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OCKOJIOYHOE BO3,E|,EI7ICTBVIE HA NPOMbIWJIEHHBIE
3A0AHUA NMPU ABAPUUHDBIX B3PbIBAX

PaccmoTtpeHa MmaTemaTuuyeckasi mogenb onpeaeneHuss BO3MOXHOCTU OCKONIOMHOro
nopaxeHUs NPOMbILLIEHHbIX 3A4aHUNA (NPo6uTHE) NP aBapUNHbIX B3pbiBax.

Knroyeeble csioea: OCKOMOK, aspoduHamuyeckoe  cornpomussneHue, npobumue,
npPoMbIWIIeHHoe 30aHue, agapuliHbil 83pbI6.

BeepgeHue. K OCHOBHbIM aBapuiHbIM CUTyaUMsM B XMMUYECKOW U HedTe-
XMMUYECKON MPOMBILLFIEHHOCTU OTHOCATCS YAapHO-BOMHOBOE M OCKOSIOYHOE
nopaxeHue niogen 1 NpoMbILNEeHHbIX 06bEKTOB B pe3ynbTaTe B3pblBOB rasos,
MbINK, XUOKNX, TBEPObIX B3pbIBYATLIX BELLECTB B 000pPYyAOBaHUM UMM HA OTKPbI-
TOM npocTpaHcTee. Mprumepbl NogobHbIX aBapun onmucaHbl B paboTtax [1, 3, 6].

Mpu B3pbIBHbIX ABMEHUSIX BO3HWKAET HEOBXOOUMOCTb OLEHUTHL NopaXatoLwuia
ahdeKT OCKONKOB, onpeaensieMbi 4anbHOCTLIO NosieTa OCKOSIKOB M NPOOMBHOWM
CNocoBHOCTLIO OCKONKa pasnuyHbIx nperpag [1].

Mpy NPOBUTUM NPOMBILLEHHOTO 34aHNA BO3MOXHO MOpaXKeHe HaxoasLero-
CA B 3OaHMM nepcoHana, eMKOCTHOro obopyaoBaHWs, copepXalero onacHble
BellecTBa, a TaKke CpeACTB YNpaBMneHUs TEeXHONOrM4yeckum MnpoLeccoMm
(KMUTnA), uTo NpmBEOET K pa3BUTMIO aBapym MO NPUHLUMNY «OOMUHO» [1, 3].

MaTtepuanbl n pes3ynbTaTbl uccnegoBaHun. PaccmaTprBaeTcs ABUXEHUE
TBepaoro Terna (OCKOfka), He NOABEpPXXEHHOro AeWCTBMIO MOgbeMHOW Cunbl
B BEPTUKaIbHOM NIIOCKOCTU NoA 4eNCTBUEM CUMbl TSXKECTU U a3pOoaMHAMUYECKON
cunbl conpoTmBneHus. Heobxoanmo onpeaenuTb BO3MOXHOCTb CKBO3HOMO Npo-
BUTHA OCKOMKOM MPOMBILLNIEHHOMO 34aHNS, HAXOASALWErocs B 30He MakCMMarnbHO-
ro pasneTa OCKOJSIKa.

B pekaptoBoi cucteme koopavHat (X, Y), ypaBHEHUSI OBMXEHUS LEHTpa
TSXKECTM OCKOJIKa U HavarbHble yCrioBus umetoT sug [4]:

mx"(t) = - pXOVX ()2 +y'(1)%; (1)
my"(t) = - py' (/X ()2 + y'(1)2, )
X(0) =g, Y(0)= Yo, X(0)=Wp cos ez, y'(0) =W, sin, 3)

roe m — macca Ockonka, xe; P — KoaddULMEHT asapoanHaMMyYecKoro ConpoTmB-
neHus, xe/m; Xg, Yo — KOOPAMHATHI LEHTPa TSHKECTU OCKOSKa B HavasbHbIA MO-
MeHT BpemeHu, u; Wy — HavanbHas cKopoCTb OCKOMKa, m/c; o — Yron HakoHa

BEKTOpa HauarbHOM CKOPOCTU OCKOoMKa K ocu X, rpag,.
BennunHa p onpeaenseTcs BblpaxeHnem
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P=0,5p4rCpS, 4)

rae puir — MNOTHOCTL Bo3fyxa, k2/m%; S — MMaeneBo ceuenme ockorka, m% Cp

— KO3(PDULMEHT CUMbI CONPOTUBIEHUS.

