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BusienieHHs ma gudaneHHs niyxHoi nidowesu € saxnugoro 3adayero. CyyacHi 6e3KOHMaKkmHi npucmpoi 0515 8USBIEHHS Nily-

XHOT nidoweu He suKkopucmosyrmscsi bazambMa a2po8UPObHUKaMU Yepe3s iX 8UCOKY 8apmicmb, a po3pobka H08020 binbw Oeule-
8020 CKaHepa 0acmb MOXugicmb HegenukuM 2ocnodapcmeam Aocnidxyeamu ywinbHEHHs FpyHMYy ma exusamu HeobXidHuX 3axo-
Qig dnis lio2o posnywysarHs. Ocobnusicmio npucmporo, KUl Mu po3pobrisieMo, € me, wo Uo2o poboquli opeaH (Ouck abo cpepa)
NPOHUKaE 8 rpyHm Ha HesesuKy 2nubuHy. Memoro 0aHo20 00CTIOXKEHHS € 8 pamMKax 8UKOPUCMaHOi MOeTi 8 A3KONPYXHO20 Wapy
ompumamu cusiosi KoeiyieHmu 8niugy Ha uumiHop, wo 3abeznedyroms (020 PiBHOMIPHE KOYEHHS NPU NPOHUKHEHHI 8 HEYWiNbHE-
HUU 8’a3konpyxHul wap rpyHmy. Y yit pobomi supityembcsi 3adada KoYeHHs1 abCOMOMHO XOPCMK020 YUniHOpa no 8’a3konpyx-
HOMY Wwapy HeywinbHeHo20 rpyHmy, 34enneHomy 3 He0eghopMayiliHOK HanignIoWUHO, Wo iMimye nidowsy niyea, 3a HasgHoCMI
30H 34ensieHHs1 ma K0g83aHHS 8 30Hi KoHmakmy. [1pu chopmyniosaHHi 3adadi He 8paxo8yembcs nodamnugicms YuniHdpa i Hanienso-
WuHu, a 0ns onucy eracmusocmel wapy rpyHmy sukopucmogyemscsi MoOesb KenbgiHa, ska Mae 0OMEXeHy 8 A3KONPYXHY nos3y-
yicm.

Knroyoei cnoea: nnyxHa nigoLuBa, B'I3K0-NPYXHUIA LWap, Mogernb KenbaiHa, BiGHOCHE KOB3aHHS!, TEPTS KOUYEHHS.
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MocTaHoBka npobnemu. MnyxHa nigowsa — Le yLuji-
NbHEHWIA Wap Y FPYHTI, O BUHUKAE BHACAIAOK TUCKY MITOLLMHN
po6oyKx opraHiB IpyHTO0BPO6HMX 3HapsAb Npu poboTi Ha of-
HaKOBIi rMMOuHI. KynbTypu ayxe YyTnuBi 4O CTaHy IPYHTY, 30K-
pema [0 MOro LUiNbHOCTI. YILiNbHEHHS FPYHTY 3HUXYE AOr0 BO-
BOMOIMWHAHHS, NOTipLLye NOBITPOOBMIH, MOPYLLYE PICT KOpeHe-
BOI CMCTEMMW POCTWH, 3Binbluye HAaBaHTAXeEHHS Ha PYHTO0BPO-
OHi MaLLmHu, 36inbLUye BUTPATY Nanuea Ta 3HoC poboymx opra-
HIB, CKOPOYY€E TEPMIH CryOu 3Hapsab. TOMY BUSIBNIEHHS Ta BN
[arneHHs NigoLLBK Nyra € BaXNMBMM 3aBaaHHam [1, 2].

IcHye 6araTo pisHUX METOAIB BUSHAYEHHS TMOUHM Ni-
BOLLBM NAyra, NOYMHAIYM Bif PyYHOTO BUMIPIOBAHHS NEHETPO-
MeTpamu i 3akiHuytoun MOBINbHUMM CkaHepamu, siki BUMIpIOOTb
0e3KOHTaKTHO. AKTyarnbHIUM € NUTAHHS 3MEHLLEHHS cobiBapTo-
CTi BMKOHaHHSI OmepaLjil BU3HA4YeHHs TMMOVHM 3ansraHHs nimyx-
HOI NigOLBYM MO BCiil MNOLLi NONS.

