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Abstract. The article is devoted to the issues of automation of modelling of blast wave loads and analysis of structures of
protective structures under the influence of blast loads. Several methods of building analysis for explosive dynamic loads are
proposed. The analysis of the nature of blast wave propagation and impact on buildings, as well as methods of their finite
element modelling in the LIRA-FEM with consideration of the time factor in the ‘Time history analysis’ module are performed.
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Introduction. Due to active military operations in our country, the number of buildings and
engineering structures exposed to blast waves is increasing every day. Providing a design engineer with a
reliable and convenient tool for automating the process of collecting loads and performing analyses for
various types of blast waves is an urgent task, especially for critical infrastructure facilities.

Usually, when designing buildings, the analysis of special dynamic loads is reduced to determining
the safe impact pressure, exceeding which leads to the destruction of the building or structure.

In time of war, it becomes necessary to design public and industrial buildings to withstand the blast
waves from explosions. The blast impact can lead to partial, significant or complete destruction of
buildings. It is not possible to design a building's load-bearing structures to withstand all possible
critical loads and impacts due to their uncertainty. However, it is possible to perform a numerical
analysis of the structures of buildings and structures to predict their strength and stability in the event
of emergency situations with explosions of different locations and intensities to prevent progressive
destruction and complete collapse.

To determine the stress-strain state (SSS) of load-bearing structures under an external explosion, it
is advisable to use software packages that implement the finite element method. An important factor
when choosing a software package for strength analysis is the ability to perform the analysis by the
direct dynamic method [1...5], since the load from explosions belongs to fast processes and has a
clearly expressed dynamic character. The analysis by the direct dynamic method is similar to the
analysis of unsteady thermal conductivity by the finite element method [6].

Analysis of recent research and publications. Works by M. S. Barabash [1-2], A. S. Horodetskyi
[2], A.V. Perelmuter [7], V.P. Maksimenko, [3, 8], NemchynovYu.l. [9...11], S. Klovanich [12],
foreign scientists H. Powell [13], J.R. Gilmore and K.S. Virdi [14], H. Kaevkulchai and E.B.
Williamsonand A.J. Pretlov [15], M. Ramsden and AG Atkins [16] are devoted to the development of
methods for preventing progressive destruction. These works show the influence of the dynamic effect
during progressive destruction, which decreases with increasing plastic deformations. The article by
scientists A.J. Pretlav, M. Ramsden and A.G. Atkins discusses the problem of the needing consider the
dynamic redistribution of forces when calculating progressive destruction.

G. Kaewkulchai and EB Williamson prove the need to consider dynamic effects in applied
problems. JR Gilmour and KS Virdi used a three-dimensional quasi-static nonlinear element to analyze
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the failure of a flat reinforced concrete frame. S. Klovanich proposed methods of ensuring the
survivability of the building based on the dynamic calculation of a multi-story two-dimensional frame
structure when the column of a certain floor is removed in two cases: the progressive destruction of a
part of the building and the loss of the overall stability of the building.

From the analysis of scientific works, we can conclude that at present there is no unity in the views
and methods of calculating structures for explosive effects. Not only are the methods for assessing the
impact of damaging factors on buildings different, but also the calculated parameters of the blast wave.

In accordance with the requirements of building codes, certain types of building or engineering
structures (e.g., protective structures, dual-purpose structures (DPS), etc.) are designed to take into
account the impact of airborne blast waves on structures.

To simplify calculations, some standards [17...19] recommend that the enclosing and load-bearing
structures of protective and dual-purpose structures be designed for a special combination of loads
consisting of permanent, temporary loads and a static load equivalent to the action of a dynamic load
from the impact of a shock wave (equivalent static load). Also, the standards [20] allow the use of
direct dynamic analysis of structural systems for the dynamic effects of an airborne shock wave that
cause significant acceleration of the structure.

The purpose of this article is to propose approaches to numerical modelling of the impact of an
explosive blast wave on a building, to develop a methodology for automated collection of loads from
the blast wave depending on the distance of the blast point and the blast force.

