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2 META TA BHXUIHI JIAHI JLTA [TPOBEJJEHHA POBIT

06 eKT mocTiTKeH Npolles  pi3aHHA_ IPaHITHHY _ GOKIE,  ONPOMIHCHHX  MIKPOXBHIAMM, Ha
NAGOPATOPHOMY CTCHII JUTA RUMIPHIBAHHA CHIT PI3AHHA,
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Buxiani nani 10m nposeienun podorn _ NpOBCACHHA CKCICPHMEHTIE HA JOCOUIHHIEEOMY CTCHAI B
TY adpailbepabka MpHHEYa aKaTeMige
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SATAJIBHA XAPAKTEPHCTHEA POBOTH

AxTyaabHicTs TeMH. [lonur Ha Oeseubyxosl MeToAH pospodKl MILHHX TPCEKHX
nopij noctiiinoe spoctac. e ofyMoBICHO UUIHM pAAOM DPHYUHE, cepel SKHX € HACTYIIH:
IPOCTANYHIT THCK Ha TIpHUYOJ00VEHY TPOMMCIOBICTE T4 TOB'S3aHl 3 HEK Talysi
NPOMHCIOBOCTI OPraHiB BIadu Ta 3alikaBneHux cTopid. o Toro #, MexaHiMHI METOIH
poOIPODKH CKETRHHX TIPCEEWX TOPIL JEMOHCTPYIOTE PAI NEperar B NOPIBHAHHI 3
OYPOBIPHEHHM METOIOM.

BuropHcTaHHA BHOVXOBHX PedMOBHH CTBOPIOE P HeDesmedwnux (axTopis amd
HPALIEHHKIE, HABKOIHIIHEOID CEPEIOBHINE T4 CYMUKHMX TepuToplii. A came, BHKHIN
TOKCHYHHX TA31E, 3EMICTPYCH, BHCOKHH PIBEHE WIYMY, TOTIPHIEHHA CcTablneHOCTI
ripceknx  BHpoOok. Kpim Toro, Benwka wacTHHa BHIODYEHHX podiT BUIOYVRACTLCA B
NOMITHYHO HecTaDINBEHUX perioHax. Lle Moxe cnpHuWHHUTH npodneMu DeInexkH, Noe'g3aHl
3 NPHADAHHAM, TPAHCIOPTYBAHHAM Ta 30epiraHHAM BHOVXOBHX peqoBHH. binsw usoro,
HEBHOYXOR] METOIH MOKYTE DYTH BIPOBAAKEH] B METOIH po3podKH DelnepepeHOl i1, 1e
MO#E DYTH IHTETPOBAHO KPALLES B FIPHHU0-30arauvBailbHHE KOMILUICKC.

Came ToMY MEXAHIUHI METO/IH CTAKTE Bee OUILINe 1| DUILIIE IPHBADIMEHMH [1118
ripununx mianpueMcte. [IpoTe BOHM NOKATIVIOTE BHCOKHIT PIBCHE 3HOCY T4 HHIIKA
WBHAKICTE OPOCYBAHHA (QPOHTY podIT B IyKe TBEpIMX Ta adpa3sHBHUX Mopogax. ¥
BHITAIEY, AKIIO MalTHHH TIPpalBEaATH B TAKHX YMOBAX MOEYTE, MEXaAHIYHI METOIH IVEE
HErHYYKL Ta He MIAXOAATE 104 BHpoOHM4YHX onepauii. dna Toro, mwod 30iMemHTH
JMATazoH 3ACTOCYBAHHA MEXAHITHHX METOTIR, OJHAM 3  MOEITHBHX piIIIEHL £
MIKPOXBHILOBE BUNPOMIHKOBAHHA 118 SMCHINCHHA PISAIEHOT CTIKOCTI MPCEKOID MACHBY.
MIKPOXBHILOBE BHIPOMIHIORAHHA JOCHLEKYETECE Bxe nonan 70 poxie. B winul 1960-x
Pp. OyIa poIraaHyTa KOHIENINA BHEOPHCTAHHA MIKPOXBHAROEOT eneprll B maxTi, [IpoTe,
B KOHTEKCT] BHPODHHUTEA Da3a 3HaHE oOMexeHa, ToMy B LWIH podOTI aHAMIVCTECA epeKT
MIKPOXBH/ILOBOIO OHPOMIHCHHA WIOA0 [OKpALllcHHA C¢PCKTHBHOCTI pPI3aHHA, WO ©
AETYANEHOR HAVEOBORD 33 1a%EH.

Mera poboTH — JOCHIKCHHA SMCHIUCHHA CHIM PI3AHHS TPAHITHOIO 3paska,

NIJIEHOND MIKPOXBHILOBOMY ONPOMIHEHHK) 3 BAPIKBAHHAM TPHBANOCT] ONPOMIHCHHS,
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AnA  BH3IHAYEHHA eeKTHBHOCTI BIUIHEY MIKPOXBHIL Ha TOPOIY T4 MNOJaTbluoi

MOJAEPHIZAIIT Ta ABTOMATH3AIT MEXAHIMHHX cnocoDIB eKcTKABANLII,

lnesa podoTH MONArac v BHKOPHCTAHHI MIKPOXBHILOBOIO BHIPOMIHIOBAHHA 1114
HArpiBy MIHCPAILHHX BEIHUCHE 3 PISHHMH MOKA3HHMKAMH JICICKTPHUHOT NPOHMKHOCTI,
IO NTPHSEROIHTE JI0 BHHHEKHCHEA 1'|Ji[][lil[ 1 l‘.IEJIH.'EI'J]EIIE!'H CHREITLIOrG MacHBY,

Od'exT  aocaigkennb POLEC  PI3aHHA TPaHITHUX OUIOKIB, ONPOMIHEHHX
MIKPOXBHIAMH, HA NadOPATOPHOMY CTEHAI T8 BHMIPHOBAHHA CHIT PIZaHHA.

[Ipeamer mocaiT#ens — CHIM PI3aHHA v TPBOX HANPAMAX Ta iX BIUIHE HA [POLEC
eKCKaBaLi M Hac pizaHHa nopi.

Hﬂ.}'h‘.l'llﬂ'.’ FHAYMCHHSA pﬂﬁﬂ'l’ll IJiarae ¥ BE'['H.I'[IJB.IIL'-HHZi '.iEL'Il:II{\.'H{H.-".I'i CH pi::i-ﬂHHm_
HOCY PLEYYHOrO IHCTPYMCHTY, CHCPrOCHOMHBAHHA BII BIACTAHI MK pizaMH podoyoro
IHCTPYMEHTY  TIOPOIH, TNOraubiIeHH] B O0poay  Ta TPHBANICTE  MIKPOXBHILOROTD
OIPOMIHEHHA.

[MpakTu4He 3HAYCHHA Po0OTH NONATAE B Po3podLl perpeciiinux Moaeneii, mo
NO3BONATE BHIHAYHTH 3ANCHHICTE 3IYCHIL PIZAHHA BIA BIACTAHI MK pizaMH Ta
TPHBAIOCTT MIKPOXBHILOBOTO ONPOMIHEHHA; po3poDll Mal 3VCHIL Ta 3HAXOTHEHHA
ONTHMANEHUX NAPAMCTPIE PI3AHHA CKCILHUX MOPL,

Mertoan pocaipkens., [ supinenns chopMyILOBAHHX 33144 BHKOPHCTOBYBARCH
KoMIiekcHii  metod. Jlanmi MeTod MICTHTE! TeOpPeTHYHI JOCAUDKEHHA NpoLecy
CKCKABALIT CKENBHHX TPCEKHX MOPIL Ta BIUTHEY MIKPOXBHIE HA TPCEK] NOPOIH. METOIN
$IIHYHOTO MOJEMIOBaHHA, AKI BHKOPHCTOBYBAIMCA [PH pPOIPaxXVHEAX eKCKABOBAHOL
NOPOIH; METO] HAYKOBRO OOIPYHTORAHOT MOCTAHOBKH CKCOCPHMCHTY 3 BHKOPHCTAHHAM
Teopill  perpeciiHOore  aHamsy 1 MATeMATHYHOL  CTATUCTHEM,  CKCHCPUMCHTANBHI

JOCIIACHHS HPOLECY Pizanig FpatiTy, OnpoMIHEHOIO MIKPOXBHIAMH PL3HOT TPHBAIOCTI,



PEMEPAT

Y BeTYH 0OrpYHTOBAHO AKTYAIBHICTE TEMH MAriCTCPCLKOT podDOTH.

