYKTMBHOI
CXeMHU Ta PiBHA BiAMOBiIaiIbHOCTI 00’ekta. KpiM TOro, icHye morpeda y MiJBHMIIEHHI TOYHOCTI MOJENIOBaHHs mapamerpis BYX,
30KpeMa IUIIXOM BpaxyBaHHs IIPOCTOPOBO-4aCOBOI HEPIBHOMIPHOCTI i1 yIapHOT XBHJIi HA OrOPOKYBAJIbHI Ta HECYUl KOHCTPYKLIT.

Mertoro 1aHOI poOOTH € cHCTeMAaTH3allisl ICHYFOUMX METOMIB PO3paxyHKy Oy/iBeNbHUX KOHCTPYKLIH Ha Jjf0 BUOYXOBO-YIapHOL
XBUJI, aHaji3 iX mepeBar Ta OOMEXEHb, & TAKOK YIOCKOHAJICHHS IiZXOMIB 10 MOJENIOBAHHS HABAHTAXKEHb 1 JMHAMIYHOI peakuii
CHOpY/I.

Pesynabrarn. YV po0OTI y3arajbHEHO Ta CHCTEMATH30BAaHO OCHOBHI METOJM PO3paxyHKy OyaiBEJbHMX KOHCTPYKLIH Ha Jit0
BHOYXO0BO-yIapHOI XBWJIi, 30KpeMa KBa3iCTATHYHHUI METOJI, METOZ YAAPHOr'0 IMITyJIbCy Ta METOJ] IPSIMOTO IHTErPYBaHHS PIBHSAHb PYXY,
110 JI03BOJIMJIO BM3HAYUTH I1X 0OiacTi e(eKTMBHOro 3acTOCYBAaHHS. 3allpPONOHOBAHO YIOCKOHAJICHMH MIJXiZA 10 MOIENFOBaHHS
HaBaHTaXEHHA BiJ BUOYXOBO-yJApHOI XBWJI, SKHH BpAaXOBYe IPOCTOPOBO-YACOBY AMCKPETU3AL[I0 THCKY Ta MOCHIJIOBHICTh
MPOXO/PKEHHST (DPOHTY XBHJI T10 MOBEPXHI CHOPYAW. Pe3ynbTaTd JOCTIKEHHS MOXYTh OyTH BHKOPHCTAHI JJIS BJIOCKOHAJICHHS
HOPMAaTHBHOI 0a31 y chepi NPOEKTYBAHHS KOHCTPYKLIH Ha OCOOJIMBI BIUIMBH.

Kumro4oBi cioBa: criopyau iHXeHEpHOro 3axucry, GoptudikauiiiHi criopyau, 00’€KTH KpUTHYHOI 1H(GPACTPYKTYpH, (akropu
ypasKeHHsI, BUOYXOBO-yapHa XBUJIA, Oy/1iBesIbHI KOHCTPYKLIIL.
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Mykhailovskyi D.V., Kotsiuruba V.1, Skliarov 1.0., Komar O.A.
STRUCTURAL DESIGN UNDER BLAST LOADING: FROM SIMPLIFIED MODELS TO ADVANCED DYNAMIC
ANALYSIS

Relevance. In the context of the full-scale war of russia against Ukraine, the issues of ensuring the reliability and survivability of
buildings and structures under blast loading caused by aerial attack means, missile and artillery strikes, and other damaging factors are of
particular relevance.

Modern engineering practice provides the use of several principal methods for analyzing structures under blast wave effects, among
which the most widely applied are the quasi-static method, the impulse (shock impulse) method, and the direct integration method of the
equations of motion.

Despite the availability of these methods, their practical application in the design of protective structures is complicated by the lack
of generalized recommendations for selecting an appropriate calculation method depending on loading conditions, structural
configuration, and the consequence class of the facility.

The aim of this study is to systematize existing methods for analyzing building structures under the action of blast waves, to
examine their advantages and limitations, and to improve approaches to modeling loads and the dynamic response of structures.

Results. The work summarizes the main methods of calculating building structures for the effects of an blast-shock wave, the shock
impulse method, and the method of direct integration of equations of motion, which allowed us to determine their areas of effective
application. It was established that the quasi-static method is advisable to use at the initial stages of design to obtain engineering
estimates, while the method of direct integration of equations of motion provides the most accurate results in a detailed analysis of the
operation of structures under the action of a blast-shock wave. The results of the study can be used to improve the regulatory framework
in the field of designing structures for special impacts.

Keywords: engineering defense structures, fortification structures, critical infrastructure objects, damage factors, blast-shock wave,
building structures.
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Muxaiinoscoxuii /1.B., Koytopyba B.1., Cxkaspos 1.0., Komap O.A. Po3paxyHOK KOHCTPYKILil NMix BUOYXOBMM HABAHTAKEHHSIM: Bij
CHPOLIEHNX MojesIeil 10 po3LIMPeHoro JMHAMiYHOro ananizy / Omnip MartepiaiiB i Teopist ciopya: Hayk.-tex. 30ipH. — K.: KHYBA,
2026.—Bum. 116. - C. 243-250. — Anrun.

YV pobomi ysazanbreno ma cucmemamu3o8aHo OCHOGHI MemoOu pO3PAXYHKY 0yOieebHUX KOHCMPYKYIll Ha Oit0 8UOYX080-YOapHOT X6U,
30KpeMa K6azicmamuyHuil Memoo, Memoo YOapHO20 IMRYIbCYy MA Memoo NpAMO20 [HMeSPYSaHHs PIGHSHbL PYXY, WO 0036010
susHauUUmMu ix obaacmi eQekmusHo20 3aCcMOCyBAHHA. 3anpoOnOHOBAHO YOOCKOHANEHUL NIOXI0 00 MOOENO8aAHHS HABAHMANCEHHS BI0
8UOYX060-YOaPHOT XU, AKULL BPAXOBYE NPOCHOPOBO-HACO8Y OUCKPEMU3AYil0 MUCKY Ma NOCTIO0SHICHb NPOXOONCEHHS (PPOHMY XU
10 NO6epxXHi cnopyou..

Tabu. 0. In. 4. Bibuiorp. 19 Hazs.

UDC 624.01; 623.1/.3

Mykhailovskyi D.V., Kotsiuruba V.1, Skliarov 1.0., Komar O.A. Structural design under blast loading: from simplified models to
advanced dynamic analysis / Strength of materials and theory of structures: scientific and technical collection - Kyiv: KNUBA, 2026. -
Issue 116. - P. 243-250.

The work summarizes and systematizes the main methods of calculating building structures for the effects of an blast-shock wave, the
shock impulse method, and the method of direct integration of equations of motion, which allowed us to determine their areas of effective
application. An improved approach to modeling the load firom a blast-shock wave is proposed, which takes into account the spatio-
temporal discretization of pressure and the sequence of the wave fiont passing over the surface of the structure.

Tabl. 0. Fig. 4. Ref. 19.
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