The main content. Let's consider airborne and ground explosions. The problem of the impact of a
point explosion on load-bearing structures, taking into account backpressure, arises when the explosion
occurs at a certain distance from the building and the pressure of the blast wave is comparable to the
atmospheric pressure. During an airborne explosion, a spherical shock wave reaches the ground
surface and is reflected from it (Fig. 1). At a certain distance from the explosion epicentre, the reflected
wave front coincides with the incident wave front, resulting in the formation of a main wave with a
vertical front that propagates from the epicentre along the ground surface.
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Fig. 1. Pressure change in a blast wave with time at a fixed point

The nature of the airborne blast wave in a ground explosion (outside of an eruption) corresponds to
the far zone of an airborne explosion. Thus, both airborne and ground explosions typically produce an
airborne shock wave that propagates from the epicentre in a vertical front.

From the moment the air shock wave front arrives at a point on the earth's surface, the pressure
increases sharply to a maximum value of P, and then decreases to atmospheric Py and below
atmospheric pressure. The period 7, of the increased overpressure (above atmospheric pressure) AP =
P- P> 0 is the compression phase, and the period 7. of the decreased pressure is the rarefaction phase
AP < 0. Simultaneously with the pressure in the shock wave, air moves from the epicentre of the
explosion. The patterns of change in the mass velocity » and density p of the medium in time are
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similar to the change in pressure, but due to the inertia of the air flow, the period 7. of the positive
phase of the velocity pressure P = Ypv’ > 0 is slightly longer than z,. The overpressure in the wave
and the velocity pressure are the most important characteristics of the shock wave that determine the
effect of its impact on the structure.

Since explosive processes are non-stationary, it is necessary to be able to determine their dynamic
characteristics, taking into account the complex blast-wave interaction of the airborne blast wave as a
destructive factor for a building structure. The complexity of this task requires the expansion of the
arsenal of modern analysis methods by means of new approaches to determining the shape of the force
pulse transmitted to the building structure from the blast wave.

The graph in Figure 1 shows key parameters such as:

P.or Py, - is the maximum excessive pressure value achieved after an explosion.

t, - time to reach peak pressure. The time interval from the start of the explosion to the maximum
pressure.

t, - duration of the positive phase (compression zone). The time interval from the moment the peak
pressure is reached until the pressure returns to atmospheric level.

1 - positive impulse. The total amount of energy transferred by a blast wave per unit area during the
positive phase. In other words, it is the area under the pressure curve during the positive phase when
the pressure is above atmospheric level.

t; - duration of the negative phase (rarefaction zone). The time interval during which the pressure
drops below atmospheric pressure after the initial peak. Accordingly, the negative impulse of the
explosion is defined as the integral (area under the curve) of the
negative phase of the explosion pressure time graph. This impulse
reflects the magnitude and duration of the pressure drop during the
negative phase.

The graph (Fig. 1) shows two curves. The reflected blast load is
shown as a solid line. And the lateral blast load is shown by the dashed
line. The lateral blast load (the load from an open space explosion) is
denoted by the index "so". This is the pressure created by a blast wave
in an open space, without taking into account the effect of obstacles or
structures that may modify or reflect the shock wave. This load is

Normal to
the reflected
surface

Direction of
the blast wave

applied to surfaces that are parallel to the direction of the airborne blast Fig. 2. Reflected angle of
wave and along which the wave moves without obstacles (i.e., flow). incidence of the blast wave
These can be side walls and coverings that are not directly in the direct

blast zone.

When a blast wave strikes a non-parallel inclined surface, a reflected blast load is produced, which
is denoted by the index "r". A good example in this case would be any surface perpendicular to the
blast wave, such as a front facade wall. Reflective surfaces of buildings in such cases increase the
pressure and, as a result, the momentum. Obviously, there will be much higher pressure than when the
wave passes over a parallel surface.

Figure 2 shows how the angle of incidence can be calculated, considering the initial direction of the
blast wave and the wave reflected from this surface in the normal direction.

