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Comparison of the reliability of experimental methods for

determining the strength limit of prismatic samples of mining rocks

Mema. Po3pobka mamemamu4Hoi Moderi 0715 po3paxyHKy napamempie OiagpaM «HarpyxXeHHs1 — 0eghopmayisi» 8UCOKUX
pusMamuyYHUX 3pas3Kig 2ipCbKux rnopid i3 8UCOKUM KymoOM 8HympiuHb020 mepmsi 0118 OUiHKU IXHbOI MiuHOCMI ma xapa-
Kmepucmuk pylHysaHHsI ri0 HasaHmaxeHHsIM. Memodu. AHanimu4yHe MoOesno8aHHs NMpoyecy pylHysaHHSI 8UCOKUX
pusMamuy4HUx 3pa3kig 30ilicCHeHO 3 BUKOPUCMAaHHSAM €KCiepUMeHMaribHUX 3Ha4yeHb YOmupbOX XapakmepucmukK 2ipChb-
Kux ropid: Mexi MiyHocmi Ha 3cy8, KoegbiuieHmie 8HymMpiuWHb020 | KOHMAaKMHO20 Mepmsi, @ Makox MOOYIIsi [IPYXHOCMI.
Modenb epaxosye po3nodin HanpyxeHb i PpO38UMOK MPIiWUH, XxapakmepHux Or1s1 8UCOKUX 3paskie. Pesynbmamu. 3a-
rporoHogaHuli Memod O0380JISIE€ 8U3HAYamMu Mexy MiUHOCMI Mpu3MamuYyHUX 3paskKie 3anexHo 6i0 ixHboi sucomu. Busie-
JIeHO 2inepborniyHy 3anexHicmb MK 8UCOMOK 3pa3ka i 1020 Mexer MIUHOCMI, 30KpeMa, MoOBOEHHSI 8UCOMU 3pa3Kka
3HWXYE Uo20 MiyHicmb npubnusHo Ha 30 %. Memod makox onucye 6rnnue ymeopeHHs MpiujUuH Ha KOHMaKmHux noeep-
XHsIX Ha OeghopmauitiHi enacmusocmi 3pa3kis. Haykoea Hoeu3Ha. Briepwe po3pobrieHo mamemamu4yHy Modersb, sika
onucye mexaHiamu pyUHy8aHHs UCOKUX NPU3MamuYHUX 3pa3kig 2ipCbKuX Mopid, 8paxos8yroyu 8rug 8UCOKO20 Kyma 6Hy-
mpiwHb020 mepms. Modenb dae aHanimuyHe obrpyHmMyeaHHs 3HUXEHHST MIUHOCMI 3pa3Kig i3 pocmoMm ixHbOIi eucomu
ma nepepo3nodiny HarnpyxeHb. [pakmuyHe 3HaYeHHs. Po3pobrieHa Modesib Moxe 6ymu sukopucmaHa Orisi po3paxy-
HKY MexaHiYHUX rnapamempie 8UCOKUX Mpu3Mamu4yHUX 3pa3skig 2ipCbKux rnopid y eipHuyux nidnpuemcmeax. OmpumaHi
pe3ynbmamu Crpusitomb OUiHYi cmitikocmi 2ipcbKux nopid ma onmumisayii 2ipHudux pobim, 3abesneyyroyu ixHI0 eghek-
musHicmb ma 6e3rieKy.

Knroyoei cnoea: eipcbka nopoda; mexa MiyHocmi; pylHy8aHHs; mpiwuHa,; Oiaepama "Harpyea-0eghopmauis”.

Purpose. Development of a mathematical model for calculating the parameters of stress-strain diagrams of tall prismatic
rock samples with a high internal friction angle to evaluate their strength and destruction characteristics under load.
Methods. Analytical modeling of the destruction process of tall prismatic samples was conducted using experimental
values of four rock properties: shear strength limit, internal and contact friction coefficients, and elastic modulus. The
model accounts for stress distribution and crack development characteristic of tall samples. Results. The proposed
method allows determining the strength limit of prismatic samples depending on their height. A hyperbolic relationship
between sample height and strength limit was identified, demonstrating that doubling the sample height reduces its
strength by approximately 30%. The method also describes the influence of crack formation on the contact surfaces on
the deformation properties of the samples. Scientific novelty. For the first time, a mathematical model has been
developed to describe the destruction mechanisms of tall prismatic rock samples, taking into account the influence of a
high internal friction angle. The model provides an analytical basis for the reduction in sample strength with increasing
height and the redistribution of stresses. Practical significance. The developed model can be used to calculate the
mechanical parameters of tall prismatic rock samples in mining enterprises. The obtained results contribute to assessing
rock stability and optimizing mining operations, ensuring their efficiency and safety.

Keywords: rock; tensile strength; fracture; crack; stress-strain diagram.

