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Basumcruyeckne TKaHM HA CErOAHMANIHUN JEHb IMUPOKO HPUMEHSIOTCS B KadeCTBE 3JIEMEHTOB 3alllUTHBIX
CTPYKTYDP. AKTyaJIbHBIME 3aJ[a9aMi [IPU pa3paboTKe OPOHECTPYKTYD SIBISIOTCS MUHUMU3AIUSA UX MACChl, yMEHb-
MIeHNEe KUHETWIECKON SHEPTUH ITyJIH, NepeIaBaeMoii 00bEKTY, PACIIOIOKEHHOMY 38 OPOHEIAHETBIO (CHUKEHUE Be-
JIMYUHBI TPOTUOA THIIHHON CTOPOHBI MAHENH). 3HAYUTEIbHAS TACTh SHEPIWHU ITyJIM PACCEMBAETCS 3a CIeT pabOThI
CWJI TPEHUs IIPU BBITATMBAHUK HATEH M3 TKaHW. YMEHHE NPEeICKa3blBaTh Pab0Ty OAJIJIMCTUYECKOW TKAHW IIPU BbI-
TATUBAHUYM HATEH ITO3BOJINT IIPOEKTUPOBATL BBICOKOI(M ] eKTUBHBIE OpOHECTPYKTYpPLI. 1loaToMy Obliin pa3paboTanb
MaJIOIIAPAMETPUIECKIE TUCICHHBIE MOJEIN BBITATUBAHNS HUTH 13 apaMuiHoil Tkauu P110 mosorasaHoro meperure-
TEeHUsl, & TaKxKe Jyisi 9TOH TKAHM C PA3HBIMU THIIAMU IIOBEPXHOCTHOH 06paboTKu (KaHn(bO/b, CHINKOHOBAsI CMa3-
ka) B nakere nporpamm LS-DYNA. IToeepxuocrHast 06paboTKa TKAHH [O3BOJISIET U3MEHSITh KOX(bQUIMEHT TpeHus
MEXK/JIy HUTAMU C MUHUMAJbHLIM YBEJIMYEHUEM BeCa, U B MOJIEJM OHA YUYUTBHLIBAJIACH 33 CUET U3MEHEHUs OIHOTO
mapamMeTpa — Ko03pduimenTa cyxoro TpeHud. PaccMOTPEeHO HECKOJIBKO CIOCODOB paclapaJiieMBaHus 3aJa4u
BBITATMBAHWST HATU U3 TKAHW, [IOJIyYeHbI TpadUKU yCKOPEHUs. Bblin MoJydeHbl pacyeTHble 3aBUCHMOCTU HAIDY3-
KM OT IepeMeIleHns MPU BLITATUBAHUKM HUTHU M3 TKAHU C MOBEPXHOCTHON 00paboTkoil m 6e3 mee. Pacuermbie pe-
3yJIBTATHI JIEXKAT B JIHANA30HE Pa3dpoca SKCIEePUMEHTAIbHBIX JAHHDBIX.

Karouesvie caosa: wucaenmnvie mMemodv,, Memod KOHEUHBLT INEMEHMOB, CYNEPKOMNBLIOMEPHOE MOJEAUPOBAHUE,
APAMUOHAA MEAHD, BVIMALUBGHUE HUMU U3 MKAHU, NOBEPTHOCMHAA 0bpabomka, LS-DYNA.
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BBenenue

OcHOBHOIT 331096l TP TIPOEKTUPOBAHUN 3AIIUTHBIX CTPYKTYD (6POHEXKUJIETOB) ABJISETCS
MUWHUMU3AIUA UX MaCChbl IIDU COXPaHEHUU 3aJJaHHOTO YPOBHA 3alIUTHI. BpOHeHaHeﬂb JOJIZKHA
[IOTJIOTUTh MAKCUMYM KHHETHYECKON SHEPIruu IyJu MPU yJape, 4TOObl CHU3UTDH 3alperpaj-
HYIO HEPTHIO, ITepe/laBaeMylo 3allluiiaeMoMy O0bekTy. B TkaHeBoM OpoHexKujere OOJIbIas
YaCThb KWHETUYECKON SHEPIuu IyJd PACCEMBAETCH 33 CYET BBITATMBAHUS HUTEH U3 TKAHEH
(dbpukImoOHHOrO B3aMMOJEHCTBHS), a OCTAJNbHAs YACTh SHEPIUM yJapa 3aTPavdrBaeTCsd HA
pacrsikenne u paspbis Hureil [1-3]. Tlosromy moblenne koddduimenTa TpeHus B TKAHU
[TO3BOJIUT YBEJIUYIUTH IHEPTUI0 PACCESHUs IIYJIM PU yJape, CHU3UTh BEJUYUHY TJIyOUHBI IIPO-
ruba THITLHOM CTOPOHBI OPOHEKUIETA W COOTBETCTBEHHO YMEHBIUTH BEPOSITHOCTD MOJIY I€HUST
CEpPbE3HOM 3aIperpajHoii (KOHTY3MOHHOI) TPaBMbI TeJIa IeJIOBEKA.

