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CO3JIAHUE KOMITIBIOTEPHOM MOJIEJIU CTPYKTYPBI
N JE@OPMUPOBAHUSA BYMAXKHOI'O JINCTA

N.B. Jle6enes, 51.B. Kaszakos, T.A. I'ypres
Cesepnulil (Apkmuueckuii) pedepanvrwiii ynusepcumem, 2. Apxaneenvck, Poccus

Ha ocnose pazpabomannuix panee aneopummos Onucbl8aemcs MexHoI02Usl NOLYYeHUs.
BUPMYATILHO2O MpexmMepHo20 OymadicHozo aucma. Coz0anue aUcma BblNOIHAEMC Nymem 2e-
Hepayuu MpexmMepHbIX B0JIOKOH, 001A0AIOWUMU 2eOMEMPUYECKUMU  XAPAKMEPUCTUKAMU,
NOOUUHSAIOWUMCSL 3A0AHHBIM 3AKOHAM pacnpedeiienus, U ux nocieoyoueli YKiaokou 6 eou-
HY0 cmpykmypy. s 1000t noayiaemot cmpyKkmypbl npou3eo0umcs pacuem oegopmayu-
OHHBIX U NPOUYHOCMHBIX XAPAKMEPUCTUK.

COMPUTER MODELLING OF STRUCTURE AND DEFORMATION
OF A PAPER SHEET

L.V. Lebedev, Y.V. Kazakov, T.A. Gurjev
Northern (Arctic) Federal University, Arkhangelsk, Russia

Based on the earlier algorithms reveals a mechanism for obtaining virtual three-
dimensional paper sheet. The creation of the sheet is performed by generating three-
dimensional fibers with random geometric characteristics, and their subsequent packing into
a single structure. For any get structure calculation of deformation and strength characteris-
tics.

B nemnrono3Ho-0yMaxkHOW OTpaciy JUisl aHajiu3a CTPYKTYphl MaTepHualia
CYIIECTBYET MHOKECTBO METOJOB, OJHHM M3 KOTOPBIX, €IIE Pa3BUBAIOIIMMCS,
ABIJIIETCSI KOMIIBIOTEPHOE MoJeaupoBaHue. OCHOBOMOJAralOIUM AJITOPUTMOM
TI000T0 MOJEIMPOBAHUS CTPYKTYpbl OyMa)KHOTO JIMCTa SIBISIETCSI MOBTOPSIO-
LIUMHCSA LUKJI U3 TPEX OCHOBHBIX IIAroB: I€HEpalrs OTAEJIBHOTO BOJOKHA, pas-
MEIICHUE BOJIOKHA B TIPOCTPAHCTBE MOJIEIH, U3TUO BOJOKHA OTHOCUTENIBHO TO-
IIOJIOTMM IOBEPXHOCTH. VITOrOM JaHHOTO MOJEIMPOBAHMS SIBISETCS TpPEXMeEp-
HBIW BBIYMCIIUTENBHBI UMUTATOP OYyMaKHON CTPYKTYPbI C BO3MOKHOCTBIO ITPO-
THO3UPOBAHMS CBOMCTB Oymaru. Jta MOJENb JA€T BO3MOXHOCTh CO34aTh BHUp-
TyaJIbHBIN 00pasell, KOTOPbI OyJeT HAMOMUHATh peanbHblil. Co3aaHHAs MOJIETh
HE MOJKET IOJHOCTBIO 3aMEHUTh 3KCIEPUMEHTAIbHYIO Pab0Ty, OJIHAKO BBIYHC-
JIMTEJBHOE MOJEIIMPOBAHUE, B 3aBUCUMOCTH OT €r0 COBEPIICHCTBA, MOKET CTaTh
METOJIOM JiJIsi OBICTPOM OLIEHKA ONPEEIIEHHBIX CBOMCTB IOJYyYEHHOTIO JINCTA U
UCTIOJIb30BaHUs 3TOM MH(OPMALIUU AJIsl PEryIMPOBAHUS T€X WIM MHBIX KayeCTB
OyMmaru, Ha KOTOpbIE HalpaBjIeHO MojenrpoBanue. Panee [1,2] ObutH MOTy4YEHBI
AITOPUTMBI CO3/IAHMS MaTEMATHYECKUX MOJIEIIEH OTACIIBHBIX LEIUIIOJIO3HBIX BO-
JIOKOH M OyMaXHOrO JMcTa B LeIoM. Llenbio 1aHHOM paboThl ABIIETCSA ONMMCA-
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HUE TIPHUKJIAJTHOTO MPOTPAMMHOTO OOECIeUeHHUs sl TIOCTPOCHHSI KOMITBIOTEP-
HOM Mozenu faedopMHUpoBaHUs OyMa)KHOTO JIMCTa HA OCHOBAHUM MH(POPMAILINH
00 M3MEHEHHH CTPYKTYPHO-MOP(DOIOTUYECKUX XAPAKTEPUCTUK IEIUTIOJIO3HBIX
1oTy(haOpUKaTOB C PAa3IMYHBIM COJIEP)KaHUEM JINTHUHA B TIPOIIECCE pa3Modia.