Cunctema guddepeHumanbHbix ypaBHeHun (1)—(3) ABnseTcs HenuHenHon,
peLleHne 3TON CUCTEMbl BO3MOXHO TOSMbKO YMcneHHo. B pabGote [4] npuBeaeH
YUCIEHHBIW MeTop, peLueHus cuctemsl (1)—(3).

YcnoBusi NpobuTHA OCKONKOM MeTarnnuyeckorM nnacTMHbl NpU HOpMaribHOM
ynape.

PeanbHbIn npouecc npobutusa nperpagbl CONPs»KeH C BO3HUKHOBEHVEM U pas-
NeToM HOBbIX (bparMeHToB, HarpPeBOM 1 OnnaBneHMemM MecTa BHeOpeHUs yaapHu-
ka [1, 5, 7]. [oaTomMy ANs NpakTUYECKMX Liernen npobutme B KOHKPETHBIX Crydasx
MOXeT BblTb pacCMOTPEHO Ha OCHOBE 3MMMPUYECKUX 3aBMCMMOCTEWN, MONyYeH-
HbIX B pe3ynbTate 60rbLIOro Yncna akcneprMeHTanbHbIX aHHbIX.

B pa6orte [1] npuBeaeH MeToa onpeaeneHnst BO3MOXHOCTM CKBO3HOIo Npobu-
TUSE MeTannmnyeckon NNacTuHbl yaapHUKOM (OCKOMKOM) nnoxoobTekaemon dop-
Mbl, 6nmn3kon Kk cdepuyeckor. CKOpOCTb yaapHMKa HampaBfieHa Mo Hopmanu
K NOBEPXHOCTN MULLEHMN.

[aHHbIn MeToa onpefenseTca aHanMTU4eCKUM BblpaxkeHnem [1]

PWs Kk
T rM ()
OyMPM
rae p — NNOTHOCTL MaTepuana ockomnka, Ko/, Wgy — cKkopocTb OCKomKa, npu KoTo-
POVt BEPOSITHOCTb CKBO3HOTO MpobuTUs cocTaBnsieT 50 %, m/c; oy — CTaTU4eckui

npegen TeKy4yecTn maTtepuana nnactuHbl, Ila; py, — MNOTHOCTb MaTtepuana nna-
CTUHbI, KM O\ — TOMLWMHA NNacTuHbl, #; R — apbpeKTUBHbLIN paanyc OCKomKa, u;

k — koacpbcpumeHT nponopumoHansHocTh (k = 3,61).
OdhdhekTnBHBIN paguyc ockornka R (1) onpegensieTcs BblpaXXeHUeM:

1
R=(0)2, ®)
P

rae M — macca OCKOJSIKa, Ke.

YcnoBusi NpobuTnsi OCKOMNKOM Kerne3o0eTOHHOW CTEHKU NpU HOpManbHOM
yaape. B pabote [1] ans skcnpecc-oueHkn 3dEKTUBHOCTU Kene3o0eTOHHbIX
NAWMT B KA4YeCTBe 3alUMTbl OT MPOHMKAIOLWMX OCKONKOB MnpefriaraeTcs MCnonb3o-
BaTb chopmyny (5) NpuM AONONHUTENBHOM YCIIOBUWM PABHOMPOYHOCTU CTarbHOro
nncTa u3 MArkon ctanu, Hanpumep mapku CT. 3 1 xene3obeToHHOW NnnTbl. Yc-
noBMe paBHOMPOYHOCTU UMEET BUA:

Ocm3'ocm3 = O Roars (7)

roe dcy,3 — TOMLUMHA METanNIUYecko NNacTuHbl, i; Spy — TOMLIMHA Xene3obe-
TOHHOW NAWTBI, M; Oc,3 — Npeden Tekydyectu cranu wmapku CT.3, Ila
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(o3 =250 MI1a [9]); Ry — npeaen npoyHocTu GeToHa CoOTBETCTBYIOLLEN

Mapkw, Ila.