IMepwmii pozaia opucesdennil oraaIy Ta anamsy IPHHLHNE CKCKaBAaLll TRCPIHX
CKENBHMX mopi, Y  Heomy npuBeacHi  noHaTTds OazoBMX  (hiZHEO-MEXaHiuHNX
BIACTHBOCTEH Tipcekux nopia (Moayae HOHra, nmopHeTicTe, WIABHICTE, OJHOOCHOBA
MITIHICTE Ha CTHCK Ta iHJIeKc adpa3nRHOCTI), A TAKO® MOACHEHHA MapaMeTpiR pizanis Ta
X BOAHE HA cOCKTHBHICTE (IUBHAKICTE, TTHOHHA, BIACTAHE M pI3aMi Ta KYTH po0ov0ro
IHCTPYMENTY ).

HHE[:J'IEHU HPHEIAITH CKEKE‘IBHl[i.I- CKCIIBEHHX I'II'[.I-UI:.KH.K Ill.‘.lFl'i...'l_ '.iH.['EI_'ILI[l'!]l'[]-l-{]-‘il[ﬂ'l'I-{HH
METOMAMM E}]}DEE}]H’BI[Hﬁ' METOL, BHKODHCTAHITA T}"HE]’[CI‘I’DDKL‘IIIHI[LHH.‘-( MAITHH Ta
MPOXIIHHIEERX KomDaitms, Ha psity 3 nuMe npecTapien] HOBl TEXHOIOTIT MEXaniyHoTo
EHA0OODYTKY TBEPAMX MOPIL BHKOPHCTAHHA [OHUCKIE 10 TexHoaoril aundercuttings,
TYHENCPOIHPHOBANBHI  MAIIHHH,  AKTHBOBAHE/OCLIMTIOKYE  IHCKOBE  pi3aHHA,
BHKOpHCTAnd  wmim  jgckis, Texnomoris [CUTROC, ymapna mis, BHKOPHCTANHA
BHCOKOHANIPHHUX CTPYMCHIE BOAM ado nasepy T4 NIABCPHCHHA MIKPOXBIIHAM nonepes
CECKABAIT.

Vo posminl NpMBEACHT  OCHOBHI  NPHHUMOH T4 GOpMynHM, NOR s3adl 3
MIKPOXBHILOBHM  ONPOMIHEHHAM. Takom, OnNWcaHl ChOTOJASHHI  MOAIHBOCTI  Ta
BHKOPHCTAHHA MIKPOXBHIE Y TipHH4YIH copail. MikpoXBHILORE ONPOMIHEHHS Mae
BCAHKHI MOTEHLIAN 114 BUKOPHCTAHHA VY ripeeklii npoMucnoeocti. MikpoxeBHIT MOKYTH
BHKOPHCTOBYBATHCA MM 9AC POIMOPOKYBAHHA MEPIIHX TPYHTIB, pO3M'AKIIeHHA Mopii,
POIKNA PY/AH HA MIHEPAIH, BUTAr METANE 3 BIIXOJIE 1 UMY, U8 0opidHeHHS,
BHIYTOBYBAHH, MATHITHOTO NOJIUTY 1 BHCOKOTEMIICPATYPHOT CYIIKH,

CihopMyneoRang HAYKOBY 33729y, BHIHAYeHo O0'CKT 1 TpeaMer IocTTHeHE,
CEAAJIEHO METY H 3a1a4l J0CHKEHE.

Y o apyroMmy po3gidi onHCYIOTBCA METOLM  JOCHLIACHHA, 3ACTOCOBYBAHI 10
PE3VILTATIE BUNPOOYEAHE MPOIECY, | OTPHMAHHA peTpeciilHiy MoJeneii.

OCHOBHHM [PHHUMIOM PYHHYBAHHA TIPCBKHX IOPLL € HOJ0JAHHA 3B'M3KY MIK

UACTHHKAMM 08 AesiHTerpauii nopoau. Hanpyry, wo nepesdiyoTs MILHICTE MPCEKHX
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Mopia B MAacHBI, € OCHOBOKY MEXAHIMHOTO PYHHYBAHHA TIPCHKHX MOPIL, BOHH NMPH3IBOIATE
N0 BHHHKHEHHA Ta TOMHPEHHA TPIIHH, a TAKO# YTBOPEHHA CTPYHKH.
111 yac pi3aHHA HA PIKYYOMY IHCTPYMEHTI TIKOTE TpHBAMIpHI cuan Fy, K, F.
Pimyue aycunna F, BIIOVBAETECA MAPANENEHO HATIPAMKY pilaHHd, F, B OCHOBHOMY
ginoeiaae 3a gakrnuny  diparmenTaiino nopoad. Hopwmanesa cuna F, cnpamoBana
NEPHEHIHKYIAPHO TPAcKTOPIl pIZaHHA Ta YTPHMYE PLKYYHE IHCTPYMeHT B ckell. bokore
iyeunas F, Jie nepnenHKynapHo TPackTopii pisanns Ta yTpHMYE PUKYUHIl IHCTPYMEHT B

mai prianuda. [Tosna cuna Fpgpg Mo®e DYVTH BHIHAYEHA HACTYITHHM SHHOM:

FTumlz\(sz'l"F}F"'F;:E “]

Yo ubOoMY  HOCHUKEHH]  HAHOUIBIIME  IHTEPEC NPCACTABIAKTE CEPEAH] 1
MAKCHMAIEHL cHian (aD0 NMIKOBl), OCKUIBKH BOHH BHKOPHCTOBYHOTRCH U1 BHIHAYMCHHA
MAPAMETPIR EKCKARANHAOTD 0DMAHAHNS,

B AKOCTI MOMJIHBOIO METOLY AHAMIY NIKOBHX 3YCHIL OYJI0 NPHAHATO PILIEHHA
BHKOPHCTOBYBATH METO] MAKCHMYMIB 178 aHAM3y AaHWX. Y LBOMY METOdI B AKOCTI
AMILITITYL CHI BHOMPAIOTHC BUIMIHHOCTI MUK IHKAMH Opyap T CCPEIHIM SHAUCHHAM 0.
KpiM Toro, noBHHHI BPAXOBYBATHCH TUILKH T1 KK, W0 NEPERHIIYHTE CEPE/IHE SHAUCHHA,

VooMeTOHl MAKCHMYMIE HepeadavacTtees, 1o POSnoAlUT MIHIMYMIE 1 pO3IOILT
MAKCHMYMIE CHMeTpHYHI Wono 4. JlaHui MeTol MO%e BBARATHCA BIPHHM TiIBKH Y
BHIAAKY, AKMO 3700YTHIH MacHB JaHWX BUANOBIAAC HOPMATBHOMY 3aKOHY PO3MOILTY.
[lepesipka MacHBY Ha HOPMATRHHI 3aKOH POIMOBCHLKCHHA TPHEBEICHA Y JaHOMY
PO,

Ili1 wac npouecy plsaHHE BUICTCKYETBCH, BHMIPHETLCA 1 0DpodIseThed KlUlbKa
MAPAMETPIR, TAKMX AK CHOMKHBAHHA CHCPrii, 3HOC PODOMOTD IHCTPYMEHTY Ta PO3NoIi
YACTOK 32 PO3MipaMH.

B moTounii podoTi I0CTITHYVETECA MHTOME €HEPTOCTIORHBAHHA TIPOIIECY Pl3aHHA.
[TiToMe cnokuBaHHA cHeprii JOPIBHIOC KUIBKOCTI CHEPril, CHOMHBAHOT UM BHIODYTKY
kybiunoro Metpa nopoau. Hlod rsnavynT nuToMy eHepriio Eg, B nadopaTtopHoMy TECTI,

BHEOPHCTOBYBAIIOCE HACTYITHE Fl'i.EHH HHAH:



Eo— Le LR HHT'F{JII] 2)
3600 Vo, TR
ae L e — OBEHHA pizy [M]:
F cepeHe piAyde 3y oanoro pisy [kH];
Ve  — 00'em Buaodyroi nopoan ¥ F, [M7].
[Hma ropma CIOHKWBARNA EHEPrii, AKa Moke OVIH OIIHeHa, — 1€ eHeprid,
CHOAHBAHA MIKPOXBUIEOBOK YCTAHOBKOK (111 Y4C NPOLECY ONPOMIHCHHA.
Eie = E:[;P[; [kBT - roj) (3)
ae Ep, — eHEprid, Mo BATPAYacThCA Ha onpoMinennd, & cervuny [k/x/cl.

bamzeko B0% BeiX BlaMoB BHAODYBHHX MAlUMH BHKIMKAHI 3HOCOM J€TAIEH.
OcobiMBO IHTEHCHEHOMY CTHPAHHIO ILIAIOTECA podoul THCTPYMEHTH 008 1HAHHA.