Jlist obecniedeHusi COOTBETCTBHSI MOJCIMPOBAHUS OyMaKHOTO ITOJIOTHA
peaTpbHBIM O00BEKTaM, ObBUTH M3YyYEeHBI CBOWCTBA IIECTH PA3JIMYHBIX BUIOB IICI]I-
JIIOJIO3bI: HeOesieHass XBOWHAasi cO CTeNeHblo jaenurHudukanuu 25,4 u 51,9 en.
Kanma; HeGenenass mucTBeHHasi co creneHbo Aenuraudukamuu 14,1 u 118 en.
Kanma; a Takxke OeneHast TMCTBEHHAs: U XBOMHas 1euitono3a. C npuMeHeHHeEM
BEPOSITHOCTHO-CTATHUYECKUX METOOB ISl KQXKIOTO BHIA IEJUTFOJIO3bI OBLIH 00-
paboTaHbl OOIIMPHBIE MACCUBBI JAHHBIX MX TF€OMETPUUYECKHUX XapaKTEPUCTHK,
IIOJIYYEHHBIX Ha aBTOMaTH4eckoM aHaimsarope L&W Fiber Tester!. B pesyinn-
Tare OBLJIO YCTAHOBJIEHO, YTO JJIsl IUPHUHBI (b) 1 niuHbl (/) BOJIOKHA JIaHHBIC HE
MPOTUBOPEYAT THIOTE3C O MPUHAIICKHOCTH BBIOOPKH K JOTapUPMUIECKOMY
HOPMAaJIBLHOMY PacCIpeeICHUIO ¢ TapaMeTpaMHu L U G, a JIaHHbIC JJIs1 KPUBU3HBI
BOJIOKHA — SKCIIOHEHIIHAJIbBHOMY pachpeaesieHuto ¢ mapametpoM A [3,4]. Takum
o0pasoM, ISl KaX10ro noiygadpukaTa Mpu YEThIpeX Pa3IudHbIX CTENEHSX I0-
MOJIa OBUTH TIOJTYYEHBI TTapaMETPhI PACTIPECICHIS, KOTOPBIC MO3BOJISIOT MOy~
YUTHh BBIOOPKH BOJIOKOH C 3aJIaHHOM JITMHOM, IIUPUHON U KPUBU3HOW MpaKTHUE-
CKH IIpH JIFOOOW CTENIEHN MEXaHUYECKOTO BO3/IEHCTBHS.

[To pa3paboTanHOMY paHee alroputTMmy [S] mIpu MOJETUPOBAHUM OTIEIb-
HOTO BOJIOKHA MpOTrpaMMa COTJIACHO MOJYYEHHBIM I KaKJ10ro o0Opasiia napa-
METpaM paclpe/iesICHUs] U 3aJITaHHOW MO0JIb30BaTENIeM CTEIEHH MOMOJIa Paccyu-
THIBACT JIJIMHY, IIUPUHY U KPUBHU3HY BOJOKOH. Ha OCHOBE MOJy4eHHBIX 3HAYeE-
HUW MPOUCXOJIUTCS pACUYET KOOPAUHAT OCHOBHBIX UETHIPEX OMPEAECIAIOIMIMNX TO-
yek KpuBoi besbe (mapamerpuueckas kpuBasi, Hanbosee Onu3Kas K peaabHOM
TPAEKTOPUH BOJIOKHA), KOTOPBIE UCTIOIb3YIOTCS ISl BBIYMCICHUS] KO PUIneH-
TOB TIapaMeTpudeckoro ypaBHeHHs. [locne momydeHHbIe KOA(PGUIIUESHTHI MO/I-
CTaBJIIIOTCS B YPABHEHHE KPUBOU U BBITIOJIHSIETCSI IOCTPOEHUE TPACKTOPUU BUP-
TyaJbHOTO BOJIOKHA.

