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The numerical approach to investigate the protective shell behavior under shock wave from an explosive device was presented.
Comparison of shock wave characteristics from different explosive devices that were obtained experimentally and by Sadovsky’s
analytic formulas was made. The hemispheric geometrical model of shock wave and two finite element models of the cylindrical
steel protective shell were created using NASTRAN software. The shock wave from an explosive device with a TNT equivalent of
explosive mass 250 kg was considered. Overpressure was given as the evenly distributed load which depended on the distance from
explosion epicenter to the shell surface areas. Shell behavior from the static action of overpressure was investigated in the nonlinear
formulation by the Newton-Raphson method and compared with the results of the linear static and buckling analysis. The positive
impulse was presented in the shape of a triangle with a certain time of action. The dynamic behavior of the two shell models was
investigated by the fourth-order Runge-Kutta method. The results of static and dynamic analysis allowed to assess the impact of
shock wave action from the explosive device on the stressed deformed state of the protective shell.

Keywords: protective shell, explosive device, shock wave, finite element method, static and dynamic analysis.

Introduction. At the present time there are domestic and foreign methodological approaches on the
issue of modeling shock wave and designing of the special protective constructions in the different
explosive devices [1-7].

As a result of military operations in Ukraine for prevention of people deaths, damages of military
technique and live ammunitions there was a necessity to create a new probabilistic approach for the
estimation of vitality of protective military and civil infrastructures taking into account damages from
an explosion and fragments of explosive devices. The probabilistic approach for the estimation of
vitality of the military protective thin shell constructions with damages from explosive devices using of
calculable procedures of NASTRAN software [8-10] of finite element analysis was created by the
authors. The new probabilistic multiparametric model of shell surface damages from shock influence
of explosion and fragments of explosive devices was formed. The first stage of research involved the
creation of numerical approach to investigate the protective shell behavior under positive phase of
shock wave from an explosive device, the hemispheric geometrical modeling of shock wave and the
creation of finite element model of shell with the surface areas which had certain values of
overpressure and positive impulse; the static and dynamic analysis to assess the stressed deformed state
of shell. In the article the research of protective shell from the action of shock wave was executed
taking into account safe distance (higher and lower distances threshold) for people.

1. Comparison of shock wave characteristics from different explosive devices that were

obtained experimentally and by Sadovsky’s formulas

The shock wave experimental characteristics from different categories of explosive devices were
presented in the document that had limited access. We presented them in graphical form (Fig. 1).

In this article the comparison of shock wave characteristics from different explosive devices that
were obtained experimentally and by Sadovsky’s analytic formulas was made.

Normalized distance threshold Z was calculated by formula

Z=R/M, (1)
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where R ,Z — a distance (m), a normalized distance (m/kg"*) between the explosion epicenter and the

shell; M — TNT equivalent of explosive substance mass (kg).
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Fig. 1. The shock wave experimental characteristics depending on higher(1) and lower (2) distances threshold for different
categories of explosive devices

Overpressure from shock wave AP (MPa) was modeled in the hemispere form and calculated by
Sadovsky’s formula

3 g2
AP=0,1T+0,43Z+1,4%. )

Positive impulse from shock wave / (kPa-sec) was calculated by Sadovsky’s formula

32
1=6,3 A};[ . 3)

Time of positive impulse from shock wave 7 (s) was calculated by Sadovsky’s formula and

showed in Fig. 2.
7=1,7-10"YM JR. @)

The shock wave characteristics that were obtained by Sadovsky’s formulas for different category
explosive devices depending on higher (1) and lower (2) distance threshold were presented in Fig. 2
and Tab. 1.

2. Static analysis of the two shell models from action of overpessure
Research contained the modeling of a cylindrical shell as an aggregate of three-cornered shell finite
elements with six degrees of freedom at the nodes; creation of hemispheric geometrical model of shock
wave; determination of the areas on the shell surface with certain values of overpressure and positive
impulse depending on a distance to explosion epicenter.

The cylindrical steel shell was presented as thin-walled shell segment with a height 5 m, a width
17,32 m, a length 36 m and a thickness 0,015 m. Steel had mechanical characteristics: E=2,06-10" Pa,
G=0,792:10"" Pa, p =7850 kg/m’, 1=0,3.