Jleskl 3araneHl eferTd IHOCY IHCTPYMENTY BEIIOYAIOTE B cebe MIBHIIEH] 3YCHINS
pi3aHHA, MUIBHIIEH] TEMIEPATYPH Pl3aHHA 1 HoraHy odpoOKy nosepxul. Kpim Toro, ue
MOME MPUECCTH 10 3TaMy MALIMHH TA BHKIHKATH 3IMIHY eOMETPIl IHCTPYMEHTY.

[poayKTHRHICTE BHAOOYTEY | KOCMUIEHT 3IHOCY € OCHOBHHMH TeMamMH DaraTeox
aocnimaens. OJHAK 3HOC MOBHHHHI OVTH BpaxoBaHHM 1 aHamisyBaTHCA [ Hac
CHCICPUMCHTANBHOIO  aHamizy. TakuM UMHOM, 3HOC — UC [HTAHHE CHOMHBAHHA
MATEPITY, 8 TAKOW BLAIHBHH NOKa3IHHK NPOBCICHHA MPCEKHX TOPIL.

V' ouLoMy  J0CTUDKEHH] 3ACTOCOBAHO HCIBHUAHHMI meton owinkm awocy. e
NOB'A3aHO 3 yMOBaMM ekcnepumMedTy. OCHOBHA NpoUeaypa MOMATaE v BHIHAYCHHI
BUIHOMEHHA PISHHIN ¥ Bail pLEYHOTo IHCTPYMEHTY 10 1 MICAd Npolecy piiaHHA Moao

WITAXY Pi3aHHA:

w =T e (1) @
Lt M
ae my — mMaca pisud 1o caotw [r|;
sy  — Maca pisug micns ciow [r];
o HoBAKHHA pizy [M].

[HIIHM  BaGUIMBHM I[IApAMETPOM. [HOCHLKEHHM B podOTi, € poIMip HacTok ¥y
BigOuTIii nopoai. Posmip HacTHHOK rpae Ba&NHBY polb 1 Oc3nocepeIHBO BIIHBAE HA

Desmery 3Mopor's. JpidHi YacTHHKH Nerko BIHXAITECA | MOKYTE OCITATH B JHXATBHHX
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LIIAXaX B 3ANEHHOCTI BIT IX po3MIpy, LLJBHOCTI, (OpMH, BIACTHBOCTEH 3Iapamy |
MOBEPXHI, a4 TaKOkK BIT XapakTepy IHXaHHA MTHauHd. YHcneHHi Jochi/KeHHA Ta
Opradizagil, Hanpuial AjamidicTpamis Desneskd Ta riricad npam (OSHA) skasve, wo
POIMIP YACTOK, AK] MOMYTE JOCATATH FIHDOKOT YACTHHM JICTCHIB, CTAHOBHTE MeHIU Hi 1()
MEM. (JIHAK po3MIp HACTOK, AK1 BAMXawThes, jgocarae 100 mes. Ha wane, B xom
AOCTIAEHHA He OYII0 MOAJIHBOCT] BUIHAYHTH KUIBKICTH YACTOK, POIMIP AKHX MEHLI HIXK
63 MEM.

Kpim Toro, duibme noapidHeHHA 03HAYAE CTBOPEHHA OLIBIUOT IUIOLI [IOBEPXHI, 110,
Y CBOK Hepry. BAMarae OUTbII BHCOKOTO CHOMHBAHHA cHeprii. Menw noapidHeHHi
Mi:l.'l".'.‘plli:'Lll BRASYE Hd KPalle BHREOPDHCTAHHA L‘I'[l:].']['i.-]:, HAKC HOBHHHG NPHBOOHTH SO MEH LT
CHOKHBAHHA cHepril 200 DLEmoro odeary AodyToro MaTeplany.

[Mponenypa pospodkn perpeciiinol mozeni v = f(x;, x5, x3) Gyna onmcama y
apyroMy poszqim. Jns pozpaxyHky perpeccioHHol Modem, Mepll 3a Bee, HeodXiaHo
CTBOPHTH TADNMUKY 3 BUXIIHUMH JaHuMmu. Y HIE noBMHHL OyTH 3MIHHI DEpaMcTpH
(X1, X, X3) | eKCTIEPHMENTANLHI 3HAYSHHA V.

HacTymnHii kpok — CTBOpEHHA pPIBHAHHA MHOKHAHOT perpecii. Jocmimmenns
I]ﬂKﬂH}'l‘UI'h, L ﬁi.IIbIJJIIL"'I'b E}EE'IIL"'FI-HMEH]'EJJ.I:.HHH FE'.%}"J]I:-'.FEI'I'iB MOGEHA OIHCATH AK NOBHHH
eyDiunnil muorowten. [ompomianeua perpecis tproxdaxropiol Mogen smome 0yTH
OIMMHCAHA JK;

¥ =bg + byxy + boxy + baxs + byaxg X, + byaX Xy + ByaXaxs + brasxix,x5
(3)
+ by X7 + bopxd + bysxd + by ] + bogyxd + bagsxi.

II||I,..'I.H BHINAYMCHHA  TIOEO5 }]iEIIHIIETH E}-’J[ﬂ BHEOPHCTAHO  METOMN  MHOGE O
PerpeciiHoro aHamsy.

1A BHKOHAHHA perpeciiHOre MOISIHBAHHA ICHVIOTE [Ba PIIHHX CHOCODH,
[lepmnii — B3ATTA MOBHOTO MOAIHOMA Ta AHATIZ BAAKIHBOCTI 4WIEHIE PIBHAHHA B MIpY
IMEHIUEHHA X w9Hcna. [pyre no4dHAaeThCd 3 OpPOCTONO PIBHAHHA 3 MIHIMalbHOH
KUIBKICTIO "UIEHIB, 30UTBIIVEOTH KIMBKICTE 3MIHHAX IUTAXOM MOCTYTIOBOTO J0JaBaHHA 1

o0YHCICHHA BAAITHBOCTI.

Y= bﬂ + blxl + bg.'-'['z + bg.l"g {{'l'}
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Koenuientn b; BH3HAMAKTBCA CHCTEMOH) DIBHAHL, AKA [PYHTYETBCH HA METOI

BHEITH™EHITA ]._'ﬂ}l'[.'ﬂ,

( nbﬂ+hIZr1+hEZx2+bJZx3=Zy
bnz;r] + b, fo + b, Zx,xz +b3z:c1x3 = Z}r.n
buz-’fz + b1ZI1Iz + bzz.x% +b32x3x3 = Zyxz

Lbﬂz:.rg + b, Exl:rg + b, Z;rzxg + by Zxﬁ = Z}rxg

Pospaxoran koedimierTi by noswmm Oy srmoven B pisngung (6), Hacymamm

(7)

g

KPOKOM TIPOROJIHTECA BH3HAYEHHA 3AITHITKOBOI IHCTIEPCIT peTpecii:

s2,, = Zamltoi ) (8)
n—(k+1)
e Vi — pO3paxoBaHHil pesyILTAT NapaMeTpy piBHAHHA (6);
Yai EKCIIEPUMEHTAILHE IHAYEHHA;
(k4 1) —uHclo KoeIuicHTIE B PIBHAHHI (6);
n poIMIP BHOIPKH,

HHj.lﬂJli, A0JAETECH HEE'I'}'I]HHFI YIEH MHOIMOUWICHA a0 ].Ti.H-HH HHH.
v =by+ byx; + baxy; + byxy + byaxy X (9)
Ana HoBOro piBHAHHA Beck npouec cnia nosTopHTd. [licns ueoro craTHeTH4YHA
SHAYMHMICTE PI3HHIN JHCTIePCii Mik MAOTOMISHAMH Moske DVTH OIliHeHa.
SJ?{TF‘f

2
'SF'ER _I'-+1

> Fip (10)

ae F — 3HAYEeHHA poznoginy dimepa, my; =n—(k + 1), m, = oo;

-
(Bibme sHavenns S2,. noBHEAO OYTI ¥ YHCETBHUKY).
Awxmio vmoea (10} eMkOoHaHA, TO YIEH JOAAETHCA 10 MHOTO4IeHa. Komw BiH €
XHOHHUM, 4necH MoeMHeH OyTH nponyileHuid. Bei 9neHH piBHAHHA #NOBHHHI OVTH
00podneH! 1 nepesIpeHi.

Busnauenns koe@uiienTa KOpeisiii npoBoIHTECH 38 (POPMYI0;



2
E=1(ng - J-"I)

z
E=1{F.:;i - Fy]

COpCIHC CRCMEPHMEHTANMENE THAYCHHA,

(11}

ne 'r’H

B peiyneTari Mae OVTH OTPHMAHO PIBHAHHA, [0 OMHCYE EKCNepHMEHTATEHHI
Pe3VIILTAT 3 MAKCHMAILHOK TOMHICTH.