Jlanee mpoU3BOAUTCA MOJEIMPOBAHUE IONEPEYHOIO CEUYEHHS] BOJIOKHA.
Hcxonst n3 MOpQoIoTHIecKoro CTPOSHUS 1EJUTFOIO3HOE BOJIOKHO MOKHO TIPE/I-
CTaBUTh B BHUJEC IWJIMHApPA C MPOJIOJIBHBIM OTBEPCTHUEM, MOMEPEUHOE CEUCHHE
KOTOPOT0 TakK)Xe MPEACTAaBISET JJUIMIC, B CBSI3M C ATUM JJII MOJICTUPOBAHUS
MOTIEPEYHOT0 CEYEHHUsI BOJIOKHA HEOOXOJUMO MPOU3BOAUTH MOCTPOEHHUE JBYX
MOJI0OHBIX MHOTOYT'OJBHUKOB, TOYKH, OJHOTO U3 KOTOPBIX, OyIyT SIBIATHCS
TOYKAaMH JJIsl BHEIIHEH CTEHKU BOJIOKHA, & TOYKH APYroro — Jijisi BHYTPEHHEH.
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MOI[GJ'H/IpOBaHI/IC IOMNEpPEYHOTI0 CCUCHUS OCYHICCTBIIACTCS 1O IMApaMCTPHUUICCKO-
MY YPAaBHCHHIO 3JIJIMIICA, LICHTPBI KOTOPLIX IIPCACTABIIAIOT OCHOBHBLIC TOYKH
TPAaCKTOPHUH BOJIOKHA.

3aBepH_IaIOHII/IM 9TaIIoOM IMOCTPOCHHA BOJIOKHA ABJIACTCA CO3MAHHC ITPSAMO-
YTOJIbHBIX IMOJIMTOHOB COCAMHCHHUECM COOTBCTCTBYIOIINX TOYCK BCCX IMOCTPOCH-
HBIX MHOT'OYI'OJIbHUKOB. P C3yJIbTaT MOACIIMPOBAHUA CAMHUYIHOIO LCJIIFOJIO3HO-
'O BOJIOKHA IIPEACTABJICH HA PHUC. 1.

Puc. 1. Monenb TpeXMEpHOTO MEJITI0JI03HOTO BOJIOKHA M3 JTUCTBEHHOU HEIIITIOIO3bI C
HEOOIBIITNM KOJIUYIECTBOM ocTaTogHOTO JurHUHA ([ = 0,82 MM, b = 35,7 MKM,

£=89 %)

Jlsist pelieHus cienyroniel 3a1adnl — CO3JaHus TPEXMEPHOU Mojienun Oy-
Ma)KHOTO JiCcTa B pa3padoranHoM [1O mMmeercs nBa BhIOMpaeMbIX MOJIb30BaTE-
JIeM BapuaHTa TeHepalluy TaHHOW MOJIEJH: 10 KOJWYECTBY BOJIOKOH WJIH TI0 Be-
cy noxydaemoro jucta. [Ipu BeiOope mepBoro BapuanTa (3aJaHuM 7-TO KOJIHYe-
CTBa BOJIOKOH) TIPOU3BOIUTCS TTOOYEPETHOE MOACIUPOBAHUE BOJIOKOH OT 1 110 7
U UX pa3MelIeHHe CIy4allHbIM 00pa30M Ha POBHOM MOBEPXHOCTH, IUIONIA/Ib KO-
TOpOM 3a/1aeTcs T0Ib30BaTeNeM, HO He mpesbimaer 10 cm?. B ciydae BTOporo
BapuaHTa TeHepaIus BOJIOKOH MPOUCXOIUT JI0 TEX IMOp, TOKa He OyaeT JOCTHUT-
HyTa 3a1aHHas Macca | M? mucra. [ 9TOro mpu MoJAeIMpOBaHUH KaXkI0ro BO-
JIOKHA MTPOU3BOAMUTCS PacUET €ro Macchl B rpaMMax M €ro CyMMHUPOBaHHUE K 3Ha-
YeHHIO 0011Iel MacChl BCEX BOJIOKOH, KOTOPast MOCJIE 3TOr0 JEIUTCS Ha TUIONIa1b
3aJIaHHOMN TTOBEPXHOCTH JIJIST YKJIAIKH.