As an example, the positive phase of shock wave from category number seven of the explosive
devices with a TNT equivalent of explosive mass 250 kg was considered. The higher and lower
distances threshold were 14,5 m (2,302 m/kg"?) and 36 m (5,715 m/kg'?) respectively. We chose the
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most dangerous location of the shell to the explosion epicenter. Overpressure was given as the evenly
distributed load with the certain values which depended on the distance from explosion epicenter to the
shell surface areas. The geometry model of shell under the influence of shock wave (Fig. 3) were
generated in the NASTRAN software [10].
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Fig. 2. The shock wave characteristics for different

g category explosive devices depending on higher (1) and

lower (2) distance threshold: Sadovsky’s formula (a),
experiments (b)
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Table 1
The analytical characteristics of shock wave
Higher distance threshold Lower distance threshold
Category - -
number of | Normalized Norm.a.hzed Time Normalize Norm.a.hzed Time
explqsive distanlcg, i};’ }s)ﬁ;;/: of positive | d distalllge, i};’ }s)ﬁ;;/: of positive
devices m/kg kPa-s/kg 3 | impulse, s m/kg kPa-s/kg 3 impulse, s

9 2,298 15,625 0,0441 5,708 6,291 0,0695

8 2,300 9,130 0,0257 5,700 3,684 0,0406

7 2,302 5,747 0,0162 5,715 2,315 0,0256

6 2,253 3,434 0,0094 5,700 1,357 0,0149

5 2,042 2,215 0,0052 5,709 0,792 0,0088

4 1,826 1,449 0,0029 5,715 0,463 0,0051

3 1,700 1,235 0,0022 5,700 0,368 0,0041

2 1,638 1,017 0,0017 5,669 0,294 0,0032

1 1,293 0,754 0,0009 5,602 0,174 0,0019

The finite element models of the shell for two geometrical models (Fig. 3) were created. The nodes
of four shell edges were fixed. The shell surface areas with certain values of overpressure and positive
impulse from shock wave were showed in Fig. 4.

Distance from explosion epicenter to the shell surface areas, corresponding overpressure and time
positive impulse were calculated by Sadovsky’s formulas and given in Tab. 2.
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(b)

Fig. 3. The geometrical models of cylindrical shell under action the shock wave: the distances 14,5 m (a), 36 m (b)

(b)

Fig. 4. The shell surface areas with certain values of the overpressure and positive impulse: the distances 14,5 m (a), 36 m (b)

Table 2
Number Higher distance threshold Lower distance threshold
of shell Over- Time Over- Time
surface | Distance, m pressure, of positive | Distance, m pressure, of positive
areas kPa impulse, s kPa impulse, s
1 14,500 239,415 0,0162 36,000 38,168 0,0256
2 16,665 174,869 0,0174 38,165 34,518 0,0264
3 18,830 134,005 0,0185 40,330 31,447 0,0271
4 20,995 106,539 0,0196 42,495 28,835 0,0278
5 23,160 87,189 0,0205 44,660 26,591 0,0285
6 25,325 73,031 0,0215 46,825 24,645 0,0292
7 27,490 62,345 0,0224 48,990 22,946 0,0299
8 29,655 54,068 0,0232 51,155 21,450 0,0305
9 31,820 47,515 0,0241 53,320 20,126 0,0312
10 33,985 42,228 0,0249 55,485 18,946 0,0318
11 36,150 37,893 0,0257 57,650 17,889 0,0324

Shell behavior from the static action of overpressure was investigated (Fig. 5) in the nonlinear
formulation (Nonlinear Static) by the Newton-Raphson method and compared with the results of the
linear static analysis (Linear Static) and buckling one (Buckling).
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(2a) (2b) (2¢)

Fig. 5. The deformed shell state from static action of overpressure at the distances of 14,5 m (1) and 36 m (2): linear (a),
nonlinear (b) and buckling (c) analyses

Solving the buckling and nonlinear static problems were obtained the critical load coefficients.
When there was the distance 14,5 m, they respectively had values 0,0872 (11757 Pa) and 0,0794
(10703 Pa); the distance 36 m — 0,3071 (10597 Pa) and 0,292 (10079 Pa). Static characteristics of the
shell under critical overpressure were presented in Tab. 3.