Y TpersoMy po3aiai npueelcHo Ta onHcaHo nabopaTopHe oDNAIHAHHA Ta poOoUl
ﬂpﬂiﬂ'lri., EHHL"I].'!IHCTH.HII B EHL"I[L‘].'!HMEH'I'-H.}L 4 TAKOME HABCOCHI }'MﬂEH, G4 HKHMX BOHH ﬁ}-‘JlH
npoReienl, [HIOW YacTHHO posay  SEaseTnes oDpodka Ta anam: pesviILTaTie
EKCTEPUMEHTANEHOTO JOCADKEHHA: PUKYY 3YCHIIE, NMUTOMA EHEpPris, THOC 1 POINoaLn
YACTOK.

Pisy1i BUNpoOYEAIHA MPOBOIHINCA 3 BHKOPHCTAIHAM BHIIPOOYBATEHOL YCTAHOBKH
HXS 1000-50. ¥YcTanoska Gyna poipolneHa AN BHIHAYMCHHA CHI Ta 0D'eMy pilaHHA 3
BHKOPHCTANHAM PI3HHY PUEVIHK IHCTPYMEHTIE M1 9ac poDoTH 3 ONoKaMH (3paskaMu) B
I:I{L"I[l::].'JHMEH'I'H.l]bHH.‘-"'. }'Mﬁﬂ-ﬂ}l’..

Mammna Oyna suroTosnena ASW-GmbH Naumburg ans nposeachns pimyaHx
punIpoDYBanE B Texmawomy  ymisepeuTeTl  «Ppanbepirka  TipHM®a  axamemian,
Himeuunna.

[lapaMeTpl pizanid HANAITOBVIOTECA 34 JOMOMOTOI0 NaHemi yhupaemnoa. Pyx
IHCTPYMEHTY MO OCl Y BHKOHVETBHCA IITAXOM MNEPEMINICHHA Tpagepcy. a no ocl £ pyx
JUHCHIOCTECA WAAXOM PerykoBaHHA podovoro Mocta Ha norpidHy BucoTy. Playue
HepPeMICHEA BHEOHVETECH PYXOM PoDOYOro CTOIY B HATIPAMEY X,

BumMIpiOBATEHA CHCTEME PLEYYO] CHIH, SKd BHEODHCTOBYCTBRCA B MAIIHHI, MO
BHMIPIOBATH cHAW B manazom sy -50 go +50 xH (£ 30 xH » nanpamxy Y). TMoxnbra
puMiptopanad  Topieaoe (L,5% (025 kH). Ile momyermma noxmdka B pa3l pizadHs
CKeBHHX MOpi.

Ans  mocnimxenns  Ovim B3ATL TpH  rpamTHEX  OmokW, wagam  DipHataHmM
yHiBepcHTeTroM  JleobDeny, Asctpia.  Ximiudnii  cknag  Oye  nepesipeHuil  ipmoro

Baustoftprifstelle Wismar GmbH.
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Bei Onmokn mamu posmipn S00=500=300 wmwM  Ta 3epHHCTY TEKCTVpPY 3
kceHoMopgHIMHE  KpHcTanamd, OCHOBHI KOMIIOHEHTH — 1€ KBapil, TUTArioKIazHHIA
NOIBOBHHA WNAar, DI0THT, MYCKOBIT 1 XJIOPHT, AlaTHT, CIA0T, THTAHIT 1 KCCHOTHM. KpiM
TOMO, MILHICTE 3paskis Ha cTHCK Jopisdioe 2027 Mlla.

FrojioM DUIOKH NMUIABAIHCA MIKPOXBHABOBOMY OIPOMIHCHHK), AKC MO MICLE B
[pavyomy  yHiepouterl  Jleobeny, Apcrpia.  Excnepumentd  npoBoaiMca 3
OeanepeprHO NoTvAHICTH 25 KBT 1 yacom eunpowmintoeansa 300 1 45 cexyna. o 1 min
4ac OINpoMIHEHHA Oyia BHMIpAHA Temuneparvpy 3paskie. ITicas 30 cexvua temneparypa
nigeawmnaca 3 220 “C ao 3000 °C 1 go 3000 °C gepes 45 cexyua. lpouec onpomiseHHA
NPHIEBIE 10 YTEOPCHHA TPILIHH JOBKHHOK 10 15 cMm.

B pesvierart BunpodyeBans OVIH OTPHMAHI JarpaMy BUIHOIWCHHA CHIIM Ta Yacy
A8 HanpaMkIe X, Y 1 2, A5 BHKOPHCTORYRAITHCA N8 MOJATIIOTN0 anamzy, Takox DynM
NPOaHANIZ0RAH] [UBHIKICTE 3HOCY, POIIOIUI YacTOK 3a PO3IMIpaMH Ta CHOMHBaAHHA
eHeprii.

[Ipouec pizaHHA TPAHITY CYNPOBOLKYBATH TYYHHN WIyM, 3HAYHHI piBcHE BiDpauil
T4 YTEOPEHHA HEBeNHKO! MHIOBOI XMapH MoldepeTy piaydoro iHcerpvMenty. [ucnepcis
HACTHHOK 1] 4ac pizaHds Oyia HANPABICHA ¥ CTOPOHY HAUPAMEKY pizadHHs. Piscyunii
IHCTPYMEHT HArpiBaBed ¥ [pOUCC] plsaiis, aje TeMIeparypa JosBoJIfis TPHMATH
IHCTPYMENT pyKaMi De3 THCKoMpopTy.

Ipazok, onpoMiHEHHH NpoTAroM 43 cexyHa OVR 3pYHHORAHHI CKCTICPHMEHTAMM,
10 BHEJIHKAND Mepeadacie IPHIHHEHHA JOCTLIKeHHA.

[licna  saKiHYCHHA CKCOCPHMEHTIE OVI0 3ACTOCORAHO CTATHCTHYHWI aHanis
CHCICPUMCHTANEHUX JaHux. Pesyiaerar npouecy pizadds, ckcnoprosadoro B Excel (ak
MACHEBH Janux ), Mae noua 43 000 crpok s KoKHOro piiy,

Cunan

Braws sidcmani mixe pizamu

3O 3 Pe3VILTATAM, 3ATEHKHICTE CHI BIJ BIZCTAHI BITHOCHD Malla, 3 TOYKH 30pY
AOCTU#YBAHHX 3HAYeHb, CHIH OpoUecy pi2adHd 3 BIOCTAHHKY Mix 3pizamu 8 vy Ha 13%

HHAEME, HiE 3 12 MM.



Brane sidcmani &id novamyosol nosepxmi

AHATIZ BONHBY BIACTAHI BIJ TOYMATKOBOI TIOBEPXHI MOKA3Ye, N0, NPOHHKAKTH
rIH0IIE B 3pasok, CHIH TPOXH 30UILMVIOTECA. IPOCTAHHA 1A KOMKHOIO HACTYIIHOIO APy
CTAHOBHTE EII]-'I'.!]:-E{U 3'5'-"'& LlE ZiﬁIIJIhIJJLTHHH TAROH MoB's3aHe '.i'i. SMUEHILHCHHAM
POFTPICKYBAHHA 3paska 1 sHocoM pisud. OCKUIBKH BCl 3paskH NOKA3VIOTE aHalorvyHe
I0UIBINEHHA CH 31 30UIBIIEHHAM TIIHOMHM, 3MEHIIEHHA BIVIMBY BHIPOMIHIOBAHHA
30acTheA  ManoiiMopipHus, OaHak cmd cKasaTH, WO KIIBKICHA OIIHKA TIHOHHH
[POHUKHEHHA BHIIPOMIHIOBAHHA B ONPOMIHEHOMY [POTAroM 45 cexyHa D/I0LI HE MOKe
OYTH BHKOHAHA Ycpes Horo pyiHYBaHHA.