AHani3 ocTaHHix gocnimkeHsb i nybnikauin. [ins sumi-
ptoBaHHS TBEPLOCTI IPYHTIB BUKOPUCTOBYHKOTL NEHETPOMETPY -
npunagm, NpusHadeHi Ans BBEAEHHS B IPYHT MeTanesux Tin

46

(nnyHxepiB) NeBHOI hopMU 3 MiHIMATNbHUM MOPYLUIEHHSIM CTPYK-
TYpu IpyHTY. MeHeTpomeTpu ByBatoTb AUHAMIMHUMK | CTaTIY-
HAMW. Y NEPLLIOMY 3 HUX NITYHXEP BBOAMTLCS B IPYHT 3a JOMO-
Moroto yaapy abo nagiHHs Taraps (acu). CtatuyHi neHeTpome-
Tp¥ BBOLATb MITYHXep Y IPYHT MOBIMBHO 1 NOCTYMOBO, YHUKaOUM
AVHaMiYHOro ecbekTy [2-4].

IcHye BenuyesHa KinbkicTb Npunagis Ans BUMIpOBaHHS
TBEPAOCTI rPYHTY. HannoLumpeHiwmmm 3 Hux € Teepaomipu [o-
psYkiHa, PeBsikiHa, BucoLbkoro Ta iH. 3aBasku CBOil NPOCTOTI
Ta HafinHoCTi, TBEpAOMip PeBsikiHa 0TpUMaB HambinbLuy nomy-
NAPHICTb.

Benuky kinekictb neHetpomeTpis (Kipive, KyHue, ®nope-
cky-LenniHrepa, 'eTke Ta iH.) BUKOPUCTOBYIOTLCA Takox y A0-
CRiaHMLLKIN npakTui kpaii CxigHoi €sponu. Ix BiaMiHHOK pu-
COI0 € BUKOPUCTaHHSI HE TifbKM MIOCKWX | KMMHOMOLIBHMX NyH-
XepiB, a v BaraTbox iHWMX Gopm. Lie po3Lwimproe MOXNMBOCTI
BWBYEHHS Pi3HUX TUMIB OMOpIB IPYHTIB. Lli neHeTpomeTpu AocTy-
MHi | NPOCTI Y BUKOPUCTaHHI. Ane BOHU He AaloTb MOXINBOCTI
OTPUMATM TOYHI AaHi NP0 TBEPZICTb IPYHTY Ha BENMKiN NIoLL.
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LLo6 oTpumatm BinbLLe faHuX, Kpalle BUKOPUCTOBYBATU MOGI-
NbHi Ha3eMHi ckaHepu. Hanpuknag, SoilXplorer — 6e3koHTaKT-
HWA JaTuMK 4ns kapTorpadyBaHHs Ta 3MiHu rnmbuHmn 0BpobiTky
FPYHTY 32 [ONOMOTOI0 ENEKTPOMArHITHUX CUTHanMIB 4115 BUMIpIO-
BaHHS NPOBIHOCTI IPYHTY. 3a Lji€lo 03HAKOK MOXHA BU3HAYUTU
30HU TUNY IPYHTY, BiAHOCHOI BOAHOCTI, @ TaKOX NIOLLi YLUinb-
HEHHsl. 3a JONOMOro YOTMPLOX MPUAMArBHIX KOTYLLOK 33
OfVH NPOXif «AOCTIIXKYIOTLCS» YOTUPK pisHUMX Wwapw Big 0-25
cM, 15-60 cm, 55-95 cm Ta 85-115 cm. Moro MoxHa ayxe
nerKko iHTerpysaTu B iHLWi poboui npouecy [4, 5].

Mw po3pobnsiemo binbLu AeleBy TEXHIYHY cucTemy Bi-
3HAYEHHS TMUBUHW NAYXHOT NIAOLIBM NOPIBHAHO 3 ICHYKYMMMU
CkaHepamw rpyHTy. Halwa TexHiuHa cuctema [Jo3BONNTb OTPH-
MyBaTW [aHi SIK Mig Yac BUKOHAHHS 0OpobiTKy rpyHTY, Tak i Ok-
pemo. Lli paHi moxHa 6yae BMKopucTOBYBaTH ANS ONTUMATb-
HOro ynpaBniHHs rnBokum 0BPOBITKOM FPYHTY.