B macrosiiiee BpeMsi CyIeCTBYeT MHOXKECTBO CIIOCOO0B MOJEPHU3AINK TKAHEBBIX OpOHe-
JKUJIETOB JIJIsl MOBBIMIEeHNsT uX 3(MQMEKTUBHOCTH: TOKPBITHE TKaHell cjaoeM mojmMepa [4], wuc-
[0JIb30BaHNE HEHBIOTOHOBCKUX KUJKOCTell [5—6], KoMosummii ¢ abpa3suBHBIMEU YacTHIAME [7—

8] u ap. OmHaKO ciielyeT OTMETHTh, YTO HPOIUTKA JIATEKCOM U AHOMAJIbHO BA3KUMU YKHJIKO-
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CTSIMA MHOTOKDATHO YBEJMYUBAET MOBEPXHOCTHYIO IJIOTHOCTH TKAaHEH, MOKPBITUE KOMIIO3U-
UsIME ¢ a0pasMBHBIMU YaCTUIAMHU PabOTaeT JIMIIb JJis CIydas npokosia/npopesa. CusbHast
obpaborka (IpONNTKa) TKAaHEH SBJSETCS HEPAINOHAIBLHON /Hed(hMEKTHBHOMN, T.K. 3HAUNTEIIb-
HO YBEJIMYMBAET IIOBEPXHOCTHYIO IJIOTHOCTH TKAHU, 3aTPYy/HAET BBITSATMBAHUE HUTEH U TPU-
BOJUT K UX OOPBIBY JIO HavaJsa BeITATHBaHudA. [loaToMy 3asiada mosblmenns koddduimenTa
TpPeHUsd B TKaHU 0€3 pa3pblBa HUTEW ITPU BBHITATUBAHUU U MUHUMAJIbHOM YBEJIMYEHUU TOBEPX-
HOCTHOH IJIOTHOCTHU SABJIACTCA aKTyaJJIbHOU TEMOM.