Braus mpusaiocmi onposinenin

PEZ!}I'J[I:TE.T]-‘I NMOKAYVIOTE  BILTHE T-'['iK[IIi]'.‘-{HHJTI:l‘.IBIi'II'ﬂ HHII].':IﬂM'i.]IIHH-ﬂII'F!H Ha CHIIH
prianug, Pospaxorano, mo 45-cexyHIHHI ONMPOMIHERHI 3PAT0K B CEpPeHBOMY noTpedye
Ha 22% HHKY] CHIW B NOPIEHAHHI 3 HeolnpoMiHeHMM 3paikoM. OgHak, ma yac
EKCTIEPHMEHTIE 3 3pPaskoM, OMPOMIHEHHM OpoTaroM 30 Cexyid, COOoCTepIraTHcd Iemo
BHILLI 3YCHIUIA B NOPIBHAHHI 3 HCOMPOMIHCHHM OMOKOMID

Iluroma enepris

Brnaue gidcmarni MiNe pizann

B cepelHLOMY NHTOMa BHTPATA CHEprli Ha Npolec Pi3anig 3 BUICTAHHIO MIK
Ipi3ami & Mu Oyma na 20% sume, HIE TPH PI3adH] 3 BLICTAHHIO |2 MM MK pi3aMi,

Brane siocmani eid nowamyosol nosepxni

3anekno BII BIOACTAHI BIL IIOMATKOBOI IMOBEPXHI | TPHBAIOCTI MIKPOXBHILOBOTO
OMPOMIHEHHS MHTOMA BHTPaTa eHepril konueacTses i 30 o 60 kBt - rog/m? . Iuroma
eHeprifd 30IMBMYETRCA T Yac NPOoIecy PIZaHHA micads 30UIsIIeHHS TTHOHHN BIIHOCHO
NOYATKOBOT IOBEPXHI.

Braus mpusanocmi onpoMineHHi

3 pesyALTATIE BWIHO, 10 [HTOMA eHepris, neodxiina g pizanns 45 ¢
obpobnenoro 60Ky, € HAHRMAYOW, [TOPIBHAHHA NMUTOMOTO CHEProCNOKHBAHHA NMPOLECY
PIZAHEA 3 IHTEPRATOM 8 MM MoEa3ye (ImapH MopIRAIOITRCH BIITTORLIHG )
. MUTOMA BHTPATa eHeprii Ha 45 ¢ onpoMiHeHWil Onok Hk4e Ha 29.8%, 20,3% 1

9.4%, B NOPIBHAHHI 3 HCONPOMIHCHHM:
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. 45-cexyHIHHH onpoMiHeHHH Onok BuMarae Ha 27,01%, 17,05% 1 13.99% menme
eHeprii Hix 30 ¢ onpoMIHEHHIT 3pasoK:
. PISHHUA MUK OHTOMHM  cHeprocnoueandam 30 ¢ onpomideHoro  QJI0KY 1
HEONPOMIHCHHM DI0KOM HezHauHa (B manazonl 2,8-13,2%).
Jhia inrepeamy 12 mm il uudipy BHCIEIAIOTE HACTYTTHHM SHHOM:
. HeolpoMIHEHHI Duiok Bumarac Ha 7,4%, 32,8% 1 6,3% O1nklue eHeprii B IOPIEHAHHI
3 ON0KOM, ONPOMIHEHHM NPOTATOM 43 CEKYHI;
. MHTOMA EHEPIif, L0 BUTPAYacTLCA Ha pizaHHa 30-cekyuaHoro obpobieHoro DIoKy,
BHLIe HA 15.46%, 26, 40% 1 26.16%, nix and 45 ¢ obpobneHoro Dnoxy;
. DIOKH 3 TPHBAMCTHY 00podKH 30 CeKYHI 1 HEONPOMIHCHHIT He MOKA3ANH CYTTEBOT
].']i.'tll'HIl'i. B TTHTOMOMY CIIEPI'ﬂEHﬂH‘.’HHEIIHi, Fd BHHATEOM I[Iﬂpiﬁ daro 1 ?-I.'EL JTA HEKHX
MHTOMA eHepria Heobpobaenoro onoka nepeenrye Ha 26,84% 1 34 10% rignosiano,

3a JaHHMH, 31I0PAHHMH 11111 43¢ MIKPOXBH/IBOBOTO OIPOMIHEHHA, OY/I0 POIpaxoBaHO
CTIOAKHBAHNA EHEPTIL, 10 BUTPAYAETECA HA MIKPOXBHIBOBY 00pOOKY.

Gepyan 10 VBArd cHEpPrit, AKA CIOKHBAETECA NPOLCCOM ONPOMIHCHHA BHIHO, IO
A ONpOMIHEHHA NpoTaroM 45 cekyvig notpidbno 4.96 kBrr, a ne na 22% Oulsnre, Hik
s 30 ceryna (3,86 kBt - roa).

3noc

Hna  3Dopy ganmx npo  3H0C  JHCTPYMEHTY M 4Hac TNpolecy  plsapns
BHKOPHUCTOBYBAIOCH KUTBKA PUEYUHX IHCTpyMeHTIE. KomeH IHCTpYyMEHT OB 100y4eHHI
TUIBKH B Ipolecl 3 TakHMH & [apaMeTpaM# piiaundg (IIBHIKICTE pi3aibd, TIHOHHA
pizaHHA, BIICTAHE MUK 3pi2aMi Ta TPHEANICTE MIKPOXBEHIEORBOTO ONPOMIHEHHS ).

Braue eidcmani Mixe pizawu

33 pesyanTaraMi BUMIpIE OyI0 pospaxoBano, wo s Onoky, obpobdlietoro
MIKPOXBIIAMH TPOTATOM 45 Ccexyia, WERHIKICTE IHOCY NPH Pi3aHil 3 KpokoM 5 wMm
craHoBuna Dauzeko 0011 rfmM, a mig 9ac pizadda 3 kpokoM 12 MM IWBHIKICTE 3HOCY
nepebyrama B manmazom 0.016-0,019 r/m

brok, onpoMincHHil nporaroM 30 cekyHA, NoKazag WeEHAKICTE 3Hocy 0,011-0,017

r/M s priasus 3 KpokoM M pizame & owm 1 0,011-0,045 r/m 3 kpokom 12 mm,
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HIeuakicTe 3HOCY MpH pi3aHHl HEOMPOMIHEHOTO 3pa’ka 3 KPoKoM 8 MM M 3pizamMu

cranosnna 0,012-0,015 r/m, a ma wac pizanng 3 kpokosm 12 sm — 0,012-0,019 r/m.

KpiM Toro, ¢l 3a3Ha4uTH, [0 BIUIHB BLICTaH] MUK PI3aMH HA 3HOC NPH pi3adH]
OMpPOMIHEHHX ONOKIB BHILE, HIA MPH pl3aHHl HeonpoMiHeHoro Onoky. Plsnuus six
pizamu 8 1 12 MM craHoBHTE OH3bk0 15% [UIA HeolpoOMIHEHOrD DIOKY, B CEPENHBOMY
30% noporarom pobotH 3 30 ¢ onpominenam Onokom 1 moHanx 35% mporarom 45 ¢
OHPOMIHCHHM DJIOKOM.

Braus widcmani gid nouwameosol nogepxml

[lo crocyeThcA BIOHBY BUICTAHI BI NMOYATKOBOI NMOBEPXHI Ha 3HOC, To 0
HEMOMITHBO YITKO LieHTHGIKYRaTH, K BHAHO 3 po3paxyHKIB, 3MIHa MWBHIAKOCTI 3HOCY 3
KOMKHHM HACTYIIHHM 3Pi3aniM IIapoM He cIocTepirazacd, a (pyHELNA [MEBHIKOCTI 3HOCY
OMHCYETHCA Maiike AK NiHIHHA 3anc#HICTE, BHHATOK craHoBaATe mwapH 5 1 7 ana 30
CEKYHIHOTO ON0KY, AKI HABpAd 9H MOKHA CTATHCTHYHO [OACHHTH 0e3 J0oJaTKOBHX
AOCIIACHE OOQHOPLIHOCT] 3PATKA.

Braus mpusaiocmi onposMineris

[Ticna pizanng 40 M HeonpoMIHEHOTO TPAHITY 3 BUICTAHHIO MUK 3p13aMH 8§ MM
IHCTPYMEHT 3HOCHBCH Ha 0,56 r, npH ToMY, WO 3HOC THCTPYMeHTY ana 45 1a 30 cexyun
onpoMineddx Omokie cknagae 0.6 r ta 0,72 r eiinoeigno. Boamowac, pizapma 30 M
HEOTPOMIHEHOTO TPAHITY 3 BIACTANHIO Mi 3pizamMi 12 MM 3HOCHIH iHCcTpyMenT Ha 0,62 1,
45 ¢ obpobieroro tnoky — npudimido Ha 0,66 11 30 ¢ onpomidenoro — Ha 0,62 1

Poamogia uactok

Broaue sidcmani Mixe pizawu

Ax BHAHO 3 Pe3yALTATIE, BIUIME BIACTAHI MUK PI3aMH 108 YacTHHOK POIMIPOM
mennie 3a 100 MEM cTaHOBHTE MeHIN HiK 3%. Anme 3 npoxomxenHam 30% sarepiamy
BHIIHO, L0 Mpouec pizaHHA 3 kpokoM 12 MM CTBOPHOC MEHIUE IpidHHX 4acTok, WMo
MOSHTHEHO BIUTHEAE HA YMOBH PI3alid, NoJaNLITY oDpodKy | TPAHCTOpTYBAHNA.