MeTa pocnigxeHb — B pamkax BUKOPUCTaHOI MOAENI
B'A3KONPYXHOTO Lapy OTPUMATH CUMOBI KoediLjieHTy BNNuBY Ha
UMnivAap, Wwo 3abe3neyyioTb 10ro PiBHOMIPHE KOUYEHHS NMPY Npo-
HWKHEHHI B HEYLLINbHEHWI B'A3KONPYXHWUIA LWap FPYHTY.

PesynbTatn pocnimkeHb. Po3rnsHemo 3aBaaHHs B
MNOCKiA NOCTAHOBLIi ANS XOPCTKOro LMIiHAPa | OCHOBY, LLO
CKMaAaeTbCs 3 B'A3KONPYXHOIO HEeYLLNbHEHOTO Lapy rPYHTY TO-
BLLWHOIO h, 34ENMnEeHOro 3 XOPCTKOK HaNIBNMOLMHOK NYXHOI
nigowsw. LuniHap KOTUTLCS B OCHOBI 3 NOCTIHOI NiHIAHO0
LIBKAKICTIO V/ Ta BigNOBILHOK KYTOBOI LUBWUAKICTIO W 3 NPOKOB-
3YHHAM. J1iHis KOHTaKTY LmuniHapa Ta OCHOBU OMMUCYETHLCS (DYHK-

2
Uieto f(x)= —;—R , ie R - pagiyc umninapa. Hexait (X, y') -

Hepyxoma cucTeMa KoopamHaT, NoB'A3aHa 3 OCHOBOM, Ta (X, ) -
pyxoma, MoB's3aHa 3 UMMiHAPOM, L0 KOTUTbCS (puc. 1), Tak Lo

X' =x+V-t (1)

V'=y. (2)

Lnninap 3HaxoanTbea nig Aieto BepTMKanbHoi cunm P,
LLO Ai€ 32 HOpPManIo A0 NOBEPXHi IPYHTOBOTO B'A3KOMPYKHOMO
Lapy, i cunmn peakLii Py, CNpsAMOBaHOI i MPOTUNEXHO, @ TaKoX
TaHreHyjansHoi curv T i cunn onopy T+, WO Aie B NPOTUNEX-
HOMY HarnpsMKYy.

Puc. 1 — Cxema KoHTaKTy uuniHgpa (1) i B'A3KONPYXHOro rpyH-
TOBOrO LWapy (3), 34enneHoro 3 XOPCTKOK OCHOBO MAYXHOI Mi-
JoLwwBMK (2): a, b — koopanHaTh Mex obnacTi koHTakTy; M — py-
LUiAHANA MOMEHT

[ns onucy HopManbHOi Ta TaHreHLianbHOI NoaaTNMBo-
CTi HeYLLiNbHEHOTO IPYHTOBOIO LUApPy BUKOPUCTOBYETLCS MO-
Jenb KenbBiHa, ka € NoCnigoBHUM 3'€HAaHHSAM NPYXWHU Ta
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enemeHTy doitrra, Bonoailyn 06MeXeHo NoB3yuicTHO [6]:

R L (pur 2] .
o E, o

+7;'a_u:i'(p+Tg'2j; (4)
o E, o

Je Ui U— HopManbHe Ta TaHreHujanbHe nepeMilleHHs B'a3Kon-
pyHoro rpyHToBOroO Wwapy; Te, To—Yacw nicnagii Ta penakcavii
(y npuitHaTin Mogeni Yacy nicnsagii Ta penakcadii y pisHux Ha-
NpsIMKax BBaXatoTbCs OfHAKOBUMM); EL — TpUBanui Mogynb
MPYXHOCTI; p(X) — HOPMAasbHE HaMPYXeHHS; T(X) — TaHreHLjia-
NbHa Hanpyra Ha MIoLLi KOHTaKTy

Y pyxomiit cucTeMi KOOpAMHAT CiBBigHOLIEHHS (3) i (4)
HabyayTb BUrNSAY:

9+T£V§:i(p+7’g[/a_pj’ (5)