sl TpOrHO3UPOBAHUSA U U3yYEHUs] MEXAHU3MA, BBITSATMBAHUSA HUTEH U3 TKAHU HMCIIOJIb3Y-
I0T KaK YUCJICHHBIE ITIOJIXOMbI, TaK M SKCIEPUMeHTaJbHble ncciaenoBanus [9-11]. B skcmepn-
MEHTAJbHBIX PabOTaX ONPEJIEIIeTCS MAKCUMAJIBHOE YCUINE U SHEPTHs, 3aTPaueHHasd PU BbI-
TATUBAHUU HUTH, & TakxKe Kodhdurment tpeans u ap. OIHAKO SKCIEPUMEHTATBHBIN TOIXOT,
HE TI03BOJISIET BBISBUTDH BJUSHUE OOJIBIIOIO KOJIMIECTBa (DAKTOPOB IPU BHITSATUBAHUU HUTEIA.
Cy1ecTByeT psifi INCTEHHBIX MOIXO0/0B, KOTOPHIE YINTHIBAIOT MEXAHU3MBI BHITSITUBAHUS OJTU-
HOYHON HuTH. TKaHU MOJEIUPYIOT CILIOMIHOM cpenoii [12], 6amounbivu 3], obosoueunbivu |6,
11] u o6bemubiMu [2, 9, 11| KoHeuHbIMEU s1eMenTaMu. Mojesn co CIUIOMIHOM Cpeoit He Mo3-
BOJISIFOT HCCJIE0BATh BBITSITUBaHWE HUTH W3 TKaHW. B MOJessix ¢ OaJIOYHBIMUA KOHEUHBIMU
9JIEMEHTAMHU HEBO3MOXKHO yY€CThb KOHTAKTHOE B3aWMOJIEHCTBUE MEXKY HUTHAMH, UX BBITATHU-
Banue. ma momeseil TKaHelr ¢ OOBEMHBIMA KOHEYHBIMM JIEMEHTaMU TPeOyIoTcsa OOJbIne
BBIUUCIUTENbHBIE pecypcbl. OTMeYeHHbBIE CJIOKHOCTU MOJeJUpoBanHus (BOJIbIIre mnepeMere-
HUsl, aHU30TPOINUS, OJIHOCTOPOHHME (DPUKIMOHHBIE CBSI3M) HE IIO3BOJIMJIN IIOJIyYUTH YJIOBJIE-
TBOPUTEJILHOE KOJUIECTBEHHOE COTJIACHE C SKCIEPUMEHTOM i BCEHl JuarpaMMbl BbITSTHBA-
Hus [2, 6, 9-11]. Mojesn ¢ 060/109€9HBIMU KOHEYHBIME 3JIEMEHTAMHE SIBJISIIOTCST HAOOJIee mep-
CIIEKTUBHBIMH, T.K. IIO3BOJISIOT yY€CTh KOHTAKTHOE B3aMMOJIECTBUE HUTEH, I[TO3BOJISIOT
VUI€CTb aHU30TPOIHUIO HUTEH U TPEOYIOT MEHBIINE BBIMUCIUTEIHHBIE PECYPChI TT0 CPABHEHUIO C
MOJIEJISIMUA U3 O0bEMHBIX KOHEYHBIX JIEMEHTOB.

B nanmnoii pabore paccMmorpena apamuigHas TKaHb P110 ¢ moBepXHOCTHON 0OpabOTKO M
6e3 nee. IloBepxHocTHasi 00pabOTKa MPUBOJIUT K YBEJIUYEHUIO (DPUKIIMOHHOTO B3aUMOJIEN-
CTBUSI HUTEN Ipyu MUHUMAJIBHOM YTAXKEJIEHUNU TKaHU. Pa3pa6OTaHbI qucJIeHHble MOJEJIN TKa-
Hell ¢ PA3HBIMM BUJIAMU TOBEPXHOCTHBIX 00paboToK. JlaHHbIE MOJE/ M TO3BOJISIIOT TPOTHO3U-
pPoBaThb AuarpaMMbl <<Hany3Ka I HepeMemeHI/Ie» IIPpU BBITATUMBAHUNU HUTH. PaCCMOTpeHO He-
CKOJIbKO CIIOCODOB pacliapaJule/IMBaHUus 3aJa9u, PACCUUTAH IPOIECC BBITATUBAHUS HUTHU W3
TKaHU Ha CylepkKoMmIbiorepe B nakere nporpaMm LS-DYNA, nposeneHo cpaBHEHUE ITOJIYYeH-
HBIX PE3YJIbTATOB C IKCIEPUMEHTAJbHBIMU JAHHBIMU, TOJIYYE€HbI IPDAMUKN YCKOPEHUS.

CraThst opranmsoBaHa CJeayionmmM obpa3oM. B passerne 1 mpupeseHna MOCTaHOBKaA 3aa-
qu. B pazmnesne 2 omucwiBaeTcsd peasu3aiusd 3ajadu. B pazmese 3 00CyX)KIaioTCs Pe3yJibTaThl
ucceoBanuii. B 3ak/0ueHnr CyMMUPYIOTCH OCHOBHBIE PE3yJIbTAThI, [TOJyYEHHBbIE B JAHHON
pabore.

1. IlocranoBKa 3agadn

B pabore paccMmorpena apaMujiHas TKaHb IOJOTHAHOrO mepervierenus tuna P110 ¢ mo-
BepXHOCTHO# 110THOCTHIO 110 1/)B.M. st Tkanu P110 6b1m1 pacCMOTPEHBI HECKOJIBKO BHUJIOB
[IOBEPXHOCTHO# 06pabOTKM, KOTOPBIE TIO3BOJIAIOT U3MEHUTHh 3HAYEHUS CUJI TPEHUS:

1) wucxomnasi TKaHb 6€3 MOBEPXHOCTHON 06pPabOTKY;
2) kanndoss cocuosast B10 (npoussoicrso OO0 «Ilasmbubie MmaTepuassy, r. Psasans),

yTszKegenue Tkanu 2,7 %;
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3) mupodeccuonanbhas cuimkoHoBas cmazka FELIX (mpowmsomuress OOO «Tocos-
Cunres-Uusecty, 1. [I3epKuHcK), yrskenenue Tkanu 19,4 %.