Braus gidcmani gid nouamosol Noeepxnt

Jlncnepciio posnoguTy poiMIpy YacTok Mo BIHOUICHHIO 0 WEpY MOXKHA 3HAHTH B
poboTl. BUIXHIenHs pelyIkRTaTIR NPOCIIOBAHTA (PO3IMIp 9acToK noHam | M) ans plannx

wapip 43-ceKyHAHOro ONpoMiHEHOro ONoKY cTaHoRIATe 43,84 + 1,77% (placTane Mix
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pizamu 8 mm) 1 37,34 £ 1,08% (eigcTane mix pizamu 12 smm), L pesyawratn ona 30-

CEKYHIHOTO 0DpobIeHoro ONOKY CTAHOBIATE 5328 £ 5.73% 1 45,48 £ 2 98%. Kpim Toro,
BLIXHJICHHSA J1JIA HCONPOMIHCHOIO 3paska craHosiats 50,86 = 1,9% 1 40,86 + 2 98%,.

Broaus mpusaiocmi onposMineris

Braue TPHBANOCTI ONPOMIHCHHA MIKPOXBHIAMH H3  PO3NOALI  YacToK  Oyaio
npueeneHo B pobori. OnpomiHeHHd npoTarom 43 cekyHi 010K Map OUIBIIHH Po3MIp
IEpHA W00 THIIHX 3pa3kis, BiH cknagacThed 3 530% vacTiHok qlametpom nodan 131 mm
(2,39 mn nA 12 MM KPOKY MUK pIZaMM), IPH TOMY, 10 HEOHpoMiHeHHi | 3(-ceryHIHHIA
onpomiHeHHi 3paskd MaroTh 0,85 mn (143 ) 10,97 mm (2,05 mm) signoeiado. B usomy
BHIIAAKY MIKPOXBHILOBA 00podKa Mae NO3MTHEHMH ediekT, OCKUIBKH Npouec pl3aHHs
MIC/IE ONPOMIHCHHA NPOTAroM 45 CeKYHII CTBOPIOE MCHIITHIT 00Car ApidHHX YaCTHHOK.

Y yeTBepTOMY PO NPEICTARTEH] PEIVILRTATH POIpoOKH Moaenel perpectl ans
OeunYl PAKTOPIB, AOCHIDKEHHX B IOTOYHOMY J0CIIKEHHI.

Buxiani mami 118 pospodkn perpeciiinol momen napeneni B Mogatky C. Momemi
perpecii 1 HapeICH! PIBHAHHA OMHCYVIOTE 3AICKHICTE BINOBLIHOT cuan F B TPHBANOCTI
onpomidedHs T, BiacTaHi i 3pizamd 5 1 BiacTadi Big nodatkoeoi noeepxHi D,
BHEOPHCTOBYETBCH METO[ MHOMHHHOIO perpeciifHoro aHanizy, TobTo BHKOHYCTBCH
BHEHAYCHHA ITOBHOMD ]:'.I-iB]I.F[]II[H [IE]]]CE'IL:I.-.

¥ 1ROMY JTOCTUTKERH] OVI0 NMPHAHATO PINIEHHS POIMOYATH PETPECIHMH anamai 3
NpOCTOre PIBHAHHA, 8 NOTIM 30UIBIWHTH KUTLKICTE 3MIHHHMX 10 THX NIp, NOKH He 0yae
THANIEHHH MaKCHMATBEHHI koedimienT perpecii. B axocTi npocroro piBHAHHA Oyia
oopana opmyna (6).

Cucrema pignans (7) ana F,  #abysac BUrISLY:

34 750 340 640 by 223.96
340 26550 7500 13800 (b ) _ [ 4771.2
340 7500 3536 6400 b, |\ 227036
640 13800 6400 14464/ \b, 4412.28

[l piinening cHeTeMy Muiinux piBHAHE | BU3HadcHis koeduuientie b; dopumyia
{6) Mac BHIAI;
Feeny = 3147157421 — 0.014377651 T + 0.226176471 -5 + 0079437322 - D

Xmen
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Hactymuuii Kpok — 0DYHCIEHHA 3aTHIIKOBOI JHcOepcli perpecii | koedimienTa

KOpenAlli. 3anniikosa Jucnepcia gopisHioe (1,36, a koedilienT Kopenanii Jopisaioe 0,84,

[Tcns aHanmsy BCIX 4ICHIE MHOIOMIICHA (5) DYI0 PO3PAX0OBAHO, WO OCTATOYHE PIBHAHHA
perpeciifHol MoAe/ I CePeaHIX CHIT PI3AHHA MAe BHITIAL

F, . =3.470653993 + 0.095667514 - T + 0.226176471- S
(12}

+ 0.05046748 - D — 0.00282456 - T*
Bisyanizauis perpeciiinol mogem (12) ana cepeanix cun pizanaa F  nokasasa

Ha pHC. O,

Ta

[Ia # npoueaypa Oyiaa pealizoBaHa [UIA BU3HAYEHHA F mean® P max® P emsan

Lax®

F,

L

F.,... = 11573862984 + 0.097032916 - T + 0.494558824 - § + 0.133780488 - D
—~ 0.003142205 - T?

F, = 3344489479 + 0.078016994 - T — 0.059117647 - § + 0.022825203 + D
—0.002132336 - T2

F,  =5307086322+ 0321586213 T + 0.595147059 - § + 0.155172764 - D
—~ 0.009474243 - T?

F, .. =6.602914873 + 0.131420958 - T + 0.136911765 - § + 0.065813008 - D

— 0.003580608 + T*
E. .. = 11.065932568 + 0.457940041 - T + 1.200882353 - § + 0.298069106 - D
—0.013046364 - T?

Basnuenm Gaktom ¢ Te, Wo perpeciiii Moaeni MoxyTe OYTH 3acTOCOBH] TUIBKH B
YVCTAHOBICHHX MEHAN 3MIHHUY (akTopis.

Crijt  sasHaunTi, [0 KOMHE PIBHAHHE perpectiinuy  mojeneil Mae  0JHAKoBL
MOMHOMK, a1e planl koedimienmn. Mogem perpeciii € KBJIPaTHYHHMH 3UICKHOCTAMM BIJL
TPHRAIOCT] MIKPOXBHIROBROT 0OPOOEW, BoTamoRmena mMIMIHAA 3a7e&WICTR perpeclitnmy
MOJAeACH Bl BIACTAHI BIJ MOYATKOROI MOBEPXHI. KpiM Toro, ICHYC MIHIHHA 3aNCAKHICTH
perpeciiiHuX MOJEICH BIIL KPOKY MM 3pi3aMH, OCKUIBKH BHKOPHCTOBYCTECA TUILKH JIBA

IHTEPBAIH.
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Y Tol e wac 3HAKM Nepel KoeplulcHTAMH MNOBTOPHITECA, 38 BHHATKOM
koeimienTa npH S (BIACTAHL MK pizaMH) perpeciiiHol MoJaen cepeaHbOl DIMHOT CHITH
Fy e TIOACHEHHAM LIET CHTYauUll sMoe OYTH Te, WO NPH 3MEHIIEHH] BIACTAHI MIHK
pizaMy  YpIBHOBAXYWOUA OlyHA CHIa (COPAMOBAHA B [POTHIACKHOMY HAanpaMKy)
IMEHINVETECA, (JIHAK 11€ CMOCTEPEXKEHHA HE MOBTOPHETECA B MAKCHMATEHHX OI9HHX
CHIIax.

Mann eni

oH npolTocTPpYBATH BIUIHE MIKPOXEWILOBOT 00poDKH pH pYilHYBAHHI FNPCEKHX
nopi, Byino 3mAcHeHo MoaemoBaHES Man cua. Lln npoueaypa A03B0ISe BISYANTIVEATH
a0y cuiry B 3D-cepemorumnil.