The main parameters that determine the intensity of the blast wave are the overpressure at the wave
front AP, and the duration of the compression phase #,. These parameters depend on the mass of the

explosive (i.e. the explosive energy in TNT equivalent), the height, the explosion conditions and the
distance from the explosion epicentre to the structure. The mass of the explosive depends on the type
of explosive device or the type of weapon (bomb, missile, drone, projectile).

The study of high-speed deformation processes characteristic of pulsed loading is of great interest
in connection with the development of a general theory of material behaviour under load, taking into
account its rheological properties. A distinctive feature of impulsive loading is the high level of stress
in the material, which acts over a short period of time and determines a high rate of change in load
over time, and hence a high rate of deformation.

The deformed state of a structural element under loading is an integral process of deformation of
local volumes of material in accordance with a time-varying stress state. Due to the non-stationary
nature of stress fields and the complexity of the shape of real structural elements, the calculation of
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stress and strain fields requires the use of numerical methods. It is assumed that the material goes into
a plastic state taking into account the dynamic yield strength:

o, >cP O'TD=0'T[1+(ei/D*)1/”*], (1)

where o, , e, — stress intensity and strain rate; o, D", »" — material parameters. The parameters at the
blast wave front are determined from the following expressions if P is a known value (or): 4P

\/1+;APQ (r+1)/y
where v — speed of the blast wave front;
D=c0\/1+%m(y+1)/y, 3)
where D — speed of propagation of the blast wave front;
1,
Po [I+ZAE(7+ 1)/y}
p=—rtt— : )
l:1+2AR’ (7—1)/7}
where p — density of the blast wave front, ¢, — the speed of sound in the atmosphere, AR =AP./F, .
High-speed pressure of the blast wave:
P =tp = ABAL )
277 [(r-nar+2y]
The temperature T at the blast wave front is determined by the formula:
ol

In such conditions, the material behavior is no longer linear, and standard linear models can no
longer accurately describe the behavior of the structure.

The building code UFC 3-340-02 [20] provides a methodology for determining the parameters of a
blast wave. This method is based on the Kingery-Bulmash method [21] and consists in determining the
value of the scaled coefficient Z and based on this coefficient, the blast wave parameters are selected
according to Figure 3.

; ™)

where Z — scalable distance; R — distance from the explosion epicentre to the structure, ft; W — weight
of explosive in TNT equivalent, Ib.

According to the graph in Figure 3, we determine the values of the following parameters: P,
(reflected peak pressure), Py, (lateral peak pressure), /. (reflected pulse), /; (lateral impulse), z, (time of
approach of the blast wave), ¢, (duration of the exponential load), U (speed of the blast wave front).

A special algorithm has been developed in LIRA-CAD (Fig. 4) to automate the creation of design
models and quickly calculate various options for blast wave impact. It is built into the Generator
system, which is based on parametric modelling and visual programming using nodes. The calculation
of excessive pressure values on structural elements is performed in accordance with [20].

Let's consider the main stages of building an explosive impact model (Fig. 5):

— Determining the means of destruction and the position of the explosion epicentre. To set the impact
properties, you need to go to the appropriate interface implemented in LIRA-CAD in the Calculations
panel. The main parameters for the analysis are: charge mass in metric tonnes, selection of the
explosion position (in the air or on the surface), setting the step for approximating the overpressure
distribution function, and selecting the load number;
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Figure 2-15 Positive Phase Shock Wave Par for a Hemi ical TNT
Explosion on the Surface at Sea Level
200000
100000 P, psi
50000 - Py, psi
e AW pesmeb¥
0000 — == iy peimsn!®
20000 — - W™ menp’?
— bwl.'ll mS.‘]b“:
10000 B —_— U s
5000 s — - LW Rin'?
3000
2000
1000
500
300
200
100
50
30
20
10
5
3
2 -
1 <
05 /"-*“417 N
/ N
03 =
0.2 ~sii P4
01 /
0.05 ~
0.03 r.d
0.02 ¢
-~
0.01 =
0.005
01 02 03 0507 1 2 3 4 567810 20 30 4050 TO 100
Scaled Distance Z = RW'™