Torga B cooTBeTCTBUM C dhopmyrnamm (5), (7) BOSMOXKHOCTb CKBO3HOrO Npobu-
TV ene3ob6eTOHHON CTEHKMN YAapHUKOM (OCKOSIKOM) ninoxoobTekaemon hopmsl,
6nun3kon k cepuyeckon onpegensieTcs BolpaxeHuem [1]:

ANso K SouRemr
\/GCT3PCT3 R ocrs

®)

rAe Pcy,3 — MNOTHOCTL cTanu mapku CT. 3, Kke/m®,

YcnoBusi npobuTUsA OCKOJIKOM MMLLUEHU NMPOU3BOJSILHOW KOHUrypaumm
npu Kocom yaape. [1py KOHCepBaTUBHOM AOMYLLEHUW Bbllle NPUBEAEHHbIE METO-
Abl onpeferneHns BO3MOXHOCTN NpobuTna NnpyM HopMarnbHOM COyAapeHun OCKomka
C MIIOCKOM MULLEHBbIO (Mperpagon) MOXHO NPUMEHUTb K PELUEHNO 3a4a4m o Npobu-
TUN MULLEHEN OpYron KoHdurypauuu, a Takke npu yaape OCKOMKa Mo MULLEHW,
KOrga BEKTOp CKOPOCTU He napansieneH HopManu K MOBEPXHOCTU MULLEHW B TOYKE
yAapa (kocou yaap) [1].

[ns Toro 4ToObI MOXHO ObINO BOCNONbL30BaTbLCA hopMyroi (8) ona onpenene-
HMS BO3MOXHOCTU MpobuTUSi, HEOOXOOAMMO HaWTW MPOEKLUMIO BEKTOPA CKOPOCTU
ocKonka B TOuKe ydapa M Ha eOuHWYHY0 HopManb K MOBEPXHOCTU
MWLLEHN, UCMONb3YS U3BECTHOE CBOWMCTBO CKaNsPHOro NpOU3BEeAEHNS BEKTOPOB:

W, =(W;n). 9)

KOMMOHeHTbI BEKTOpa CKOPOCTU B KOHLIe TPaeKTopun onpeaensoTcs B COOT-
BETCTBMM C YMUCINEHHBIM MeToAOM pelueHus cuctembl (1)—(3), M3NOXKeHHbIM
B paborte [4].

YucneHHbIN NpuMep onpeAeneHns BO3MOXHOCTUM CKBO3HOro npooutus
NPOMbILLAIEHHOro 3AaHuA. [ponnNNIOCTPYPYEM BbILLE U3MOXEHHBLIA METoA On-
peaeneHns BO3MOXHOCTU CKBO3HOIO MPOOUTMSA MULLEHW Ha npumepe npobutus
*ene3obeTOHHOro 34aHWs OCKONKOM Npu «noboBom» yaape (MnockocTb, B KOTO-
PO HaxoAWUTCA TpaeKkTopus nofieta OcKomnka, nepneHaukynspHa oGnvkaniien
BepTUKanbHOW MOBEPXHOCTU 34aHus, puc. 1).

z

A
NNOCKOCTL, B KOTOpOﬁ HaxoauTca
TpaeKkTopus rnonerta ockosnka Az As
ANUUEHTP \ xene3obeToHHoe
BblneTa ockonka \ ‘ananve
\ \ of:
\
N \ l/
Ao
A1 As
0 »

X

Puc. 1 — «JloboBoin» yaap 0CKONKOM Mo erne3o6eToHHOMY 3[aHuI0 (BUA B NnaHe)
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Heobxoanmo onpeaenntb BO3MOXXHOCTb CKBO3HOTrO NMpobutus xenesobeToH-
HbIX HABECHbIX CTEHOBbIX MaHemnen n xenes3obeTOHHbIX CTPONUIbHbLIX NaHernen
nokpbITMA [2—-8].

Ockonok nmeet popmy Kyba, maTepman — ctanb.