Table 3
Static characteristics of the critical stressed deformed shell state
Static characteristics Distance 14,5 m Distance 36 m
of the shell Linear Static Nonlinear Static Linear Static Nonlinear Static
Total translation, m 0,1731 0,0577 0,0263 0,0435
VonMises Stress, kPa 625 543 140 138 162 922 82 752
VonMises Strain 0,0027 0,0005 0,0007 0,0003

The overpressure load curves of the shell were obtained solving the nonlinear statics problem and
showed in Fig. 6. The control three nodes were located along symmetrical axis Z in the direction of
shock wave action on the frontal (node 1), back (node 3) shell sides and the highest point (node 2).
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Fig. 6. Overpressure load curve of the shell at the distances of 14,5 m (a) and 36 m (b) (nonlinear static analysis)
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The investigation showed that the shell behavior (Fig. 6) was different and depended on the
distance to explosion epicenter. The influence of overpressure from the considered explosive device on
two shell models were significant and stability condition of the shells was violated.

3. Shell behavior under the influence of the positive impulse

The first step of the dynamic investigation was modal analysis of shell using the Lanczos method
(Normal Modes) [10]. The first six natural modes were the same views for two shell models and
showed in Fig. 7. The values of natural frequencies for two shell models differed by 1 %.
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Fig. 7. The first six forms of shell natural oscillations

Influence of positive impulse of shock wave on the dynamic behavior of the shell models was
investigated by the fourth-order Runge-Kutta method of direct integration (Direct Transient) [10]. The
positive impulse was presented in the shape of a triangle with a time of action 7,,,, and given in Tab. 2

with appropriate delay time for each shell surface areas. The largest period of shell natural oscillations
Ty, =1/ vy, =0,2753 s was taken account. Step of integration time was taken equal Az =0,0057,;, .
The dependence of the nodal translations u, v, w (respectively along X, Y, Z- axes) and VonMesis
stresses in the shell elements on time of positive impulse were presented in Fig. 8 and Fig. 10.
The deformed shell state at the different time of positive impulse was showed in Fig. 9 and Fig. 11.
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Fig. 8 (1). The dependence of the nodal translations and VonMesis stresses in the shell elements on time (the distance 14,5 m)
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Fig. 8 (2). The dependence of the nodal translations and VonMesis stresses in the shell elements on time (the distance 14,5 m)
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Fig. 9. The deformed shell state at the different time of positive impulse (the distance 14,5 m)

um Vv, 1m
144TIES 0.247
2 L~ ]
1.3084E-5 14 0217 7
== )
1830265 . 3 01 /
4368365 WA 018 =
B 107EE-5 A\ o1z
NS \ 1 //
A11248E-4 01
438564 \/\ 0.0707 Pl 3
A.7524E4 004 i
T~ P F—— 2
2086264 RS 0z 7= =
2 3801E-4 tsec  am7s — P e sC
o 00747 0143 0224 0293 0373 0448 o 00747 014 0224 029 0373 o8
W, m S, Pa
0.355 1743443
0302 1.5550E+9
1
0.25 1 // 1.3607E + W
0197 /?/ 1.1863E + -
e L g 9 7190E + //
3
0o /" S 7.7752E - //
0.0381 58314E
rg I - v
00148 38876+ -
—J 3 2
00877 e 1.9438E + /
121 £.SeC e W S, t,sec
0. 0.0747 0148 0224 0288 0373 0.448 0. 0.0747 0149 0.224 0299 0373 0448

Fig. 10. The dependence of the nodal translations and VonMesis stresses in the shell elements on time (the distance 36 m)
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Fig. 11. The deformed shell state at the different time of positive impulse (the distance 36 m)

The dynamic investigation showed that the behavior of the two shell models from positive impulse

was different and depended on the distance to explosion epicenter. The back and frontal shell sides had
the different stressed deformed states. The dynamic coefficient during the impulse duration was no
more than 0,58 which corresponding to the ratio of 7, to 7, [11]. The influence of positive impulse

from the considered explosive devise on two shell models was destructive.