Jna  creopeHHA Man CHII BHKOpPHCTOBYBaauca Jadl, 31dpamn DEWE  3000.
[Ipoueaypa MicTHTE peanizanii 3MiHHOO yeepedHeHHA. Lla yvHKLIA BUKOPHCTORYETBCA
s OUIHKH 3HAYEHHA TMOBEpXHI Ha MeBHoMY By2I ciTkd. BoHa npaumwoe ag oO4HCcIeHHA
CEPELHBOID 3HAMEHHH BIOOMMX 3IHAYMEHE [OBEPXHI B CYCLAHIX KOHTPOIBHMX TOMKAX.
mﬂH'l'lﬂ-[H{}, BUOHA [POCKTYE l'_'}"[.‘ij'.[]'li H-II,'_'I,IZ]-MII FHAYMCHHS HA pli]:i'l'-H.I.U{!EHHi BY3IIH CITKH. 3I'li},L1,UM
EOMNOIEKCHE IIﬂ.ﬁ-J']H.'.ﬁ.'E!]IETH NMPOBOIHUTRECH  IIUTAXOM  YOoepeanenima  IHAYENh, E-aﬂ'ﬂli'f-laﬁ
IBAKYIOUH HAHDIKY] TOYKH DUIEIIOK MIPOKD, HIK BLLLAJIEH] TOYKH,

[IpeacTapaeHi Manu ¢HA MawThk KOOpOHHATH X 1 Y 3 JaHUX AK Bick X 1 BICE Y
rutmoelne. Bick Z npencraenena cunamn Fy, F,, F oma Frg ana apyroro wapy 1
YVCCPCAHCHHMH 2-4 pIBHAMM [UIA KOAHOI0 DIOKY.

Y OBHOIAA DYHKTHPHOT WHIT BI3yamsyereed Meka mik sigcranmo 8 1 12 mm, Ha
MATTAX CHIOH 3 KPOKOM MUK pizaMu 8 MM Je®aTk ¥V BEPXHIH YacTHH] BIIMOBLIHO 10
KOPIOHY.

Cnig 3a3HauWTH, W10 0 BCIX MAN CHI BLICTaHB 8 MM TTOKA3ye OB HH3IBKI
HARAHTARCHHA | MKW ¥y nopigaaanl 3 12 vy, Opnak, npy sodpamennl Oiuaux cun Fy
nporuaekno. el dakr nirsep/aye NOpHIVIICHHS, 0 SMCHIICHHS IHTCPBAIE B
CECIMCPUMEHTANEHOMY ﬂ'iﬂ'l'.lﬂ']-ﬂir'i MOGKE 'iﬁiJ'll-l[]H'l'I!! 'ﬁ-i"-l!r'i CHIMH, 0 BHHHEAMNTE TTPH
PIaHHI,

Y BHCHOBRY 3a7HAYCHO, 10 AaHa podoTa poirngiac akTyalsHy HAYKORY 3a7ady, B

Hiil OMHCYIOTBCA JOCTITHEHHA, BHKOHAHI 3 BHKOPHCTAHHAM MOTYKHOTO MIKPOXBEHIBOBOTO
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ONMPOMIHEHHA B AKOCTI MEPCTEKTHBHOTD pPIIEHHA NpPH BHIODVTKY CHKENBHHX MOpIL.
PinieHHa ck1a1acThed 3 BHKOPHCTAHHA MIKPOXBHIBOBOI eHEpril 08 IMEHIIEHHA onopy
pisaHHa  rpadity. KpiM Toro, B QOCHLKEHH] [NOKA3aHl 3AICEHOCTI CHIL,  3HOCY,
CHOKHBAHHA CHEPril Ta PoOsNOALY 4acTOK 338 POSMIPAMH BIJ BIACTAHI MUK Pl3aMi, 9acy
ONPOMIHEHHA MIKPOXBHJIAMH 1 BLICTAHI B NOYATKOBOT OBCPXHI.

Minepanu rpaHiTy MawTe PI3Hl glenexkTpudHl BilacTHBocTl. lle npussoaure 1o
HATPIBAHHA JEeAKHX YacTHH 3palka, U0 BHEIHEAE Horo postpickyeanus. Lleil daxr mae
HO3HTHEHI epeKTH V BUITIALL 3IMEHLIEHHA CHIIM pizaHHA. B xoul nociixens cuia pisaHHA
Oyna smcHeHa Ha 22% nmicng 45-ceKVHAHOTO MIKPOXBHIBOBOTO onpomiHeHHA. Lle
OdHAMAae, oy INRToME CHOsHBAHHA L'-]'I[.‘,r.ll'ill- TAKdE  CHROPTHIOCH H.Hi:l_"l'l:i THEASYE
seHmenns wa 20-40% (g pisuux yMoB pizanna) ans paska, odpodieHoro npoTaromM
45 cexyu. Oanak vac onposinerns B 30 cexyH HE MaR ABHOTD MOIHTHEHOTO BIJTHBY Ha
CH/IM Ta [HTOME CHOMHBAHHA eHepril. PIZHHUA B WBHIKOCTI 3HOCY 110 BIIHOIIEHHID 10
MIKPOXBHILOBOTO ONMPOMIHEHHA OVIIa WiTKO BHANA. JANESHKHICTE MK PO3MOILIIOM HacTOK
33 pO3MIpaMH | MIKPOXBHILOBHM BHIPOMIHIOBAHHAM MMOMITHA TiABKW [OpH  9aci
ONpOMIHEHHS pleHOMY 45 CeKVHI, TakoM aHam: HOokazye MeHmi obcar apidHux
UACTHHOK,

Jlocpkeng BRIOYATO aHaliis ABOX MOJ0MKeHE BICTAH] MUK pl3aMu, piBHIX 8 MM
1 12 MM, Amam3 nokasye, 00 NpH BUICTaHl B & MM CHIH Pl3adHd 3MEHIIYIOTHCA
npudan3Ho Ha 13%, a 3HOC IHCTPYMEHTY BIAOYBAECTECA NOBINRHIE. UnHaK, 301ILIIEHHA
BigcTani 1o |2 MM MOIUTHBHO BIUTHBAE HA MHTOMY BHTPaTy eHeprii Ta po3nodil HacTok.
PeayneTaTH MOKAIvIOTE IHHKCHHA MHTOMOTD CHEprocnoskHeaHHs Ha 20%, a matepian
MEHL NepenopidHeHMI [pH BIACTAHI Mix pizamu B 12 M.

OnpuMano perpectiinl MoJIes, Mo ONHCYIOTE 3AICHKHOCT] Cepe/iHiX 1 MKOBHX CHJI
PIZaHHA BiJ YaCY ONMPOMIHCHHS, BIACTAHI B MOYATKOROT MOBEPXHI 3Pa3Ka | BIACTAHI MIK
pizaMu. By cTROpEN] MalmH CHJI, M0 XapaKTepHIyIOTh PO3TOIUT CHIH B pO3pIal.

B mimoMy, cyIyTHE ONPOMIHEHHA MIKPOXBHILOROID EHEPTIEI0 TTOPOIH [UTH Pi3anns

IPAHITY TIOKAZAN0 FApHI Pe3yIbTATH ¥ pazl ONpoOMIHEHHA NPOTAroM 45 CeKyHIL.
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INTRODUCTION

The demand for non-explosive hard rock excavation grows constantly. There are
several reasons for it, one of which is the increasing pressure on mining and related
industries by environmental authorities and stakeholders. In addition, mechamiecal hard rock
excavation shows a number of advantages on drilling and blasting.

The usage of explosives creates a number of hazards for the workforce, environment,
and adjacent communities, Namely, toxic gases emission, ground vibrations, high noise
level, impairment to roof and wall stability. Furthermore, a major part the global mining
activities take place in politically unstable regions. This may cause security issues associated
with purchasing, transportation and storage of explosives. In addition, non-explosive
excavation technigues could be operated continuously, which can be easier integrated in
mining operation complex.

Therefore, mechanical excavation methods become more and more attractive to
mining operators. However, mechanical methods show high wear and limited advance rates
in very hard and abrasive rocks or. if machines can operate under such conditions, thev are
very inflexible and unsuited for production operations { Tunnel Boring machines). In order
o increase the range of applicability of mechanical methods, one of the possible solutions
15 microwave irradiation to reduce the cutting resistance of the rock massive, Microwave
nradiation is under research for over 70 years [1]. In late 1960s, the concept of using
microwave energy in mining was examined [2]. However, in the context ot roadheading and
production, the knowledgebase i1s limited. Therefore, in this thesis, the effect of microwave

irradiation with regard to cutting efficiency is analvzed.
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1. ISSUE ANALYSIS

From the ancient times, mining was a part of human lives. Not much is left from the
Bronze Age, but fragments discussing mining can be found in works of Greek and Roman
authors. As modern beginning for mining is considered vear 1556 when German doctor and
scientist Georgius Agricola (Georg Bauer) published his book De Re Metallica. The next step
in the mining was made only 100 years after, in 1670, when gunpowder was introduced, and
in 1698, with Thomas Savery’s fire engine invention. The next step to modern and safety
mining was done after additional 150 vears. In 19" century, safety fuse by William Bickford
and dvnamite by Alfred Nobel were invented [3].