UcxoaHble AaHHble Ana pacueTa:
lNapamempbi dn1s pacHema mpaekmopuu OCKOJIKa:

— HavanbHas ckopocTb ockonka Wy =65 m/c;

— KOOpAMHATbl LEeHTpa TSXKECTM OCKOMKa B HavamnbHbIi MOMEHT Bpeme-
HU Xy =0, yg=0m;

— KO3(PPULIMEHT cUnbl conpoTusreHuns ockonka Cp =1,05;

— cTopoHa kyba a=0,05.m; macca ockonka m=0,98ke (cooTBeTCTBYET
NMOTHOCTM MaTepuana cranu 7800 ko/ir’);

— NNOTHOCTb BO3AYyXa pqjr =1,293 ke/ A2 [

— war no Bpemenn 7=0,01c.

lMapamempsi xxene306emoHHO20 30aHUST:

— PaccTosiHWA OT 3MNMLEHTPa BblneTa ockorka Ao sgaHus Ly =100 m (puc. 2);

— AnvHa 3paHns L, =60 (puc. 2);

— BbIcOoTa 3gaHua H =12 u (puc. 2);

— TOMNLWMHA CTEHOBbIX NaHenei hy =0,3x;

— TOMLUMHA CTPOMUIbHBIX NaHenew nokpbiTus hy, =0,025 w ;

— npepaen NpoYHocTn 6eToHa cTeHoBbIX NaHenen Ry =2,4 MIla (mapka Ge-

ToHa B2,5 [10]);
— npefen NPoYHoCT 6eToHa CTPONUIIBbHLIX MAWUT NOKpbITUA Ry, =18,5 MIla

(mapka 6eTtoHa B25 [10]).

y s /// \\\
7 N
7 \\
N\
B N B
; X
/ 2 3
/ Vs
/
/
/ w
/o = o
A, Teea
/ / g
| W
I'.#
. / B B:
3MNULEHTP / L: L. X

BbIfieTa OCKOMKa

Puc. 2 — OnpegeneHve NpoeKLMUM CKOPOCTM OCKOSKa B KOHLE TPAeKToOpun Ha HopManb
K noBepxHocTu o6bekTa W, (B MOMEHT COyAapeHUsi OCKONKa C 06 bEKTOM)
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PelweHue:
B cooTBETCTBUM C YMCNEHHBIM METOAOM peLuenus cuctemsl (1)—(3), usno-
XEeHHbIM B paboTe [4] onpenensiem:
— MPOEKLMIO CKOPOCTU OCKOJSIKa B KOHLLE TPAEeKTOpMKM Ha HopMarb K bnvxan-
LLen BepTMKanbHON noBepxHocTn obbekta W, 1 Kak dyHKumIo yrna o ;

— NPOEKLMI0 CKOPOCTWN OCKOSIKa B KOHLIE TPAeKTOpUn Ha HopMarb K FOpU30H-
TanbHON NoBepxHocTn obbekta W, Kak dyHKuMIo yrna o .

YUncnenHbit aHanms dyHkumn Wy, (a ), W2 () nokasbiBaeT crneaytollee:
— MakcumarnbHoe 3HadveHne dyHkumn Wy, (o ) cooTBeTCTBYET Yriy
M max = 1,64°1 paBHO Wiy max =Wh (2 max) =54,03m/c;
— MakcumanbHoe 3HaveHue dyHkummn W, (o) cooTBeTCTBYyeT yr-
ny A max = 79,27° 1 paBHO Wy omax =Wh (@2 max) =47,00 m/c .
B cooTtBeTcTBMM C hopmynon (8) HopmarbHas cocTaBnALast CKOPOCTU OCKOS-

Ka, Npy KOTOPOW BEPOATHOCTb CKBO3HOIrO Npobutus coctasnset 50 %:
— Ans cteHoBbIx naHenen Wy 59 =57,70 m/c;

— Ans naHenen nokpbitus Wy, 50 =37,06 m/c.

Taknm 06pasoM: ONs CTEHOBOW NaHenm ycnosue FIpO6VITVIﬂ He BbINOJIHAETCA;
Ana naHenu NnokpbiITua ycnosune I'IpO6VITVIF| BbINOJTHAETCA.