IIpoBesieHo CynepKOMITBIOTEPHOE MOJIEJIMPOBAHNE BBITSITMBAHUS HUTH U3 TKAHU C ITOBEPX-
HOCTHOM 00paboTKO! m 0e3 Hee i MPOTHO3WPOBAHUS 3aBUCHUMOCTU HATDY3KM BBITSATUBAHUS
oT mepemertenusi. Pa3mepbl 00pasioB TKaHel B MOIEIU JJisi UCCJAEIOBAHUS YCUJINA BBHITSTHU-
Bauus nMmenn paszmepbl 50x 10 mm. CToponbl TKamHu pazMepoM 50 MM OBLIN YKECTKO 3aKper-

sierbl. CKOPOCTH BBITSTUBAHUS HUTH B Mojeau pasHa 0,1 M/c.

2. Peammzanusa

Jlna perrenns 3a7a9n MO BBITATWBAHWIO HUTH W3 TKAHW B makeTe mporpamMm LS-DYNA
ObLTa paspaboTaHa KOHETHO-3JIEMEHTHAS MOJEIb TKAHU, COCTOSINAs U3 OTJAEJbHBIX HUTeH. B
pACYeTHON MO HUTH WMEIOT OTHOCUTENBHYIO CBOOOY TEpPEMEIeHNsT ¢ BO3MOYKHOCTHIO
BBITSITUBAHUsI C YIETOM CyXOro TpeHusi. Hutu B MO/ UMEIT MPSAMOYTOJIbHOE MOMEPETHOR
cedgenne. Ha puc. 1 mpescTaBiieH MOBTOPSIONIUIICS 3JIEMEHT T€OMETPUN TKAHU, TJI€ OTMEYEHBI
HOMEpA KJIOUEBBbIX TO4YeK. KoOpauHATHI 3THX TOYEK ObLIM BBEJIEHBI B ITAKET IIPOrpaMM
ANSYS, mocne wero ObLIM TOCTPOEHBI COOTBETCTBYIOIIHE MOBEPXHOCTH. LOJIMuHA HUTEH
(obosouek) pasua 50 MM, mupuna — 410 MrM. Tasree HaOOp mMOBEPXHOCTEl OBLI PA3MHOXKEH
JIO TIOJIyI€HUsT HEOOXOIMMBIX Pa3MepOB MOJEIN W MOCTPOEHA CETKa KOHEUHBIX JJIEMEHTOB C

OJTHUM ODOJIOUEYHBIM JIEMEHTOM 110 IIMpUHE HuUTeil (puc. 2).
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Puc. 1. Ilosropsroruiica 3JieMEHT T€OMETPUU HUTHU

Puc. 2. Cerka KOHEYHBIX 3JIEMEHTOB

Hust uureit  O6bur  BbiOpan  oprorpousbii  marepmas  (*MAT ENHANCED
COMPOSITE DAMAGE) [13]. Xapakrepuctuku marepuasia HpuBeeHbl B Tabiuia 1. SHa-
qenust mogyJseit ynpyroctu Ep, Ec, a Takyke momyseit casura Gap, Gpc ObLIM MPUHSTHI HA
HOPSIJIOK MEHbIIe MO/JIyJis yupyrocTu Ea (ompejesieH sKCrepuMeHTaaIbHO) COrJIACHO PEKOMEH-
naruu [14]. Mogesu ¢ 060109€UHBIME KOHEIHBIMU 3JIEMEHTAME C OJIHOM TOYKOW WHTErpUpo-