1. Betyn
MexaHi4Hi BNacTMBOCTi FipCcbKUX nopia BU3Ha-
YaloThb iX onip PyWHYBaHHIO B NpoLeci BUAOOYTKY
KOPUCHUX KONMaJiMH i NPOXOAKU FiPpHU4YNX BUPOGOK.
Y konuwHbomy PapsHcbkomy Cotosi BUNpoGYBaHHS
3paskiB pernameHTyBanuca FOCTamum [1], aki 6a3yBa-
NNCA Ha CTUCKaHHI 3paskiB NpaBUIIbHOT reoMeTPUYHOT
dopmmu. MeToto Bcix FTOCTiB Npy MexaHiYHuX BUNpo-
OyBaHHAX MeTaniB, MPCbKMX NOpif i iHWKX MaTepianis
€ BCTaAHOBIEHHSI MOKa3HMKa TMYacoBOro Ornopy CTuc-
KaHHI0.
HocnigpkeHHa BNacTMBOCTEN MaTepianis npu cTuc-
KaHHi 30iNCHIOETLCS LUNAXOM BMNPODyBaHb 3paskis,
BMIOTOBIEHMX Yy ¢popMmi KybiB, npuam abo umniHApiIB,
BMCOTA SIKMX HE3HAYHO BIApPI3HAETLCA Bifg IXHIX none-
peuHnx po3amipis. FOCT [1] 3acTocoByeTbCA [OCI B
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KpaiHax konuwHboro PagsHcekoro Corosy, 3okpemMa B
YKkpaiHi. Y €Bponencbkux KpaiHax 3 MeTOH YCYHEHHS
BMMMBY KOHTAKTHOrO TEPTS Ha 3HAYEHHS MeXi MiLHOCTI
pPEKOMEHOOBAHO MpUMMAaTK CMIBBIAHOLEHHA BUCOTU
3paska [0 Moro AoBXunHM abo giameTpa piBHUM ABOM
(abo 6rm3bkMM [0 LbOoro 3Ha4YeHHs ) [2].

Y 3B’s3Ky 3 BCTYNoM YKpaiHu 0o €Bponencbkoro
Cotoay ii chaxiBusaM i3 MeXaHiKM MipCbKUX Nopig Lwe Ha-
nexuTb po3pobutn Hoei FTOCTK, HabnwkeHi 4O eBPO-
nencLKMX ctaHgapTie. [1poTe NoKW Wo HeACHO, HackKi-
NbKW 3a3HayeHe ChiBBiAHOLLEHHA BMNAMBAE Ha 3MEH-
LLIEHHS KOHTAKTHOTO TEPTH, @ OTXKe, | Ha 3HAaYEeHHS MeXi
MILHOCTI 3paska.

ABTOpM CTaTTi HA OCHOBI TEOPIT NiHI KOB3aHHSA Po-
3pobuNK gekinbka aHaniTUYHNX METOLIB PO3pPaxyHKy
MeX MILHOCTi Ta napameTpiB giarpam «HanpyXeHHs1 —
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aedopmadisy» ana npuamMaTUYHMUX 3paskiB i3 BUCOKMM
CTyMeHeM BiAnoBiAHOCTI eKcnepuMeHTanbHUM AaHuM,
LLIO 3aCTOCOBYIOTbCS A0 BigOMUX OOPM iX pyNHYBaHHS
npu 0gHOOCLOBOMY CTUCKaHHI 3a J1. |. BapoHom: yci-
YEHO-KNUHOBOI, MO30BXHbLOI, KNMMHOBOI Ta AiaroHanb-
HOT OOpM — i3 BUKOPUCTAHHAM EKCMOHEHLIMHOro 3a €.
M. YHkcoBum [3] po3nofiny KOHTaKkTHUX HOpMaribHUX
HanpyXeHb.

OpHieto 3 yMOB YTBOpPEHHS1 pOpM pynHYBaHHS 3pa-
3KiB ripCbKMX Nopig, € NepeTuH OfHI€El 3 NiHi KOB3aHHS
BepTUKanbHOI NiHil cumeTpil 3paska, Wo npu3BoanTb
00 YTBOPEHHSI KNMMHOBOI chopmu. 3po3ymino, wo 3i 36i-
NbLUEHHAM BUCOTU 3pa3ka MMOBIPHICTbL nepexoay YcCi-
YEHO-KITMHOBOI Ta NO3A0BXHLOI POPM Y KITMHOBY abo
AiaroHanbHy oopMu 3pocTac.

Kpim TOro, aHanitmyHi po3paxyHkoBi metogn AOo-
3BOMSAOTb BU3HAYUTL MEXY MILHOCTI 3pas3ka 3a Biacy-
THOCTi KOHT@KTHOrO TepTS, 3Ha4YEHHS AKOT MOXKHa Mopi-
BHATM 3 PO3PaxyHKOBUM 3HAYEHHAM MeXi MiLHOCTI
3paska BMCOTOH), LLIO NepEBMUILLYE BAOBIYI MOro nonepe-
YHUI po3mip. Ak posyMitoTb daxiBLi 3 MILHOCTI, came
MeXa MiLHOCTI ripCbKUX Nopig 3a BiACYTHOCTI KOHTaKT-
Horo TepTsa € TovHow. OgHak npy BUNPoGyBaHHi 3pas-
KiB HQ CTUCKaHHSA HEMOXITMBO MOBHICTIO YCYHYTU KOH-
TakTHe TepTsa MiXK 3paskoM i nnuTamu.

EkcnepumeHTaTOpM 3ayBaXkunu, WO 3i 30iMbLUeH-
HSIM BUCOTW 3paska Moro MiLHICTb 3HMXKY€eTbCS. MpoTe
HaCKINbKW Lie 3HWKEHHSA Habnmxkae ekcnepuMmeHTanbHi
JaHi A0 TOYHOrO 3HA4Y€eHHS MILHOCTI — HesicHo. Y
3B’513Ky 3 MM MW NOCTaBuIu nepeg cobor MeTy — po-
3poBUTK aHanNiTUMHUIA METOS PO3PaxyHKy MeX MiLHO-
CTi BUCOKMX 3PaskiB i NOPIBHATY iX i3 TaKUMM X 3HAYEH-
HAMW 4N 3paskiB NpaBuUibHOI reoMeTpii, TOBTO Konu
IXHS1 BUCOTa JOPIBHIOE JOBXUHI (LLUMPWUHI).

2.MeTopguka.