Conclusion. The numerical approach allowed to investigate the stressed deformed state of shell

under shock wave from explosive device using static and dynamic analysis in finite element
formulation. The shell was damaged, therefore, it is necessary to investigate the shell with new
geometric or mechanical properties.
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Jlyk’anuenko O.0., I'epawyenko O.B., Kocmina O.B.
MOJIEJIOBAHHS J1i YIAPHOI XBHUJII BIJ BUBYXOBOI'O ITIPUCTPOIO HA 3AXUCHY OBOJIOHKY

[pencraBieHo YMCENbHUM MiAXIJ 0 JOCIIUKEHHS MOBEIIHKM 3aXMCHOT OOOJIOHKH NPH Aii yJapHOT XBUIIi BiJl BUOYXOBOTrO
MPUCTPOI0. BUKOHAHO MOPIBHAHHA EKCIEPUMEHTAJIbHUX XapaKTEPUCTHK YIApHOI XBHJI BiJ Pi3HUX BHOYXOBHUX HPUCTPOIB 3
AHANITUYHUMH 3HAYEHHSAMM, OTpUMaHUMH 3a (opmynamu CanoBcbkoro. 3a jgonomoroto nporpamu NASTRAN crBopeni
reOMETPUYHA MOJENb YyJapHOI XBWJI y BUIIAAI MiBcdepu Ta JBI CKIHUCHHO-EJIEMEHTHI MOJeNi IMIIHAPUYHOI cTajeBoi
00OJIOHKH i3 30HaMH, 1110 MM KOHKPETHI 3HAYCHHS HaUIMLIKOBOI'O THCKY 1 IIO3UTUBHOrO iIMIYJbCY. SIK NMpPUKIaA, po3risHyTa
no3uTuBHa (a3a yrapHoi XBuii Bix BuOyxosoro npuctpoto 3 TNT exBiBageHTHOI Macoto TpoTiity 250 kr. HajmikoBuit Tuck
MOAIAHO y BUTJIA1 PIBHOMIPHO PO3MO/IJICHOr0 HABAaHTAKEHHS, 3HAUEHHS SKOT0 3aJIeXaJo BiJl BiICTaHI MK eIMileHTPOM BHOYXY
Ta KOHKPETHOi 30HM IOBEpXHi 00010HKU. [loBemiHKa OOOJIOHKM Bif CTaTUYHOI Aii HA/UIMIIKOBOIO TUCKY JMOCITIDKEHa B
HeNiHiiHIA noctaHoBLi MerogoM HeroTona-Padcona i mopiBHSHA 3 pe3yiabTaTaMM JiHIHHOI 3a7a4i CTaTUKM Ta 3aJadi BTPATH
criiikocTi. OTpuMaHO KOe(DillieHTH KPUTHYHOTO HABAHTAXKEHHS Ta CTATHYHI XapaKTEPUCTHUKH OOOJIOHKH. [lepmmm Kpokom
JIMHAMIYHOTO JIOCHIUKEHHS OyB MOJajbHHK aHai3 OOOJOHKHM i3 3acrocyBaHHsAM Merony Jlannoma. Ilo3utuBHUil iMITynbc
HPE/ICTABICHO Y BUIIAJI TPUKYTHHKA 3 KOHKPETHHM 3HAYCHHSM uacy ioro fii. BpaxoBaHo MakcHMalbHMiA Mepioj BIIACHHX
KOJIMBaHb 000JIOHKH. JIOCII/PKEHO BIUIMB ITO3UTUBHOIO IMITYJIBCY HA JMHAMIUHY MOBEIIHKY ABOX MOAEIEH 0OOJIOHKH METOJ0M
npsmoro iHrerpyBanHs Pynre-Kyrru. IlpeacraBieno craH o0OJOHKM B pi3HMI yac Ail MOUTHBHOrO iMmmylsbcy. Pesynbrati
CTaTMYHOTO 1 AMHAMIYHOTO aHANi3iB JO3BOJIMIIM OLIHUTH BIUIMB Aii yAapHOi XBHJI BiJi BUOYXOBOIO MPUCTPOIO HA HANPYXKEHO-
nedopmMoBaHuii CTaH 3aXUCHOI O0OJIOHKH.

KuarouoBi ci1oBa: 3axucHa 000J0HKA, BUOYXOBHH NPUCTPIH, ylapHa XBHJIS, METOJl CKIHUEHHUX €JIEMEHTIB, CTATHYHMH i
JMHAMIYHMI aHaIi3.