X 7 ox

u+T€V6_u:i(p+TgV6_Tj’ (6)
ox E, ox

B ymoBax TepTst KOUEHHS MNoLLa KOHTaKTY LpriHgpa Ta
OCHOBM x € (—a; b) Po3bUBAETLCA Ha 30HM 34enneHHs Qa i

npokoB3yBaHHs Qs [6]. Y nigobnacTi koB3aHHs abcontoTHe 3Ha-
YEHHS TaHrEHLINHOT Hanpyru NoB's3aHe 3 HOPMasbHOK Hanpy-
roto 3a 3akoHoM KynoHa — AMOHTOHa, a TaHreHLiiiHa Hanpyra
CrpsiMOBaHa NPOTUNEXHO LUIBUMAKOCTSM NPOKOB3YBaHHS:

7 (x) = 4 p(x), xeQ )

Y pasi NOBHOr0 KOB3aHHS PIBHICTb (7) BUKOHYETLCS MO
BCiit 0BnacTi KOHTaKTy LuniHapa Ta ocHoBu. Y nigobnacti 34en-
neHHs Qa PiBHI LWBMAKOCTI KOHTAKTYKOUMX TOYOK LuniHapa Ta
B'A3KOMPYXXHOrO LWapy. [Ans TaHreHuianbH1X 3CyBiB TOYOK LMiH-
Apa BUKOHYETHCA CiBBIOHOLWEHHS.

iz y=0, xeQy; (8)
dx
A:V—a)-l’i” ©)
Vv

Ae A - Benn4mHa BiGHOCHOTO NPOKOB3YBaHHS.
B 30Hi 3uenneHHs Qa Mae MicLie HEPIBHICTb:

|z’(x)|£y-p(x), xeQ, (10)

[Ins BCix TO4OK 0BMacTi KOHTaKTY BUKOHYETLCS CMiBBIA-
HOLLEHHS AN HOPMarbHUX NepeMiLLieHb:

2
9=d-——, xe(-a; b), (11)
2R
ae d — rmnbuHa 3aHypeHHs LumiHapa Y IpyHT.
CniBBigHoLeHHs (5)—-(9) BUKOPUCTOBYIOTLCA ANs po3pa-
XYHKY PO3MOZiny KOHTAKTHUX HOPMambHKUX Ta OTUYHWX Hanpyr B
06nacTi KOHTaKTY LniHApa 3 B'A3KONPYXHUM IPYHTOBUM LLIAPOM,
LLO NIEXWUTb Ha XXOPCTKINA HaMiBMAOLLWHI NITYXXHOI NiJOLLBMK.
Y NpuitHATIA Mogeni B'A3KOMPYXHOMO rpyHTOBOTO Luapy
HOpMarbHi Ta TaHreHuiamnbHi KOHTaKTHI Hanpyru He 3anexatb
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O[fiHe Bif OJHOTrO, TOMY NPOBEAEMO PO3PaXYHOK PO3NOAIMY KOH-
TaKTHOI HOPMAanbHOI HaMpyri Ha NOLLi KOHTaKTy okpemo. Baa-
KaeTbCs, WO LWMIHAP 3AINCHIOE YCTaneHWin piBHONEPEMIHHUIA

pyx, T0610 V=const, a=const, b=const i d=const. [MubuHa 3ans-
raHHs NNYXHOI NiAOLWBM BBAXAETLCS NOCTIMHOK h=const, iHakLe
cnig, roBOpUTI NP0 CEPeaHto No nomio rubuny h. 3i cniseigHo-
LweHb (4), (6) Ta (9) oTpumaemo:

(12)

—-ﬁ(x)H

), 1
Ox
da(x)

ox

T, -
EL

ATy

B (x)

d,B(x)

.{_

—B(x)=0;

X2
2-R
1
T -

1

J

B(x)

ln|ﬁ(x)|+ln|C]|:—

! X
R [em (.,

1
2~V2)]—d-T5 e

-

TV
1
TV

o

VxP 2TV x+2-T) -V3)]+

'X1+C;
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1

E, 17 .7

a(x):_TG-V'Z » -[((xz—z.TO.V.Hz.Tj-VZ))+(2.(x—T6-V))—z.d]+c;
! X
v, .
a(x)= E_1e L V-[xz—Z-TJ-V~x+2-T52-V2+2-x—2~TJ~V—2-d]+C;
T..Vh 2R
a(x)=—i-l-erﬂl’x-[x2-2-(T V1) x+2:(T, -V ~1)-T, -V -2-d]+C;
2R h g g g ’
E, 1 5
alx)=-3pe [ =2(1, ¥ =1)(x-T,-V)-2-d]+C;
_ﬁ.x EL 1 T l-V‘X ) _ﬁ.x
p(x)=a(x)-B(x)=-e" et »[x ~2:(T, -V =1)-(x~T, -¥)-2-d]-C-e " ;