BaHus (MeMOpaHbl) He yuurbiBatoT u3rub. OgHako apamujinble HUTH B TKanu P110 cocrosit
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U3 MHOXKECTBa, BOJIOKOH amaMeTpoM 10-15 MKM ¢ HEOOJBIIOH KPYyTKOM W MMEIOT cjiaboe Co-
nporusjenne n3rudy. IlosTomy s ydera m3ruba B MOe/ M OBLIO HCIIOJIB30BAHO TPU TOYKH
WHTEIPUPOBAHUS TI0 TOJIIMHE. TaK»Ke CjeayeT OTMETUTh, UTO HA BEJUYUUHY COMPOTHUBJICHUS
u3ruby BMSET 3HAYEHWE TPAHCBEpCAJTHHOTO MOAyJss casura Gea. DToT mapamerp ObLT
HailJIeH U3 NIPEIBAPUTEBHBIX PACIETOB CPABHEHUEM PACUYETHBIX U SKCIEPUMEHTAIbHBIX 3aBU-

CUMOCTEl HArpy3Kd OT IEPEMEINEHNUs DU BLITATMBAHUN HUTH U3 TKAHU 0€3 MOBEPXHOCTHOM

0O6pabOTKU.
Tabauma 1
XapaKTepUCTUKNA MATEPUAJIA HATEH
ITapameTp O6Go3unauenue Beaunuwnna
\ - Ea 1,4-10"
onynu yupyroctu, I1a
JTyJTH yIpY Ep, Ec 14107
ILioTHOCTH, KI/M° e 1440
Koaddurment Ilyaccona MAB, UBC, HAC 0,001
Gas, Gne 1,4-10"
Mo C a, [la
JTyJIH CIIBUTA, Con 4107

Konrakr o6bekroB 3amasanu  komaugoii *CONTACT AUTOMATIC SURFACE
TO_ SURFACE. [Jns tkanu Ge3 oOpabOTKM cTaTHIecKuii Ko3(hMUIMEHT TpeHus ObLI OIpe-
JleJIeH dKCIepuMeHTabHO. [loBepxHOoCTHAsS 00paboTKa TKAaHEl B MOIEIAX YINTHIBAJIACH COOT-

BETCTBYIOIIUM M3MEHCHUEM BE/JIMYIUHDbI CTATUIECKOI'O KOSCb(bI/ILLI/IeHTa. CyXOIr'o TpeHuA (Ta6J'H/II_La.

2).

Tabauma 2
Kosdbdunumentsr cyxoro rpenns
Tun npornuTKu 3Hauenust K03 DPUIMEHTOB CYyX0ro TpeHus
HeT 0,174
Kanudosb 0,261
CuIMKOHOBAsT CMa3Ka, 0,127

B pacuere Obl1a MCIOIB30BaHA sIBHAsI CXeMa MHTErPUPOBaHUs U omms mass scaling [13]
[O3BOJISIIONIAs YMEHbIIUTh BpeMs pacdera 3ajaqun. s yCKOpeHus pacdera CKOPOCTb BBITSI-
IMBaHUs HUTH B Mojesu Oblia npussTa paBaoit 0,1 m/c. Ilpum sroMm KuHermdeckasi dHEprus
ObLa MPEeHEOPEXKUMO MaJia IO CPABHEHUIO C JIByMsl OCHOBHBIMU (DOPMAMU JIUCCHUIIAIIMNA SHEP-
run: BHyTpeHHeil sHepruu (internal energy) m sHeprum, 3arpadenHoil Ha Tpenue (sliding inter-
face energy).

DKCIIepUMeHTAIbHBIE KPUBBIE BBITSIUBAHUsSI HUTH U3 apaMUJIHON TKAHU OBLIM ITOJIYJYEHBI
P KBAa3UCTATUYIECKUX UCHbITAHUAX Ha yHuBepcasbHoit marmuae INSTRON 5882. Brirsrusa-
eMYIO HUTH 3aKPEIIsiJIi B TUCOYHOM 3aXBaTe, IMTOBEPXHOCTU KOTOPOTO MOKPBITHI TOHKUM CJIO-
€M 3JIaCTOMEPA, KOTOPBIA He TpaBMHUpyeT Marepua u obecriednBaeT 3pMEKTUBHYIO Mepeaady
HArPY3KHU Ha HUTH. Ha BTOpOI/Apyroil THCOUHBIH 3aXBAT OBbLIN MPUKJIEEHBI 2 TIOJIOCHI JIEHTHI
M3 IUIACTUKaTa Ha paccTodumu 10 MM Jpyr oT Jpyra, obecliedMBaIOIINe 3alleMJIEHUEe KPaeB
TKaHeBoro obpasma pasmepamu 50x50 mm. CBoboaHast 30HA, U3 KOTOPOU IPOUCXOIUIO BBITSI-
rMBaHNe HUTHU, nMesa mupuHy 10 M.
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3. PesyabTaThl ncciemgoBaHUn