3a 3pa3ok KOHCTPYKLUIT Biapasy Bi3bMeMO KIMHOMO-
AiOHYy dopmy 3 i3MKO-MEXaHIYHUMK BNACTUBOCTSIMM
nopoau: kn=10 Mpa — miuHicTb Ha 3cyB; fc=0.3 — koe-
iLEHT KOHTaKTHOro TepTs; p= 39° — KyT BHyTpiLl-
Hboro TepTs; E= 5500 Mpa — moaynb npyxHocTi. Knu-
HoBa dhopma, Ha BiAMIHY Bif iHLLIMX YOTUPLOX HOPM
PYWNHYBaHHS, Mae TPIiLLMHY, siKa Npy pyrnHyBaHHI nepe-
TUHaE BepTVKarnbHy MiHil0 CUMETPIl i3 NPYMMKaHHAM
[0 TPILLMHM BiOKONOTOro TPUKYTHOIO pparMeHTa B Ko-
HTaKTHI obnacri.

3pobrmo NpunyLeHHs y npoueci aedopmy-
BaHHsA BigOyBaeTbCsl BMKpMBNEHHA dopmu Tina. Bu-
KpMBMEHHSA hopMUM NepepisiB BCepeaunHi 3paska ripcb-
KOI nopogu HexTyeTbcsl. [poTe B KyTOBMX 0OnacTsix
3pas3ka BpaxOBYETbCH MPaBWUIIO MAPHOCTI OOTUYHUX
Hanpy>keHb, OCKiflbK/ BHACNigoK AedopmyBaHHs 3pa-
30K HabyBae 6o4vkonogibHoi dpopmu. MNMpouec aedop-
MYBaHHS1 pO3rnsaeTbCs Y KOKHUIA MOMEHT Yacy, wob
oTpMMaTun pesynbTaTy, WO BiAMnoBigaTb YCbOMY ne-
piogy npouecy pyrnHyBaHHS.

LleHTp koopAnHaT po3TaLLOBYEMO Y BEPXHLOMY fi-
BOMY KyTi 3paska. Bicb yy cnpsiMoBYyeTbCA BHU3, TOOTO
B HaNPsAMKY Ail aKTUBHOI CUIK, a BiCb XX — Y3[0BX KO-
HTaKTHOI NIOLWMHKM 31iBa Hanpaso. Cunu TepTa cnpsi-
MOBYIOTbCSl MPOTU  MOMEepeYHoro AedopmMyBaHHS,
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TOGTO Bif KpaiB 3paska 40 BEPTUKANLHOI MIOLWUHN CU-
METpIi 3paska.

3rigHo 3 NpaBUNOM 3HakiB, AOTWMYHI HaMPY>XEHHs
Bi, TEPTS Y BEPXHIN NiBin 4YBepTi hirypn NpuimatoTsCs
[oaaTtHUMMK, Y NpaBivi — Big'€MHUMMW. Y HUXKHIX YUBEPTSX,
BIOMOBIOHO, HAMpPYXXEHHs1 MaloTb NPOTUNEXHI 3HAKK.
Mpunyckaemo, WO AOTUYHI HanpyXeHHs Big TepTH
B3[OBX BMCOTW 3paska 3aTyxatoTb 3a MiHINHMM 3aKo-
HOM. Y3[0BX FOPU30OHTanNbHOI NiHii CMMETPIi BOHW Ma-
0Tb HYMbOBI 3HAYEHHS.

3a €. I'. YHkcoBum [3], po3nogin HopMmarnbHUX CTu-
CKalouMX Hanpy>XeHb y340BX JOBXUHM J1iBOi MONOBUHM
3pasKa OnnCyeTbCS EKCMOHEHLINHUMU KPUBUMM 0, MO
OOBXWHI NiBOT NONOBUHM 3pa3ka ONUCYHTLCS EKCTIoHe-
HUiHUMK kpyBKUMU (puc.1)

0y, = Oy, exp (zfzx) (1

w=few(®F) @

Ta Mexa MiLHOCTI 3pa3ska
e (52)-1). @

Oe o vo — HOpMmarnbHa Hanpyra B KyTOBiW TOuL;

O'=O'y0

a1 i h — goBxuHa (LWKMpWHA) Ta BUCOTa 3paska Bigno-
BiOHO.

PucyHok 1 — emtopy KOHTaKTHUX HOPMarnbHUX Gy, Ha-
npyr 3a €.I. YHkcoBy

CnovaTky Hagamo onuc MeToay Po3paxyHKy npus-
MaTWUYHOro 3paska NpaBWUNbHOI reomeTpii, 3acHoBa-
HOro Ha Teopii KOB3aHHS. 3rigHO 3 TEOpIElo MiHil KOB-
3aHHS, TPILWWHN MOXYTb PO3BMBATUCH 3BEPXY BHU3 i
3HU3y Bropy. Posrnsag npouecy 3Bepxy BHM3 € GinbLu
TeopeTUyHMM. 3pOo3yMino, Lo Mpouec po3BUTKY Tpi-
LLMHKM NOYUHAETLCA Ha MiHii koB3aHHA (J1K) y Touui, e
NoTpibHEe HaNMeHLLE Hanpy)XeHHs Anst il yTBOPEHHS.