Lukianchenko O.0., Geraschenko O.V., Kostina O.V.
SIMULATION OF SHOCK WAVE ACTION FROM AN EXPLOSIVE DEVICE ON A PROTECTIVE SHELL

The numerical approach to investigate the protective shell behavior under shock wave from an explosive device was
presented. Comparison of shock wave characteristics from different explosive devices that were obtained experimentally and by
Sadovsky’s analytic formulas was made. The hemispheric geometrical model of shock wave and two finite element models of
the cylindrical steel protective shell with the surface areas that had certain values of overpressure and positive impulse were
created using NASTRAN software. As an example, the positive phase of shock wave from an explosive device with a TNT
equivalent of explosive mass 250 kg was considered. Overpressure was given as the evenly distributed load which depended on
the distance from explosion epicenter to the shell surface areas. Shell behavior from the static action of overpressure was
investigated in the nonlinear formulation by the Newton-Raphson method and compared with the results of the linear static and
buckling analysis. The critical load coefficients and static characteristic of shell were obtained. The first step of the dynamic
investigation was modal analysis of shell using the Lanczos method. The positive impulse was presented in the shape of a
triangle with a certain time of action. The largest period of shell natural oscillations was taken account. Influence of positive
impulse of shock wave on the dynamic behavior of the two shell models was investigated by the fourth-order Runge-Kutta
method. The shell state at the different time of positive impulse was presented. The results of static and dynamic analysis
allowed to assess the impact of shock wave action from the explosive device on the stressed deformed state of the protective
shell.

Keywords: protective shell, explosive device, shock wave, finite element method, static and dynamic analysis.
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Jlyk’anuenxo O.0., T'epawenxo O.B., Kocmina O.B. MoaemoBannsa Aii yaapHoi XBWJi Bil BHOYXOBOro NMpHUCTPOI0 Ha
3axHCcHY 000J10HKY // Omip Marepiaiis i Teopis cnopya: Hayk.-tex. 30ipH. — K.: KHYBA. 2025. — Bumn. 115. - C. 33-42.
Ilpedcmasneno uucenvhuil nioxio 00 00CNIONCEHHA NOBEJIHKU 3AXUCHOTI 000M0HKU npu Oii yoapnoi xeuni 6i0 6ubYX06020
npucmpor. BuKOHAHO NOPIGHAHHA eKCnepUMEeHMANbHUX Xapakmepucmuk yOapHoi Xeuni 6i0 pi3sHUX 6ubyxXosux npucmpois 3
AHATTMUYHUMY  3HAYeHHAMU, ompumanumu 3a gopmyramu Cadoscvbkozo. 3a odonomozoro npocpamu NASTRAN cmeopeni
2eomMempuyHa Mooens yOapHoi xeuli y euensioi niscpepu ma 08i CKiHueHHO-eleMeHmHI MoOeli YUrHOPUUHOT cmanegoi 06010HKU
i3 30HaAMU, WO ManU KOHKpemHi 3HAYeHHA HAOIUUWIKOBO20 MUCKY ma Nno3umueHoz2o imnyavcy. Hasedeno pesymomamu
cmamu4Ho2o i OUHAMINHO20 AHANI3I6, WO 00360IUNU OYIHUMU HANPYIHCEHO-0eOPMOBAHUI CIAH 0DOIOHKU.

Tabu. 3. In. 11. Bi6niorp. 11 Ha3s.
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Lukianchenko O.0., Gerashchenko O.V., Kostina O.V. Simulation of shock wave action from an explosive device on a
protective shell // Strength of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA.
2025.—Issue 115. — P. 33-42.

The numerical approach to investigate the protective shell behavior under shock wave from an explosive device was presented.
Comparison of shock wave characteristics from different explosive devices that were obtained experimentally and by Sadovsky’s
formulas was made. The hemispheric geometrical model of shock wave and two finite element models of cylindrical steel shell
with the surface areas that had certain values of overpressure and positive impulse were created using NASTRAN software. The
results of static and dynamic analysis allowed to assess of the stressed deformed state of shell.

Tab. 3. Fig. 11. Refs. 11.
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