BbiBoabl. [laHHbIN MeTOA NO3BOMSIET OLEHUTL BO3MOXHOCTM OCKOMOYHOIO Npo-
OUTUS OCKONMKOM MPOMBILLMEHHBIX 30aHWA N BO3HUKHOBEHMS 3ddbekTa «ZOMUHON»
(BO3MOXHOCTb MOpPaXeHWs NoAeN, EMKOCTHOro obopyaoBaHus n cpencts KUMUWA,
Haxogsawmxcs B 3aaHum [1, 3]).

C uenbto npegoTBpalleHns addekta «4OMUHOY» AaHHbIA MeTOo4 MNOo3BONsSieT
pacuuTatb AOMNOSHUTESbHbIE HABECHbIE MaHEeNW 34aHusl B Criydae BO3MOXHOCTU
NpobUTMS OCKONKaMM OCHOBHbIX NaHenen Npyu aBapuinHbIX B3pbiBax.

[anbHenwmve nccnegoBaHnsa MoryT ObiTb HanpaenieHbl Ha:

a) pa3paboTKy BbIYUCIIMTENBbHBIX anNropMTMOB MeToAa onpeaeneHnst BO3MOX-
HOCTW OCKOJIOMHOrO nopaxeHusi (NpobuTnsa) NPOMBILLIIEHHOrO 34aHnst C y4eTOM
HanNMunsa NPOMEXYTOUYHbIX MULLEHEN MeXay 3MMLUEHTPOM BblfleTa OCKOrika U pac-
cMaTpMBaeMbiM OO BLEKTOM;

6) pa3paboTKy BbIYUCIUTENBHbBIX anropuTMOB METoAa ONpeaerieHns ocTaToY-
HOWM CKOPOCTW OCKOMKa nocrie NpobuTus HaBeCHbIX CTEHOBLIX MaHenen 3gaHus
W NaHenen NoKpbITUS 34aHnsA C LEenblo onpederieHnst BO3MOXHOCTM MOpaXeHus
nogen, eMKocTHoro obopyaoBaHus n cpefcts KUMWA, Haxogawmxcsa B 3gaHuu;

B) pa3paboTKy BbIYMCINTENBHbBIX anropuTMOB MeToAa ONpeaeneHns BO3MOX-
HOCTWN NPOBUTUA KeNe300EeTOHHbIX NaHENeN MPOMbILLIIEHHOTO 34aHMSA C YY4ETOM
HaNMuMsa apMaTypHbIX CTEPXHEN;

r) pa3apaboTKy MHXEHEPHbIX PELLEHWIN, HAanpaBfeHHbIX Ha YCUIEHNEe HaBEeCHbIX
Xene3obeTOHHbIX MaHenew NPOMBILNEHHOrO 34aHNA B Crlydae BO3MOXHOCTM UX
npobuTna OCKONMKaMu MpyY  aBapUNHBLIX B3pbiBax (OOMOMHWUTENbHbLIE MNaHenu,
MeTannmMyeckue CeTku 1 ap.).
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€. B. Tonok

OCKOINKOBA fIs1 HA MPOMUCIIOBI BYAIBII
NMPU ABAPIMHUX BUBYXAX

Po3rnsHyTOo MatemaTUuyHy Moperib BM3HAY€HHS MOXITMBOCTi OCKOJIKOBOrO MoOpasKu
npomucnoBux 6yaisenb (NpobuTTsa) npu aBapinHnx BUOYyXxax.

Knro4yoei cnoea: ockornok, aepoduHamidHul ormip, npobumms, npomucrnosa 6ydiens,
asapiliHul subyx.

E. W. Tolok

FRAGMENTATION EFFECTS ON INDUSTRY BUILDINGS
AT EMERGENCY EXPLOSIONS
Mathematical model for determining the possibility of fragmentation damage
of industrial buildings (penetration) at emergency explosions is regarded.
Keywords: fragment, drag, penetration, industrial building, emergency explosion.