Mponoexyoun nonepeaHe AOCHIMHKEHHSA, npunyc-
TUMO, LLO PO3MNOAIN KOHTaKTHUX HOpManbHWUX Hanpy-
XeHb Mae BUMMSA, 300paxXeHnin Ha PUCYHKY, 3rigHO 3
€. . YHkcoBum [3]. YaBiMO, LLO TpilLIHA YTBOPKETLCA
B Touyui dd Ha npaBii NiHil KOB3aHHS &, ¥ NOEAHAHHI 3
JIC &, ...Buxoas4m 3 NiBOro HWXKHLOTO KyTa Ha BigKpU-
Tii NOBepxHi 3paska. Y npoueci pynHyBaHHS BigKpu-
TICTb MOBEPXHi Bigirpae Baxnusy ponb. B npuHumni,
3aBAaHHA MOXe BUPILLYyBaTUCS i 3 NMOYaTKOM PYNHY-
BaHHS B MiBil YacTuHi 3pa3ka. Obnasa po3B’aA3ku € pi-
BHOLIHHUMW, NPOTE CrnocTepiratoTbCa AesKi HECYTTEBI
BIAMIHHOCTI y 3Hakax napameTpiB niHii koB3aHHs (J1K).
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Tenep 06yMOBMMO YMOBW PO3BUTKY TPILLUH (pUc. 2)

a

Xy GJ' Xo

GJ'O,']:—-
il

a)- Ha MOMEHT nepeapyviHyBaHHsi; b) — B MOMEHT pOpMyBaHHS KITMHOMOAIOHOT CTOPOHY;
C) — B MOMEHT (POpMyBaHHS KNnHa; d) — y MOMEHT (DOPMYBaHHS KNMHOBUAHOI (hOpMM

PucyHok 2. — Cxema popmyBaHHS KIMMHOMNOAIGHOT (hopMmM NPU3MaTUYHOIO 3paska NpaBuIibHOT reoMeTpil no-

poan Npu NOro CTUCHEHHI

Y npoueci po3BUTKY TPILLMHN YacTUHA 3paska BU-
XOOUTb 3-MiJ HABaHTaXEHHS, L0 BU3HAYaeTbCA NPOE-
KLLiEt0 NOBEPXHi TPILLMHN HA FOPU3OHTAbHY MITOLLMHY.
3Hatoum Ha KOXXHOMY eTarni KoopAMHaTU BEPLUMHW Of-
Hiei abo ABOX TPILLMH, MOXXHaA BU3HAYMTUN HECYYY Yac-
TUHY 3paska. Lls yacTuHa gopiBHIOE nNovaTkoBin ogu-
HUYHIN OOBXWHI 3paska 3a BMpaxyBaHHsM Tiei yac-
TUHW, Ka BUIALLNA 3-NiJ HAaBaHTa)KEHHS.

YacTuHa OOWHWYHOI AOBXWHW, WO BuAWINa 3-Nif
HaBaHTaXXEHHs!, NErko BU3HAYaAETLCHA 3a FEOMETPIEI0
JIK. 3Hatoum rpaHnyHi cepefHi HaBaHTaXXeHHS Ha He-
Cydy YaCTMHy 3pa3ska, MOXHa 3a 3akoHOM [yka BM3Ha-
unTu BenuumnHy aedopmadii. OCKiNbKM Yy PO3rmsHy-
TOMYy BMMNaAKy TpillMHa pO3BMBAETLCHA 3a ABOMA pi3-
HAMK JIK &1 &  OBOX BepTMKanbHUX NOMOBUHOK 3pa-
3Ka crnpasa HaniBo, Po3nuLIEMO i YMOBU PO3BUTKY Ta

npu x= 0.5a7

2fc

3aKOHOMIPHOCTI MUTOMMX 3ycunb MNpu abcumcax x =
0.5a1 i x <0.5a1 B po3ginbHocTi. Bpaxyemo npwu
LbOMY, WO MpW pO3BUTKY MpPaBOi YaCTUHWU TPILLMHMK
niBa yactuHa 3paska Oyae nig MMTOMUM HaBaHTaXeH-
HSM

p=[""a,  ¢(x)dx/0.5a1, (5)

a npaBui — Nig, HAaBaHTAXKEHHSIM
p =" 0y, px)dxl(Xa + Xo), (6)

ae @(x) — ®PyHKuia HopmanbHOro 30inblEeHHS Ha-
npyrn Ha OAHIN HeHanpyXeHi KOHTaKTHIA MOBEPXHI
3paska; Xz=as-X.

Y posnogini HanpyxeHb no E. . YHkcoy Bupas (6)
Mae Burnag;

p = 0y, o= ((exp (52) = 1) + (exp (F=8522)) 1)) /(x, + x5 (7)

npu x< 0.5ay

= (e (5) 1)+ (oo () v 2 @

TyT cnig 3pobuTn 3acTepeXeHHsi NPo MO340BX-
HBOMY HOPMarbHOMY HaBaHTaXKeHHi 0y, B BEpLUNHE

TpewwHbl. HanpyeHHs g, 3 Hynem BiAHOCUTLCSA A0
uinoro 3paska. ¥ MOMEHT YTBOPEHHS TPILUMHUA MU 3a-
MIHIOEMO HYMbOBWIA CUMBOS Ha CMMBOS BiAnoBigHOMo
npenapary, o AKOMy po3BUBAETLCA TpilUMHA. K BU-
aHo 3 cdopmyn (7), (8), cnoyatky crig BU3HaA4MTU Be-
TNNYNHY BEPTUKASBHOIO HOPMaribHOro HaMpPYXXeHHS Oy
B KYTOBIW TOYLi, @ TOYHILLE Y BEPXHIN YaCTWHI TPILLIMHMN.