Pacuersr 6putn BbimosiHeHb! Ha cynepkommbiorepe «Topuago FOVpI'Y» [15]. Beumn pac-
CMOTPEHBI TPHU PA3IUIHBIX CIIOCO0A JTEKOMIIO3UITUU MOJIEN JJisi TKaHu 6e3 mponuTKu. B mep-
BOM CJIydae ObLIO WMCHOJIb30BAHO ABTOMATHYECKOE paclapaliieuBanue mMomesn (puc. 3 a), BO
BTOPOM CJIydae MOJeNb Oblaa pa3duTa Ha IMOJOCHI, PACIOJIOXKEHHbIe mapasuteabuo ocu OY

(puc. 3 6), B TpeTbeM ciydae — napasuresbuo ocu OX (puc. 3 B).

=

o

B

Puc. 3. Cuocobsl gekommosunun Mojean Ha 48 siapax (a — aBToMaTHYecKoe paciapaJiiesii-

BaHue Mojesin, 6 — moJiockl napaJuiesibho ocu OY, B — mosiocsl napasuiesabso ocu OX)

Fpa(bI/IKI/I YCKOpeHud Jijid 3aJa4u 11O BBITATUBAHUIO HUTU U3 TKaHU IIPEACTAaBJIEHbI Ha
puc. 4. Jlamnas 3ama4a Oblaa pacmapasuieseHa 10 48 saep, 9TO CBA3aHO C MMEIOIIEHCsT JINIEH-
sueit ma maker mporpamMm LS-DYNA. Bpewms pemennst 3aga<m Ha OJHOM SIIpe COCTABISIET
20 680 c. Tlomyueno, 4To ¢ yBeJIMYEHHEM YUCIA sifiep TPeTuil crocod JeKOMIo3uiuu (pacia-
paJjule/iuBaHKe Ha MOJIOCBIL, pacHosoxkeHHble mnapasuesabuo ocu OX) gaer Gojiee BBICOKOE
YCKOpEHHE.

Ha pwuc. 5 npejicraBieHo cpaBHEHUWE PACYETHBIX U IKCIEPUMEHTAJbHBIX 3aBUCHUMOCTEN
<Harpys3kKa —— IepEeMEHICHUE» IPU BBITAT'MBAHUU HUTU U3 TKAaHU C PA3JIMYHBIMH IIOBEPXHOCT-

HbIMU 0OpaboTKaMu u 0e3 Hee. PacueTHble KpuBbIE JIEXKAT B IIpeeax pa3dpoca dKCIEPUMEH-
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TAJIbHBIX JaHHBIX. «HacToTery KOJIEOAHMI Ha PaCY€THBIX U 3KCIICPHMECHTAJIbHBIX KPHUBbLIX COB-

IaJal0T U 3aBUCAT JIMIIb OT T'€OMETPUU IIEPEIJIECTEHNA TKAHU.

18 T T
—4#— |-#i cnocol JeKOMIIOZHITHH
16 T _m-2_#cmocob IEKOMITOZHITHH
14 —A = 3-Hcnocol JeKOMIIOZHIIHH
12
=]
Z 10 Z
@
g
;: 8
6 /
4 /
2

12 24 36 48
Komugectro Axep

—
=)

Puc. 4. CpaBuenne yckopeHunit

30
== — No | — ncxo/iHas TKaHb (pacuer);
m— — No 2 — kanu¢oms (pacuer);
= — N0 3 — CUJIUKOH. CMa3Ka (pacuer);
——— — UCXOJHAs TKaHb (IKCIICPUMEHT);
—— — KaHU(}OJIb (IKCTICPUMEHT);

201 = — CHJIUKOH. CMa3Ka (9KCIIEPUMEHT).