VYknangka sBisieTcss HanboJee CI0KHOW U Tpedyrome 00bmoro oobema
BBIYHCIICHUN OTepaliield B CO3IaHUN MOJICTTH OyMa)KHOTO JIMCTAa U MPOU3BOIUT-
Csl B HECKOJIbKO OCHOBHBIX 3TaroB. Ha mepBom sTarie mpoucxoauT pa3OueHue
BCEH MOBEPXHOCTU HA AUCKPETHYIO CETKy Todek, pazmepamu 20002000, mpu-
YeM HM3HAYAIBHO KaKJIOW TOYKE CETKH MPUCBAMBACTCS HYyJIEBas z-KOOpJIWHATA.
Jlanee MpoUCXOAMUT TeHEPALMs BOJIOKHA CO CIIyYailHbIM pacnpeeseHueM Koop-
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IUHAT (X,y) €ro LEHTPAa U PaACIOJ0KEHUEM Ha OIMpPEACICHHOM PACCTOSHUU OT
MoBepXHOCTH. TakuMm 00pa3oM, KaxkJas TOYKa BOJIOKHA IOJy4YaeT OIpeiciicH-
HBIE X,),Z-KOOPJMHATHI B KaXKJ0M TOYKE TUCKpPETHOW ceTku. Ha 3aBepiuaromiem
JTare MPOUCXOAUT MPUOABICHHE PACCUYMTAHHBIX KOOPAMHAT MOICINPYEMOTO BO-
JIOKHA K KOOPJIMHATaM MOBEPXHOCTH C YYETOM €€ TOMOJOTUH U THOKOCTH CaMOTo
BOJIOKHA.

o
Puc. 2. TpexmepHbie MoeIH OYMaKHOTO JIMCTa U3 XBOWHOM OCICHON 1EITI0I03bI
npu crenenu nomozna 30 °IP: a — 100 Bonokon; 6 — 1000 BonokoH

B mpornecce MonenupoBaHusi, BOJOKHAa (OPMUPYIOT MIEPOXOBATYIO TO-
BEPXHOCTh, 00Pa3yIOILyI0 pa3BUBAIOLIyIOCs ceTKy. CTeneHb, ¢ KOTOPOM BOJIOK-
Ha M3rM0aloTCs B z-HAMPaBJICHUU 110 3TOM MOBEPXHOCTH OMPEIEISIETCS MpuMe-
HEHUEM aJropuTMa «katsuierocs mapa» [1]. MU3rub BonokHa mpu ero ykiaJke
Ha yXe c(hOpPMHUPOBAHHYIO MOBEPXHOCTh HAIPSIMYIO 3aBUCUT OT «pajauhyca Iia-
pa», BEIMYMHA KOTOPOrO HANpPsIMYIO CBS3aHA C IUIOTHOCTBIO JHMCTA, COOTBET-
CTBYIOLIEH CTENEHU MOMOJIA, 3aJJaHHOM Moyb3oBareneM. Ha puc. 2 npuBeneHsl
pe3ynbTaThl MOJEIUPOBAHNS OYMa)KHOTO JIMCTA U3 XBOMHON OEIEHON LEIUT0I0-
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361 Ha MOBEPXHOCTH IUIOIIaApio 1 cM? npu crenenu nomona 30 °IIP u usmens-
IOIEMCS KOJIMYECTBE BOJIOKOH.

Ha puc. 3 noka3aH BHJ CBEpXY TPEXMEPHBIX MOJECIIEH IIPU TEX KE YCIO-
BHSIX, HO TENEPh NP M3MEHSAIOMIEMCS 3HAYEHHU Macchl 1 M? 00pas3IoB.

m———

a 9]

Puc. 3. TpexmepHbie MojieId OyMaKHOTO JINCTAa U3 XBOWHOM OelIeHON LEJUTI0I03bI pU
crenenu nomouia 30 °IIP: a — 30 r/m?; 6 — 75 t/M?