AcHo, Wo aHaniTu4Hi metoau matoTb Oa-
3yBaTUCS HA KpUTepii MILLHOCTI, AKUIA y HAaNBInbLUiA Mipi
onucye npouecu aedopmMyBaHHA Ta pyMHYBaHHS rip-
CbkMx nopig. Mu 6asyemocs Ha pi3HOBUAI KMACKUYHOI,
TPeTboi Teopil — Teopii MakcumanbHUX edEeKTUBHUX
OOTUYHUX HanpyXeHb — Teopii, 3aCHOBaHOI Ha kputepii
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miyHocTi KynoHa [3]. 3aBasikv gobpi 36KHOCTI Lboro
KpUTEpIt0 3 eKcrnepuMeHTanbHUMU AaHUMW, BiH LWK-
POKO 3aCTOCOBYETLCS B TEOPIT HAMPYXXEHOro CTaHy cu-
ny4yoro cepefoBuLLa, FPYHTIB | B MeXaHiLli ripCbKnx no-
pia [4—16].

3asHaummo, Wwo BiTYM3HAHA [5—11] Ta 3apybixHa
nitepaTtypa [12—16] noku WO He NPOMNOHYITL 3aranb-
HOBWU3HAHOro KpuTepito MiyHocTi. Kputepin KynoHa
ONS 3B’sI3HNX cepenoBuLl, 0a3yeTbCa Ha NPUMYLLEHHI,
LLIO onip nNopoan 3CyBY Ta Ha pO3rnsAyBaHi MAOLMHI
OOPIBHIOE CYMi Oropy YMCTOMY 3CyBY Kn,

(11)
(12)

|Tal = kn + pog
mnnm
kn = |Ta| — UOg,



ae k, — mexa onopy 3cyBy martepiany; J— koediui-
€HT BHYTPILUHLOIO TEPTS.

Mig uMm piBHSAHHAM cnig po3yMmiTu Tak: 36i1 He Bia-
OyoeTbecs, AKWO fiBa 4YacTMHa Oyae MeHwe npa.oi
(12). Kputepinn (12) obmexye Hanpyru 3cyBy 6yab-
SIKOro HanpsiMKy, TOMy MaeTbCa Npo abCcontoTHE 3Ha-
YEHHS T 3a UMM KpuTepieM My oTpumManu oopmynu

kn(1+sin p I—bf,r(l)2 >exp(2u(ﬁ§,r(l)+ﬁo(c)))

1

0. =~
Y s 1-sinp 1—b§(6)
(kn+uay)-(1—sinp 1-b%,( )

ne ko =

<1+sin p 1—b§,r(l))-exp(Zli(Zﬁo(C)))
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ONs1 po3paxyHKy BepTuKarbHMX HanpyXeHb Ha Bep-
LWKMHI TpimHK. OcTaTouHi OCHOBHI hOpMyNnun M HaBe-
nemo TyT, 6e3 BUCHOBKY. BOHM 3aCTOCOBHI ANst KOXXHOT
3 BigoMux n'at popm nepenomy 3 neBHUMU Moandi-
Kauismu. ®opMynu Ans BU3Ha4YEHHSA BENMUYNHU MaKCU-
MarbHOro MO3A0BXHBOr0 HOPMASIbHOIO HamnpyXXeHHS
Ha BEpLUUHI TPILLWHN BUrNSIAAI0Tb HACTYMHUM Y/HOM

o(o) | (13)

(14)

Ko(c)— €PEKTUBHE HaNpY>XeHHs1 3CyBY B TOYLi 0 YK Y Touui ¢ (puc.3);

Berqy

— kyT nosopoty JIC &' un JiIC gg'l Y BEPLUMHI TPILLUHM

. !/ . .
Po(e)— kyT noBopoTy JIC &', i ‘f ; B[l KOHTAKTHOrO TEPTA B TOYKaX 0 i C;

_ (1R,

LONE kn+uoy(x) ’
__ feoy(xe)
h ko(c)+1ay(¥o(e)’

gy (x) — dyHKUIA PO3MNOAINY HOPMArbHUX Hanpy-
XKEHb Ha KOHTAaKTHIN NOBEPXHi; Xoc) — abcuuca To4km
nepetuHy JIC 3 Biccto cMMeTpii B Touui 0 abo B TouLi ¢
MOro BUXif Ha NOBEPXHIO 3paska.

Y 3B'A3Kky 3 TUM, Lo B Touui d' (puc.3) edhekTBHa
OO0TUYHA Hanpyra gocsirae 3HayeHHs k, — Mexa onopy
MaTepiany 4O 3CYyBY, YTBOPHOETLCA TPiLLMHA, sika pos3-
BMBAETLCS MO TPAEKTOPII MakCUMarbHNX edPEKTUBHUX
[oTudHMX Hanpyr. Bupas (15) BpaxoBye niHinHe 3ra-
CaHHA HanpyxXeHb 3CyBY BHAacCMifOK 30BHILLHLOIO Te-
pPTS Npw iX BigAaneHHi Big KOHTAKTHOI NOBEPXHi Bigmno-
BiJHO OO0 BMpasy % [Ons BU3HA4YEeHHSA MOTOYHOro

3Ha4veHHs napameTpa by YcepeavHi maTepiany y Bep-
XHi YyacTuHi TpiwwmHu Ha J1C y hopmyni (15) nosHava-
€TbCsA POPMYIOH0 bg,m). Touka o anaJIC &' un Touka

¢ anaJIC &' e chikcoBaHnmn. Tomy BENUYMHA Hanpyrm
3CyBY BHacnifoK 30BHILUHLOrO TEPTS BPAaXOBYETHLCA
BENMUYMHOI0 abCLIMCU Xo HA BEPTUKAIbHIN OCi cCUMETPIl
i B TOYUi ¢ Mpu x=0i y = h. 3Hakn MiHyC i nntoc y Bupa-
3ax (15) i (16) BKa3ylOTb Ha Pi3HY POfb 30BHILUHLOIO
TEepTS B KOHTAKTHWX NIOLMUHAX.