Harpyska, H

[Iepemelienue, Mm

Puc. 5. BaBucumocTu «HArpy3Ka — MEPEMEIEHUE» TPU BBITSATUBAHUN

HUTHN U3 TKaHN

[Tosyuennble KpuBbIE «HArpy3Ka — IEpEMEIeHne» NMEIOT JBa yYacTKa: 1) BO3pacTaHus
HATPY3KU JIO HepeMelenns 2,5 MM U 2) CHUYKEHUsl JI0 HyJisd IIPU IOJHON BBITSXKKE HUTU W3
tkauu ;10 50 mM. Ha mepBoM yuacTke HUTH BBIIPAMJSETCs, IPU ITOM CBOOOJIHBINA KOHEI| HUTH
eIlle HETO/BU2KEH, Ha BTOPOM — HUTH HAYMHAET ABUraThcs. [loBepxHOCTHAs 0OpabOTKa Ka-
HU(OJIBIO CYIECTBEHHO OBBIIIAET MAKCUMAJIbHOE YCUJINE BBITATUBAHUS, YBEJIUINBAsT TPEHUE

MEKIy HUTSIMU U TOBBIMIas paccesnne sHeprun. O6paboTKa TKaHU TPOdECCHOHATBLHON CHUITH-

96 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»



H.IO. Joaranuua, A.B. Urnarosa

KOHOBOM CMAa3KOit npuBeJjia K YMEHBIICHHUIO MaKCHUMaJIbHOI'O YCHUJIMA IIPU BBITAXKKE HUTH 1

SHEPI'UU PACCESHUS Ha TPEHUE.

3aKJ/JII0UYeHUue

Pa3pa6OTaHbI MaJioIrapaMeTpruvIeCKue 4YMUCJAC€HHbIE MOJAE/IM BBITATMBAaHNA HUTHU U3 TKAHU C

ITIOBEPXHOCTHBIMU 00paboTKaMu u 06e3 Hee, IO3BOJIAIONIAE IPOTHO3UPOBATH 3aBUCUMOCTH

Harpy3ok ot nepemerrnenuii. [loBepxHOCTHYIO 00pabOTKY TKAHU B MOJEIU yINTHIBAIU U3MEHE-

HHEM OJHOI'0 mapameTpa — Kod(duimeHTa Cyxoro TpeHud. PacueTHble W dKCIEPUMEHTAb-

HbIE JAHHBbIE TI0 U3MEHEHUIO CUJIBI OT TIePEMEIEHHUsT XOPOIIIO COTJIACYIOTCS MeXKIy coboit. Pac-

CMOTPEHbBI TPH CIIOCO0a JEKOMIIO3UIINK MOJIEJIA U TIOJIYyYeHbl TPAMUKN YCKOPEHUS.

Pazpaborannbie B maHHON paboTe MOJENM TO3BOJISIT ITPOTHO3UPOBATH IMOBEJIEHUE OaJiIu-

CTUYIECKNX TKAHEH C TOBEPXHOCTHOW 0OPAabOTKOM IpH JIOKAJIHHOM yIape.

Hcenedosarnue svinoareno npu durarcosoti noddeporcke PODU 6 pamkar HaYywHO20 Npo-

exma M 17-08-01024 A.
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Ballistic fabrics are widely used in protective armor structures. Minimizing the mass of armored structures,
reducing the kinetic energy of the bullet transmitted to the object located behind the armored panel (for reducing
the amount of deflection of the rear side of the panel) are actual tasks for today. A significant part of the energy
of the bullet is dissipated due to the work of frictional forces when pulling yarns from the fabric. Ability to pre-
dict the work of ballistic fabric when pulling yarn from the fabric will allow designing high-performance armored
structures. Therefore, low-parametric numerical models of pulling a yarn from aramid fabric P110 of plain weave,
as well as for this fabric with different types of surface treatment (rosin, silicone grease) were developed using the
LS-DYNA software package. Surface treatment of the fabric allows you to change the coefficient of friction be-
tween threads with minimal weight gain. In the model, the surface treatment was accounted for by changing one
parameter of the coefficient of dry friction. Several methods of parallelizing the problem of pulling a yarn from a
fabric are considered. Numerical experiments were conducted to study the scalability of problem. The calculated
curves of the load from displacement when drawing a thread from a fabric with and without surface treatment
were obtained. The calculated results are in the range of the scatter of the experimental data.
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