Taxum oOpazom, ykiaablBas Ipyr Ha Apyra BOJIOKHA, Mbl MOJIy4aeMm 3-X
MEpHBIA MacCUB JAaHHBIX, KOTOPBIN MO3BOJIIET OJHO3HAYHO CYAMTH O KOJIMYE-
CTBE LIEJUIIOJIO3HBIX BOJOKOH B pacCMaTPUBAEMOM 00JIACTH MPOCTPAHCTBA U KO-
JIMYECTBE ITyCTOT MEXAY HUMH. [Ipy 3a1aHNM TOCTOSTHHOTO YMClla CETMEHTOB B
K2)KJIOM BOJIOKHE 3TO IO3BOJIIET ITPOCUUTATh KOJIMYECTBO TOYEK IEPECCUECHHUS
CETMEHTOB BOJIOKOH U BBIYMCIUTH CBOWCTBA MOJEIUPYEMOro OyMa)KHOTO IO-
n0THa. OCHOBHBIE IApPAMETPBI MOJEIHM BBIYUCISIOTCS AaBTOMAaTUYECKH U BBIBO-
JATCs cpasy MOCIe ee reHepanuu. Paccuntannble mapameTpsl 1 IPUMEPOB Ha
puc. 2 u 3 npeacrasiaeHsl B Ta0. 1.

Tabnuna 1 — OcHoBHBIE (hH3HUECKHE TapaMeTPhl MOJYUYEHHBIX MOJeIen

Howmep pucynka ¢ mpumepom mMojienu
Hapamerp Puc.2,a | Puc.2,6 Puc. 3, a Puc. 3,6

VY nenbHbIH Bec, r/M? 1,95 19,00 30,01 74,74
KonndecTBO BOJIOKOH, IIT. 100 1000 1564 3863
TonmuHa MOAEIIN, MKM 31,9 43,5 50,2 101,1
Kaskymascs mioTHOCTS, T/cM’ 0,06 0,43 0,59 0,74
Macca Moaenu, Mr 0,2 2,2 3,1 7,2

Cpenssis IJIMHA BOJIOKOH, MM 1,78 1,80 1,82 1,84
Cpenussi muprHa BOJOKOH, MKM 34,2 33,6 33,5 33,5
Cpennuii paxtop dhopmsl, % 87,9 87,3 87,1 87,6
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[Torygaembie 3HaUeHUsI ATUX (Ta0. 1) M IPYruX pacCUYNUTHIBAEMBIX Tapa-
METPOB IMO3BOJISIIOT BBIMIOJIHUTH TPOTHO3UPOBAHUE BEJIMYUH XAPAKTEPUCTHUK Jie-
(GOpMAaTUBHOCTH U MPOYHOCTU MPHU PACTSHKEHUM NI 00pa3loB MPU Pa3IUYHOM
CTeTNeHH TOMOJIa. J[J1s1 BBIMOMHEHHs] 3TOU LIETU MOXKET ObITh MPUMEHEH (EeHO-
MEHOJIOTHYECKUH MTOAX0/ [6], 1 HA OCHOBE MOJENH CTaHIaPTHOTO BA3KOYIIPYTO-
ro TejJa HCHOJb3YETCAd YpAaBHEHHUE, OIHCHIBAIOIIEE KPHUBYIO «HAIPSKEHUE-
nedopmaliisy, SBISIONIYIOCS OCHOBHBIM HHJIMKATOPOM CTPYKTYPHI LEJITIOI03-
HO-OymMakHbIX MaTepuanoB. KoadduimenTsl moiyyaemMoro ypaBHEeHUS! BbIYHUC-
JSI0TCS N0 YPAaBHEHMSIM PErpecCUH, HCHOJB3YIOIIME pacUETHbIE HapameTpbl
TPEXMEPHON MOJEIN OYMa)KHOTO JTUCTA.

Takum o0pa3om, pa3paOOTaHHBIM KOMIBIOTEPHBI UMUTATOP IO3BOJISET
OIICHUTh HE TOJBKO CTPYKTYPY, HO U OCHOBHBIE J1€(OPMAIIMOHHO-IPOYHOCTHBIE
CBOMCTBa MOJy4Yae€MbIX MOJIENICH MPHU JIOOBIX CTEMEHSIX MOMOJa, 3aJaBaeMbIX
M10JIb30BATEJIEM.

'Paboma evinonnena 6 unnosayuonno-mexnonocuueckom yenmpe « Coepemenubie mexmono2uil
nepepadbomru ouopecypcos Cesepay (Ceseprviil (Apkmuueckuil) ghedepanvHulil YHUGEPCUMEen UMeHU
M.B. Jlomonocosa) npu ¢punarcosoti noooepaicke Munobpuayxu Poccuuy
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