MapameTtpu Bery i Bow) BU3HaAYaOTLCS 32 AONOMO-
roto PiBHSAHb

b,

bo(c)

b cos

1 &r P

Be . = -arctg— ) —, (17)
O sin p— 1_bf’r(l)

1 bo(c)cos p
ﬂo(c) =3 arctg ——,
sin p— 1—bg(c)

MonyTHO 3a3HauMMmo, Lo y opmynax (13) (14) na-
pameTpu b;,r(l), [S’,T(l) Y TOYKM FOPM3OHTAIbHOI NiHii CK-

MeTpii, a napameTpu b,, 5, B TOMKax Ha BepTUKarbHin
NiHiT cMMeTPiT MalTb HYNbOBI 3HAYEHHS.

(18)

(15)

(16)

|, Ha 3aKiH4YEeHHS, BiA3HA4YMMO, LLIO KyTn Haxuny JIC

&,.'i &' BU3HavaeTbCA 3a OpMYyo
3m
g ZT_§+ﬁf’r(l>’ (19)

Ak BugHO, cuctema piBHAHb (7-19) y ABHOMY BU-
rnagi Hepo3B'sa3Ha, OCKiNbKM YacTuHa bopMyn € Tpac-
OeTEeHTHUMWN. PilLeHHs PIBHAHHS BU3HAYEHHST MEXi Mi-
LHOCTi 3pasKiB Npu KNUHOBOI chopMi pyirHauii 3 gono-
MOrOH0 L€l CUCTEMM BUPOOSNOCS METOAOM iTepaLint.

Pe3ynbTaTtu gocnigxeHb

B pesynbTaTti gocnigpkeHb po3pobneHo aHanituy-
HUA MeToa NobydoBM YMOBHUX diarpam Hanpyra-no-
OOBXHSA Adedopmauiss npu KNMHOBOI OOPMi  pYyrHY-
BaHHSA MpCbKNX NOPi4 3 BUKOPUCTAHHAM YOTUPBLOX MO-
KasHukiB ix Bnactmsocten (ky, fe, M, E), moctynHi ans
€eKCMepUMEHTanbHOro BU3HAYeHHs B nabopartopisx
BMPOOHUYMX NIANPUEMCTB NMPOCTUMMU TEXHIYHUMK 3a-
cobamu.

BukopucToBytoum NUTOMI 3HaYEHHS 3HaYEeHb, OTPU-
MaHux 3 doopM (7) i (8), MoxxHa nobyaysaTu giarpamy
HanpyxeHb-aedopmadin (puc. 3, niHia 1). Onsa uboro
NoTpiGHO 3B'A3aTV 3HAYEHHSI MUTOMOI CUnK 3 aedop-
Maui€lo 3paska, LWo BU3HavYaeTbCca 3a GopMynoo
(20)

14
&= E'
ae E — mogynb npy>HOCTI .
Ane B npakTuui gedopmaldii Tin NPURHATO BUKOPU-
CTOBYBaTW YMOBHi diarpamMu 3 BigHOLUEHHSM 3MiHHOI
NroLi onopu B Mpoueci pynHyBaHHSA OO NOYaTKoBOI
OOVHWYHOI JOBXMHK 3paska, fka OnmucyeTbcsa hopmy-
noto
S= (x+Xo)/ay (21)
Ha puc. 3 npusegeHi giarpamu npu: kn=10 MPa,
p=39°; f.=0,27, E = 5500 MPa i piaHoi BUCOTW 3pa3Ka.
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1 — icTuHa giarpama; ymoBHi giarpamu npu: 2- yw=1.0a1; 3-ym = 1.1a1;

4- yn =1.6a1,5 - yu = 2.0a1

PucyHok 3 — [iarpamu HanpyxeHb-gedopmauin y KnmHonoAibHoMy BUIMsai pynHyBaHHS 3paska

MoMHOXUBLLM BENMYMHY AedhopmaLii 3a BUpa3om
(20) Ha BenuumHy BigHOCHOI Nnowwi S (21), oTpumaemo
3anexHiCTb MK napameTpamMmn yMOBHUKX diarpam «mno-
3[0BXHE HaNpPy>XeHHs1 — NO3A0BXHA AedopmaLlisi».

Ak B1aHo, cnctema piBHaHb (7-21) ABHO HEpO3B's-
3Ha, TaK K aesiki 3 opMyn € TpaHcaeTeHUiHUMK, Po-
3B'I3aHHS PIBHSAHb AN51 BU3HAY€HHS MILHOCTI Ha po3-
pYB 3pa3skiB 3a 4OMOMOrOH0 L€l CMCTEMM NPOBOAMIIOCH
METOZOM iTepaui. [ns uporo BUCOTY 3paska po3sai-
nunu Ha 18 — 20 psaiB | BU3HAYUIIM 41151 KOXKHOMO 3 HUX
3HaYeHHs Hanpyr oy BepLlunHa TpiwmHKU, NMTOMI cnnn
p, € Aecbopmallisi, 3arpaHUYHi Hanpyru o.

3 BWKOpPUCT@HHSAM OTpUMaHuX JaHux 6yayemo
KpuBY PYyMHYBaHHA 3paska npaBuSibHOI reomeTpii, 3a
MaKCUManbHUM 3HAYEHHSIM SIKOT BU3HAYaeTbCA Mexa
MiLHOCTi 3paska (puc. 3, kpmBa 2). [loci My onucanm
MeTOop Ta pe3ynbTaTh po3paxyHKy diarpam npusmaTtu-
YHOrO 3paska npaBwrbHOI reomeTpii. MakcumansHe
3HaYeHHs1 KpMBOI 2 cTaHOBUTL 76.4 MPa.