Fig. 3. Parameters of the positive phase of the blast wave for surface explosions
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Fig. 4. Creation of a model of loads on a plate structure under the action of a blast wave in LIRA-FEM

— The position of the epicentre of the explosion is determined by the position of the point selected by
the user and fed to the input of the corresponding node. This position will affect the definition of the
scaled distance function, in the form of empirical parametric explosion curves (Fig. 3).
— According to the location of the epicentre, the reflected angle of incidence of the blast wave on the
surface of each structural element is determined (Fig. 2). The following equation is used to determine
the value of the reflected pressure P,

B =CPR,, (®)
where Py, — the tangential pressure (pressure acting parallel to the surface of the object), and C, —is a
coefficient that takes into account the reflection of the airborne blast wave. C, is a function of the angle
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of incidence and the tangential pressure. Figure 2 shows how the angle of incidence can be calculated
given the initial direction of the blast wave and the wave reflected from this surface in the normal
direction.

— Determination of the graph of explosion pressure change in time. For the purpose of this
calculation, the idealised graph of explosion pressure over time (Fig. 1) shown above was simplified to
a triangular distribution with an instantaneous rise and a linear decline in the positive phase (Fig. 5). It
is important that the values of peak pressure and momentum are preserved (momentum is the area
under the curve). Therefore, we find the conditional time interval using the formula:

t,=2(I/P). ©)
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Fig. 5. Simplified graph of pressure change during an explosion

To simplify the analysis of simple structures, the negative phase is often ignored because its
contribution to the blast wave impact is negligible. However, considering the negative phase of the
blast wave in the calculations helps to provide more accurate and reliable results, which contributes to
the creation of safe and stable structures. For example, the negative phase should not be neglected in
the design of structures sensitive to alternating loads, as it creates reverse loads that can be critical for
such structures.

After the model is transferred to LIRA-FEM, the software automatically applies loads to each finite
element of the structure with the specified dynamic time law for each load. To do this, we apply a
static load evenly distributed over the area normal to the surface of the front, side and rear walls, as
well as the pavement, and convert it to a dynamic load. To convert the impact of a shock wave into a
dynamic load, the corresponding graphs of pressure changes over time are set (Fig. 6). The load values
from this graph will be automatically multiplied by the number specified as the static load intensity, in
our case, by 1 psi (Ib/inch?).
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Fig. 6. Pressure versus time plot for the wall facing the explosion
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The dynamic impact of the blast wave is calculated in the "Time history analysis" system. In this
subsystem, the integration parameters are set - integration step and time, number of integration step
fractions, and the required composition of the calculation results - displacement only; displacement and
force; displacement, force and DCF/displacement, force and DCL.

The weights of the masses are obtained using transformations from static loads.

The integration time should be several times longer than the blast wave duration to allow time to
assess the system behaviour and oscillation damping.
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Fig. 7. Automatic collection of loads on elements with a given dynamic impact rule for analysis by the direct dynamic method

Thus, the algorithm for analysing structures against the impact of an explosive blast wave using the
direct dynamic method can be represented as follows (Fig. 8).

Determination of the

. ! ) Determination of blast Automatic blast wave Performing structural
destructive device and its wave parameters: load collection and analysis by the direct
parameters: mass of pressure, impulse, assign using dynamic method in

explosives and distance exposure time LIRA-CAD LIRA-FEM

from the blast radius

Fig. 8. Algorithm for analysis of structures under the influence of an explosive blast wave by the direct dynamic method

Conclusion. Thanks to the proposed approaches to modelling blast waves on the structures of
buildings and structures, it is possible to improve safety by predicting the effects of blast waves using
numerical methods.