The major emergencies in chemical and petrochemical industries include
shock wave and fragmental injury of people and industrial facilities as a result
of accidental explosions. Examples of such accidents are described in [1, 3, 6].
When explosive events it becomes necessary to evaluate the effect of striking
the fragments, defined flight range of the fragments and the penetrating ability
of the fragment various obstacles [1]. Penetration of tank equipment as a result of
fragmentation impact can lead to further development of the accident by "domino
effect” [1, 3].

Consider the motion of a fragment, not subjected to action of the lifting force,
in vertical plane due to gravity and aerodynamic drag force. Necessary to deter-
mine the possibility of penetration through a splinter of storage equipment, located
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in the zone of maximum expansion of the fragment. The presence of intermediate
targets between the epicenter fragment emission and the object under considera-
tion is not considered as a conservative assumption.

In Cartesian coordinate system (X, Y) the motion equations of gravity center
of the fragment and the initial conditions are [4]:

mX"(t) = — XX D)2 + Y (1) @
my"(t) = — py' (DY X' 2 +y' (1) @
X(0) =Xgq, Y(0) =Yg, X'(0) =Wy cose, y'(0) =Wy sine, 3)

where m is mass of the fragment, kg; pis drag coefficient, kg/m; Xg, Yo
are the coordinates of gravity center of the fragment at the initial time, m; W, —

the initial fragment velocity, m/s; a« — angle of initial velocity vector fragment
to the X, degree.
The value p is defined by the expression [4]

p=05p,; Cp-S, @)

where p,i, is air density, kg/m*, S is middle section of the fragment, m% Cp

is drag coefficient.

The system of differential equations (1-3) is non-linear. Solving this system
can be only numerical. Numerical method for the solution of (1-3) is in [4].

The actual process of penetration the target is associated with the emergence
and dispersal of new fragments, heating and melting of the introduction place
of the fragment [1, 5, 7]. Therefore, to determine the penetration conditions
is advisable to use empirical methods.

There is Baker's empirical method [1] for determining the conditions for frag-
ment penetration of metal plates at normal impact, based on the determination
of the penetration velocity of the fragment. Baker's method determines the pene-
tration possibility for a fragment, the form of which is close to spherical.

According to the Baker's method penetration condition is defined by the ex-
pression [1]

AWs k

=—0u, (%)
«fGyMpM R

where p is density of fragment material, kg/ms; Wi is fragment velocity at which
the probability of through-penetration is 50 %, m/s; oym s static yield stress
of plate material, Pa; p), is density of plate material, kg/m?’; Oy is thickness

of the plate, m; R is effective radius of the fragment m; k is proportionality con-
stant (k =3.61).
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The effective fragment radius is defined by the expression
3m .
R=(-—)3, (6)
4drp

where m is mass of the fragment, kg.

In [1] for the rapid assessment of the effectiveness of reinforced concrete
plates as protection from penetrating fragments are encouraged to use the formu-
la (5) with the additional condition of equal strength steel sheet of mild steel, such
as the brand of St. 3 and a reinforced concrete plate. The condition of equal
strength is

Scm3Ocm3 = Spm Rom @
where 0,3 is thickness of metal plate, m; 5y is thickness of reinforced con-
crete plates, m; oc,3 is static yield stress of St.3 brand, Pa

(ocma =250 MI1a [9]); Ry — stress strength of concrete, Pa.

Then, in accordance with formula (5) and (7) the possibility of fragment pene-
tration, the form of which is close to spherical, is given by [1]

ANso K SouRemr
\/0Cr3,0cT3 R ocr

: ®)

where pc,,3 is the density of St. 3 brand, kg/m3.

The conservative assumption of this method can be applied to the problem
of penetration the target of complex configuration.

To determine the penetration possibility of a target of complex configuration,
itis necessary to find the projection of velocity vector of the fragment at the
impact point M on the unit normal to the surface of the target, using the well-
known property of the scalar product of vectors

W, = (W; ). )

The value of W, is compared with fragment penetrative rate and the conclu-
sion of the possibility penetration.

Velocity components at the end of the trajectory are determined in accor-
dance with a numerical method for solving the system (1-3), which is described
in [4].

For a numerical example of determining the penetration possibility of a rein-
forced concrete building geometric and strength characteristics of the reinforced
concrete panels of the building were taken from [2, 8, 10].
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