Tenep nepengemMo OO0 OCHOBHOMO MUTAHHS, BU-
3HaAYeHHs 3MIHM MeXi MIUHOCTI nopig Big BMCOTH

a b

‘:‘J'uzﬁL

.ﬂ'

t
|

3paska. TyT 3BepHEMO yBary uMtaya Ha Touky d’ 3apo-
PKEHHSA TpiwmH. KoopauHaTtu Uuiel TOYKM BU3Ha4a-
toTbcs BUMoroto Buxogy J1C & B kyToBiv Touui B. Lis
Touka € Hambinbw sigkputoto ans J1C §. 3i 36inbLuen-
HSIM BMCOTM 3paska 3MIHIOETLCS NONOXEHHS TOYKM Mne-
petuHy JIC 3 BepTukanbHOW MiHiED CUMETPIi 3paska
LLIOAO BEPXHBOI rOPM3OHTanNbHOI NIowmHK. BiactaHb
TOYKWN O Bifi HWXKHBOI MMOLLMHK 3anuLLIAETbCSA MOCTIn-
HOW. Takum YMHOM, y 3pasKy MPaBWUSIbHOI reoMeETpIl
npn p=39°; f. = 0,3 Touka d’ 3HaxoaMBCA Ha BiACTaHi
Bia npasoro kyta 0.495a1 (xo=0.495a1 B hopmynax (7)
n (8)). Y Mipy 30inbLUeHHs1 BUCOTU eK3eMnnsipa Xo
3MEHLIYETbCH | NPpW NEBHI BUCOTI BUBIpKa AOPIBHIOE
Hyrmo (puc. 4). Pospaxyemo Ha BUCOTi BMBIpku
ym=1.1a1. BigmMTuMm, 3Ha4YeHHs1 xo B [1pouec pospaxyHky
cnig nigbvpatn Takum YmHom, wob abcumca Toukm C
AopiBHIoBana Hynto. Tak Wo Ans uiei BUCOTU Xo AOPi-
BHtoe 0.355 a giarpama "Hanpyra — gedomiHauig" mae
Burnsaga (puc. 3, kpmsa 3). Ak 6aunTte, NNaBHICTb KPUBOT
nopyLUeHa Oc.

a)— Ha MOMEHT nNpeapynHyBaHHS; b) — B MOMEHT opMyBaHHS KNMHOMOZIGHOT CTOPOHU;

C) — B MOMEHT (popMyBaHHS KNUHA; d)

— Y MOMEHT pOpMyBaHHS KIMMHOBUAHOI (hOpMM

PucyHok 4 — Cxema chopMyBaHHsI KIMHOMNOAIGHOT chopMU BUCOKOTO NpM3MaTMYHOrO 3paska Nopoau Ans Aoro

CTUCHEHHS 3i 3MEHLLEHHSAM NapameTpa Xo
BuHuk 36poc HanpyXeHHs, nigTBepoKeHe ekcrne-

pUMeHTallbHUMN CNOCTEePEXEHHAMMN. Y MOMEHT CKu-
JaHHs 3'9BNAETbCA TakK 3BaHa 30Ha MIWMHHOCTI,
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dopMyBaHHA SKOT MU MOSICHIOEMO MEepexoaoMm npo-
Lecy 3rnoMy Big OMyKNOI MiHil KOB3aHHSA A0 YBIrHyTOl,
Wo dhopMye Ppi3HUIA XxapakTtep TpaHCLEHOEHTHUX



KpmBMX. Po3nomMu BUKNMKaHI ONyKMiCTIO nepLuol Tpi-
LUMHW, siKa TATHeTbCA A0 TUX Nip, MOKM BOHAa He nepe-
THE BepTuKarnbHy MiHito cumeTpii. Bei TpaHcUeHAeHTHI
KpVBi B yCiYEHOMY KITMHOMOAIOHOMY BUIMSgi 3pasko-
BOro 3MOMy MalTb HU3XIAHUIN XapakTep, SKUN pyrHy-
€TbCs onyknumn TpiwmnHamun. Kpmea Buxody 3a Mexi
nonsi Mae KpuBy 3aTBEPAiHHA, sika Lie He oTpumana
TEOPETMYHOro 06r'pyHTyBaHHS. MOACHIOEMO Lie ABuLLEe
nepexoaoM Npouecy pyrMHYyBaHHS B YBIrHYTY FiHilO KO-
B3aHHs, A1 K0T XapaKTepHa Taka ocobnMBICTb.
PospaxyHkn nokasyoTb, WO napameTp Xo AOopiB-
HIOE HYNIO MPY BUCOTI 3paska, Lo JopisHioe 1,6a1. Y
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LMX ymoBax fiarpama HanpyxeHb-gedopmadin mae
BUMNS4 puc. 3, kpuea 4. Tnowa «BpoXanHoCTi» 30i-
NbLUYETBHCA 3i 30iNbLUEHHSIM BUCOTU €K3eMnnisipa.
Tenep nepenigeMo o po3paxyHky, konm J1C & no-
LUMPHOETLCA Ha BiYHY NOBEPXHIO 3paska Npu Xo, OOpiB-
Htoe Hynto (puc. 5). Touka d' 3 W€l XX YMOBU 3HaXO-
aumo abcuucy Buxoay TPILLMHM B Touui €. Y nporpami
po3paxyHKy MOCNigOBHO BBOAUMO KOOPAUHATM TOYKU
d’. 3a CyKynHiCTIO po3paxyHKOBMX AaHnx byayemo Ai-
arpamu "Hanpyra - gecpopmauis” (puc. 3, kpmea 5)

a)- Ha MOMEHT nepeapynHyBaHHsI; b) — y MOMEHT YyTBOPEHHS CTOPOHU KITUHY;
C) — Y MOMEHT POpPMYBaHHs KnuHa,; d) — B MOMEHT (DOPMYBaHHS KNMHoMogioHoi chopmu

PucyHok 4 — Cxema dhopMyBaHHS KITMHOMNOAIOHOI hopMM BUCOKOIO NMPU3MaTMYHOro 3paska nopoau ans noro

CTUCHEHHS Ha no4vaTKy 3namyBaHHs 3 6iYHOI NOBEpPXHi

O6roBopeHHs pe3ynbTaTiB po3paxyHKiB.