Methods and algorithms implemented in the LIRA-FEM software allow performing analyses of
objects of any complexity, taking into account strength and deformation criteria of performance,
nonlinear behavior of materials, dynamic characteristics of soil, dampers, processes of change of stress-
strain state of structures during their life cycle and under the influence of various loads and situations,
including force majeure, such as modeling of dynamic effects of different nature and character, including
processes occurring in structures as a result of critical loads, such as seismic, pulse and explosive.
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Cmamms nadinwnai 28.10.2024

bapabaw M.C., Bawuncokuii O.B.
JESAKI NIAXO0IU 10 MOJEJIIOBAHHSI BIIJIUBY BUBYXOBOI XBUJII HA KOHCTPYKHIi B IIK
JIPA-CAIIP

CrarTs NpUCBAYEHA METOAUI MOJEIIOBAHHS PO3PAXyHKY KOHCTPYKIIH Ha Jil0 JUHAMIYHMX HAaBAaHTa)XEHb, 1110 BUKJIMKAHI
BIUIMBOM BHOYXOBOI XBMJIi, Ta JETAJIBHO PO3MIIANAE NMPOLEC NMPUKIAACHHS LUX AMHAMIYHUX HABAaHTAXEHb 10 OyIiBEIbHHX
KOHCTpYKLii y nporpamHomy komruiekci JIIPA-CAIIP (LIRA-FEM). V wiit crarTi onucylOThCS OCHOBHI €Tany HPOBEICHHS
PO3paxyHKiB, HMOYMHAIOYM BiJi OOYMCIEHHS OCHOBHMX INapaMeTpiB BHOYXOBOi XBHJI, J0 300py i NpUKIaAaHHS JUHAMIYHHUX
HAaBaHTaXXCHb HA €JIEMEHTH KOHCTPYKIIIT 111 BUKOHAHHS PO3PaXyHKY MPIMUM AUHAMIYHHM METOIOM.

OpHUM 13 KIIOYOBHMX aCHEKTIB CTaTTi € BU3HAYECHHS OCHOBHHMX IapaMeTpiB BUOYXOBOT XBWII, SIKI BIUIMBAIOTh HA BEJIUYUHY
Ta NPUPOAY Jil HABaHTAXKEHb BiJ BUOYXy. Jlo TakMX mapameTpiB HaleXKaTh MIKTHCKY, TPUBAJICTb Jii BUOYXOBOT XBWII, IMITYJIbC
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BUOYXOBO XBMII, @ TakoX (opma (GppoHTY XBHJI. Y CTATTi PO3IJIAJAIOTHCS THIIOBI 3HAYEHHS IMX MapaMETpPiB B 3aJEXKHO Bif
YMOB BHOYXY, TAKUX SIK THII BUOYXOBOT pEYOBHHH Ta BiJICTaHb JI0 CIILIEHTPY BUOYXY.

Hanano nepeBary MozesoBaHHIO Jiii BUOYXOBHX HaBaHTa)XEHb Ha KOHCTPYKIIIO SIK JMHAMi4HU BIuB. Takuil BIUIMB MOXe
MIPU3BOANTH J10 3HAUHUX AedopMalliil KOHCTPYKIiH Ta BIAKPUTH JOAATKOBI 0COOIMBOCTI POOOTH KOHCTPYKLIT.