1

X

p(x)z—i-—[xz—2-(T(,-V—1)-(x—TJ-V)—z-az]+c-éW .

Y CBO Yepry po3mnoAin NoBepXHEo KOHTaKTy HopMasib- Y HEYLLiNbHEHWI fPYHTOBWIA LWap, OTXe MatoTb MICLE PIBHSHHS
HWUX Hanpyr iHTerpanbHO YTBOPKE cuny P, WO BAABMIOE LMNIHAP | piBHOBarK — cyma NpoekLii ycix Cum Ha BepTUKanbHy BiCb:

b o
P+J[—i-—-[xz—z-(Ta-V—1)~(x—TG-V)—2-d]+C~eT“'V }dxzo;

b

3 2 .
P= il x——z-(Tg'V—l)~ x——Ta-V~x —2~d~x]+C-Tg-V~e LR :
2R h|3 2

-a

3 3 2 2 b L
_E -l.{b 4 oz, -V—1).(b 2.7 ~V-(b+a)j—2~d-(b+a)]+C~Ta ~V-[e R J
2-R h 3

KoHcTaHTa iHTerpyBaHHs BU3HAYaeTbCs 415 KOHKpeT- Lwapi, NOEgHaHOMY 3 XOPCTKOKO HaniBnmowwmHot. [ins onucy
HOTO FPYHTY 3a NEPeanuKoBUM 3Ha4YeHHAM P npu pocarHerHi d B'S3KONPYXHMX BNACTUBOCTEN LLAPY IPYHTY BUKOPUCTOBYETLCA
rMMBUHN 3ansiraHHs NAYXHOI MigoLwsm h. Mpunyckaemo Takox, mogenb KenbaiHa. [peactaBneHo MeToa po3paxyHky Hopmarb-
LLO NS HEB'A3KWX TPYHTIB JOMYCTUMO A71S MPaKTUYHMX po3paxy- | HOTO Ta HanpyXeHb 3CyBY Y 30Hi KOHTAKTY. [JocnigmkeHo po3no-
HKiB BBaXXaTn a=b. DN KOHTAKTHUX Hanpy»XeHb Ta 3aNeXHicTb koediljieHTa 34en-

BucHoBku. Po3rnsaHyTo 2D-koHTakTHY 3apady Ans Kop- | NeHHs Bif BiGHOCHOMO KOB3aHHS NS Pi3HUX 3HAYEHb Koediljie-
CTKOrO LMNiHAPA, L0 KOTUTHCS HA TOHKOMY B'SI3KONPYKHOMY HTa TEPTS KOB3aHHS Ta NapaMeTpiB B'A3KOCTI Lapy.
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Modeling the rolling of a rigid cylinder on the soil surface

Detection and removal of the plow sole is an important task. Modern contactless scanners are not available for most farms
due to the high price, and our device will allow small farms to investigate soil compaction and take the necessary measures to loosen
it. The peculiarity of the device we are developing is that its working body (disk or sphere) penetrates into the soil to a small depth.
The aim of this study is, within the framework of the used model of the viscoelastic layer, to obtain the force factors of the impact on
the cylinder, ensuring its uniform rolling when penetrating into the uncompacted viscoelastic soil layer. This work solves the problem
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of rolling an absolutely rigid cylinder on a viscoelastic layer of uncompacted soil, interlocked with a non-deformable half-plane that
simulates a plow sole, in the presence of adhesion and slippage zones in the contact area. When formulating the problem, the com-
pliance of the cylinder and half-plane is not taken into account, and to describe the properties of the soil layer, the Kelvin model is

used, which has a limited viscoelastic creep.
Key words: plow sole, viscoelastic layer, Kelvin model, relative slip, rolling friction.
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