Ak B1AHO, 3i 36iNbLUEHHAM BUCOTH 3pa3ka Mexa Mi-
LHOCTi 3pa3ka 3ameHLyeTbes. Lle BuaHo 3 aHanisy dia-
rpam, NpeactaBneHmx Ha puc. 3. MakcumarnbHi TOYKK
NO3aMeXHUX KPMBUKX Giarpam 3MEHLLYIOTbCH 3 KOXKHUM

o)

30iNblWIEHHAM BMCOTU BUBIPKN. TakMM YMHOM, Mexa
MiLHOCTIi 3pa3ka Ha po3puB 3HWXKyeTbed 3 67,0 MIMNa go
47,0 MMNa (puc. 5), npnbnnsHo Ha 30%. 3a 30BHILLHIM
BMIMSAOM KpYBa, NokasaHa Ha puc. 5 Haragye ekcne-
pVYMeHTarnbHy KpuBy, noka3aHy Ha puc.2.19 [2].

MPa

60\

N

40

1.0 12 14

16 1.8 hm

PucyHok 5 — 3anexHicTb MiLHOCTiI 3pa3ka Ha po3pwuB Bifg BUCOTU 3paska

PospaxyHok nokasye, wo 3 fe= 0, kn=10 MPa,
p=39°, E = 5500 MPa mexa MiLHOCTi 3pa3ka o gopi-
BHIOE 42,0 MIMa. Cnpobu 3HU3NUTN MEXY MILHOCTI 3pa-
3ka Ha po3pmB Ao piBHA 0 = 42,0 MIMNa wnaxom 36inb-
LUEHHS BUCOTU 3paska aHaniTM4HO He yBiHYanucs yc-
nixom. CnpaBa B TOMy, LLO B Mipy 36inbLUeHHS BUCOTU
eK3emnrisipa MM 3MEHLLYEMO KoeiLlieHT TepTs Ha Bep-
XHi MOMOBWHI 3pa3ka, a Ha HWXHIM BiH 3anuwaeTbes
HE3MiHHMM. TOMy MM BBa)Kaemo, LWO MNOBHICTHO

YCYHYTU KOHTaKTHE TepTd LUINAXOM 30inblUEHHS BU-
COoTHn 3pa:5|<iB eKkcnepmMeHTaribHO HEMOXITNBO.

BucHoBku

1. Po3pobneHo aHanitTMyHMn MeTon po3paxyHKy
MILIHOCTi 3pa3ka Ha po3puB 3anexHo Big BUCOTM 3pa-
3Ka 3 BUKOPUCTAHHAM YOTUPbOX MOKa3HUKIB (MiLHICTb
MaTepiany Ha 3cyB, koeilieHTN BHYTPILHbLOMO Ta KO-
HTaKTHOrO TepTs, MOAYSb MPYXXHOCTI) BIacTUBOCTEWN
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ripCbkUX Mopig, Lo 003BONsE BUABUTU (i3ndHi 0co6-
JNIMBOCTi PyMHYBaHHSI BUCOKUX 3pa3KiB.

2. MakcumarnbHi TOYKM BUXIOHUX KpUBMKX diarpam
3MEHLUYIOTLCS 3 KOXKHUM 30ifbLUEHHSIM BUCOTK BUOI-
pku. TakMuM YMHOM, MeXa MILHOCTI 3pa3ka Ha po3puB
npu fe= 0, kn=10 MPa, p=39°, E = 5500 MPa 3wmeH-
wyetbesa ¢ 67.0 MPa pno 47.0 MPa (puc. 5), npnbnusHo
Ha 30 %.

3. 36inbLleHHs BUCOTM 3paska 3 NMosABOK NepLuol
TPILLMHW CYNPOBOAXKYETLCA CKMAAHHAM 3anpenenbHoi
KpMBOI diarpam «HanpyxeHHs — gedopmauis», npu
LbOMY BENUYMHA CKMAAHHSA 3pocTae 3i 30iMbLUEHHAM

BMCOTK 3paska. CKnaaHHSA BUKIMKAHI ONyKIICTHO nep-
LLIOT TPILLUHW, Sika PO3BMBAETLCS A0 NEPETUHY HELO Be-
PTUKanbHOI NiHiT cumeTpil.

4. 3anpeaenbHa KprBa BKIOHMa€e KPpUBY 3MILIHEHHS,
SIka MOKW WO He oTpumara TeOPETUYHOro OBrpyHTY-
BaHHSI B MeXaHilji ripcbkux nopia. Lle sienwe mn nosic-
HIOEMO MEPEXOAOM NPOLECY PYWHYBaHHSA Ha BBIrHYTY
NiHil0 KOB3aHHS, AKa XapaKTepusyeTbCsl Takow Ocob-
NUBICTHO.

5. TOBHICTIO BUKMIOYMTU KOHTAKTHE TEPTS LUMSAXOM
30iMbLUEHHS] BUCOTM 3pa3sKiB eKCrepUMeEHTArNbHO He-
MOXINBO.
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