VY cTaTTi TaKOX ONMCAHO MOCIIIOBHICTh PO3PAXyHKY KOHCTPYKIIii Ha BUOYXOBI HAaBaHTa)KEHHs, sIKAa BKJIIOYAE KiJIbKA €TalliB.
[NepmmM KpOKOM € BU3HAYEHHS TUIy BUOYXOBOI'O IPUCTPOIO Ta HOro MapameTpiB, a TAKOX BiJACTaHb Bijl eHilleHTPY BUOYXY 10
KOHCTPYKIIi. Jlayni 00UMCIIOIOTECS BEIMYMHU CTATHYHOTO HAaBAHTa)KEHHS (THUCKY) BiJ BUOYXOBOI XBHJII Ta NPHUKIANAIOThH 10
€JIEMEHTIB KOHCTpPyKLii. HacTynmHuM KpOKOM € 3a/laHHsl JMHaMiYHUX NapameTpiB BUOYXOBOi XBHWJI, IO BH3HAYAIOTHCA 3a
JIOTIOMOT0I0  CTIEeIiaJIbHUX METOAMK a00 HOpMAaTHBHMX JOKyMeHTiB. Ha 3aBepmiaibHOMy eTami BUKOHYIOTHCS PO3paxyHKH 3
BUKOPUCTaHHAM Monyisti «JuHamika B uaci» mporpamHoro komiuiekcy LIRA-FEM, mo no3Boiisie BpaxoByBaTW AWHAMIYHI
e(eKTH Ta OLIHIOBATH MOBEIIHKY KOHCTPYKIIT B IIporieci 1ii BUOyXoBoi XBHIIi.

KuarouoBi ciioBa: BOyxoBa XBUIIS, CTIHKICTh, HA/UIMIIKOBUH TUCK, AMHAMIYHE HABAaHTAKCHHS, NIPAMUNA AMHAMIYHUHA METOJ,
METOJ| CKIHYEHHHX €JIEMEHTIB, HENIHIMHUI aHalli3, KPUTUYHI HABAHTAXKEHHS, TUIACTUKOBI 3'€JHaHHA, nepepo3noxin cui, LIRA-
FEM.

Barabash M.S., Bashynskyi O.V.
SOME APPROACHES TO MODELLING BLAST WAVE IMPACT ON STRUCTURES IN LIRA FEM

The article is devoted to the methodology of modeling the calculation of structures for the action of dynamic loads caused
by the impact of a blast wave and considers in detail the process of applying these dynamic loads to building structures in the
LIRA-FEM software. This article describes the main stages of the calculations, starting from the calculation of the main
parameters of the blast wave to the collection and application of dynamic loads to structural elements to perform the calculation
by the direct dynamic method.

One of the key aspects of the article is to determine the main parameters of the blast wave that affect the magnitude and
nature of the effects of the explosion loads. These parameters include pressure peak, blast wave duration, blast wave impulse,
and wave front shape. The article discusses the typical values of these parameters depending on the explosion conditions, such as
the type of explosive and the distance to the explosion epicenter.

The preference is given to modeling the effect of explosive loads on a structure as a dynamic impact. Such an impact can
lead to significant deformations of structures and reveal additional features of the structure.

The article also describes the sequence of analysis of structures for explosive loads, which includes several stages. The first
step is to determine the type of explosive device and its parameters, as well as the distance from the epicenter of the explosion to
the structure. Next, the static load (pressure) from the blast wave is calculated and applied to the structural elements. The next
step is to set the dynamic parameters of the blast wave, which are determined using special methods or regulatory documents. At
the final stage, calculations are performed using the Time Dynamics module of the LIRA-FEM software package, which allows
taking into account dynamic effects and assessing the behavior of the structure during the blast wave action.

Keywords: blast wave, stability, excessive pressure, dynamic load case, direct dynamic method, finite element method,
nonlinear analysis, critical loads, plastic joints, force redistribution, LIRA-FEM.

VK 624.01

bapabaw M.C., Bawuncokuii O.B. Jlesiki migxoam 10 Mo/Je/II0BaHHS BILUIMBY BHOYX0BOI XBWJIi Ha KoHcTpykuii B LIRA-
FEM // Onip maTepianiB i Teopist cnopy: Hayk.-TexH. 30ipuuk — K.: KHYBA, 2024. — Bun. 113. - C. 241-249. — Anrn.
Busnauaemuocs memoouka mMoOeno8ants 6nau8y ubyx06020 HABAHMANCEHHSA HA KOHCMPYKYIL.

. 8. Bi6aiorp. 21 Ha3s.

UDC 624.01

Barabash M.S., Bashynskyi O.V. Some approaches to modeling blast wave impact on structures in LIRA-FEM // Strength
of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA, 2024. —Issue 113. —P. 241-
249.
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