Mining mdustry 15 a part of primary sector of the economy (this sector also includes
agriculture, forestry and fishing). The primary sector 15 usually less important in industrial
countries, but goods supplied by miming are widely used in developing and even in
developed countries, Mineral resources are the beginning tor everything. Basically, all
things around us are a result of use of mineral resources. The extraction and processing of

minerals is a valuable part of development and civilization growth [4].

1.1 Principles of Hard Rock Excavation

Based on information from International Organizing Commitiee for the World Mining
Congresses, total mineral production on year of 2014 was around 17.5 billion tons and this
number increases with years. This amount consists of several types of commaodities: 1.6
billion tons of iron and ferro-alloy metals, over 90 mullion tons of non-ferrous metals, 30
thousand tons of precious metals, nearly 800 million tons of industrial minerals and 15
billion tons of mineral fuels [5].

For mineral extraction, mechanical and drill-blast methods are widely used. Usually,
mechanical excavation methods are applied for nonabrasive rock with uniaxial compressive
strength (UCS) lower or about 150 MPa and in very abrasive rock about 70 MPa [6]. Dnill-
blast methods can be used in rocks with UCS around 100-200 MPa and higher. However,
in the last decades, there 15 a trend to develop mining equipment for hard rock excavation
utilizing mechanical methods. That could be seen in some popular types of excavators:

tunnel and raise boring machines, roadheaders, longwall drum shearers and continuous
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miners; but also in new unconventional technmiques: projectile impact, high-pressure water

jet cutting technology. laser drilling and microwave inducting [3].

1.1.1 Basics of Mechanical Rock Excavation

Various factors affects the mechamical rock excavation process. They might be
divided into two main groups: physical and mechanical properties of rock as well as cutting
tool parameters and cutting parameters.

Physical and mechanical properties of rock

Young's modulus

Young's modulus E (elastic modulus) is the measure of the stuffness of rock [7].

Paorasity

Porosity can be described as the measure of voids in the rock [5].

Density

Density describes the value of mass per volume of a substance [8].

Uniaxial compressive strength

USC 15 the maximum axial compressive stress that the rock sample can withstand
before failure and it is the most common way to determine the strength, widely used in

mining and related industries. The equation for calculation of UCS 1s presented below [#].

Fe -
ucs = L2 (MPa) (1.1-1)
res
where Frgy  —maximum force on the sample before failure [N]:

Apcs cross-sectional area of the sample [mm?].
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Tensile strength

Tensile strength (the maximum tensile stress experienced by the rock sample at the
destruction moment) can be determined with Brazilian Tensile Strength (BTS) test (Indirect

Tensile Strength). BTS 15 calculated as follows [8]

2F; 4
fadl
BTS = ———— [MPa 1.1-2
ndgrslars [ ! { )
where  dgps  — diameter of the sample [mm];
lgre  — length of the sample [mm].

Cerchar Abrasivity Index

The factor, which is influence on cutting tool consumption and operation cost is rock
abrasivity (the property of rocks, expressed in the ability to wear the cutting tool during
excavation process). One of the ways to evaluate abrasion rate 15 using the Cerchar
Abrasivity Test, introduced in the 19705 in France. The testing principle 15 based on a steel
pin with defined geometry and hardness scratching the surface of a rough rock sample over
a distance of 10 mm under static load of 70 N, The Cerchar Abrasivity Index (CAT) 1s then

calculated from the measured diameter of the resulting wear flat on the pin [9]:

cm:m-d“’”‘”‘ (1.1-3)
Cwear
where  deqr — diameter of wear flat [mm];

c —unit correchion factor.
whea T

The CAl s usually used tor TBM and roadheader excavations prediction models as a

significant factor.

Table 1.1-1 Summary Cerchar Abrasivity Test [101]

CAI Abrasivity description Examples
0.0-0.3 Mot abrasive Wood. peat
0.3-0.5 Hardly abrasive Clay-siltstone
0.5-10 Slightly abrasive Slate, marble (pure)
0.1-2.0 Abrasive Limesione, marble (containing Si0;)
2.0-4.0 Highly abrasive (uartz sandstone, basalt

4.0-6.0 Extreme abrasive Quartz, granite, gneiss
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In RWTH Aachen University (Germany), experiments for determining of CAl for

numerous of materials have been carried out. Results of the research are shown in Table
1.1-1.

Cutting tool parameters

Cutting speed

It is desirable to set the cutting speed respectively low, as it affects the wear rate, If
the speed 1s high, the generated by friction heat leads to undesirable wearing of the cutting
tool [11].

Cutting depih

The cutting depth influences the specific energy consumption required for excavation
(Figure 1.1-1). The larger the cutting depth, the lower the specific energy consumption.
However, with icreasing in cutting depth, the cutting forces also increase. Therefore, the
maximum cutting depth is limited by the power of the cutting equipment, as well as stability

and possible penetration depth of the cutting tool [12].
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Figure 1.1-1 Tool spacing and its effect on specific energy [12]

Spacing between cuts

The optimum spacing between cuts is the distance, at which crack propagation from
two nearby cuts will be superimposed (Figure 1.1-1). If the spacing is too large, ribs are
formed, because of absence of crack overlaying. In case of too small spacing. all material
between cuts will be excavated, but it will lead to performing of additional cuts in order to
excavate the assigned volume. In both cases, it affects in additional nme and energy

consumption [13].
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Angles
In addition, the process of sustainable cutting is limited by the fast wearing of cutting

tool. which reflects in increasing of cutting forces. For avoiding undesired wearing and
mcreasing of cutting forces, the cutting tool should be mounted under established
parameters. Several studies investigated the effect of cutting tool rotation and geometry on
cutting process and predicting of rock cutting force. There are number of empirical formulas
for cutting force prediction. Major amount of equations operate such parameters of tool

geometry as semi-angle of pick, rake angle and angle of attack [14].

By

Cutting

Figure 1.1-2 Cutting geometry of point-attack picks

The angles are defined as follows (Figure 1.1-2):

¢ O —pick angle;

» ¥, —attack angle;

* ). - rotation angle;

o [I.—clearance angle;
s 1. —rake angle,

Rake angle o,

It 15 the angle between the tool face and the plane normal to the surface of the cut and
pressing through the tool cutting edge. Rake angle has pronounced effects on cutting
process, The parameter generally has an optimum value, Deviation from the optimum has
negative impact. A larger angle causes accreting of tool wearing, while a smaller angle can

lead to higher cutting forces and heat generating [15].
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Clearance angle §

That 15 an angle between the lower surface of the pick and a plane parallel to the
cutting direction, Numerous studies show that the clearance angle has pronounced negative
effect on cutting forces if the angle has a value around 5° or lower. To meet the kinematic
requirements, the clearance angle is considered to be around 7.5° [11].

Attack angle y

Angle of attack 1s noticeable parameter affecting the performance of point attack
picks. This 1s an angle between cutting path and tool axis. This angle provides the proper
contact between the cutting tool and rock. Correct positioning of the attack angle will depend
on the pick cone angle. Studies say that with increasing cone angle, the angle of attack
should also increase and vice versa [11]. Moreover, the increase in cutting force and the

decrease in normal force observes after increasing of attack angle [16].

1.1.2 Conventional Methods of Hard Rock Excavation

At present, the two of the most economical methods of excavation are mechanical
excavation and drill and blast methods [5].

Drill and blast method

Exploitation of majority of hard rock deposits typically considers preliminary

disintegration of rock mass. In the rock UCS around 100-200 MPa and higher, the blasting
15 generally necessary to break large volumes of rock. The technique 15 carmied out under
conditions that all workers, equipment, machinery, buildings and environment will not be
damaged. Annually, USA and Australia use more than 3 million tons of explosives for rock
breaking in mining, which is around 75 % of the countries demand [17] [18].

Drilling and blasting is the most common and widespread method of hard rock
excavation but it has a number of restrictions. There are a lot of resources and investigations
made within this study,

Blasting 15 the process of material fracturing by the use of a certain amount of
explosive so that a predetermined volume of material is broken [19].

The process of drilling and blasting technique requires very strict safety compliance.

Many preliminary operations should be performed before blasting. The basic of them are:
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* choosing suitable drlling bit and drilling technique;

¢ determining type, diameter and length of blast holes;
¢ choosing type and amount of explosive:

o determining method of initiation;

o performing drilling;

» charging process of blast holes;

 mfiation of safety restrictions;

* blasting; and

« ventilation (in terms of underground environment).

In munming, two types of explosives are used: primary and secondary. They differ in
the possibility to impact, produce heat, friction ete. Normally, secondary explosives cannot
be mmtiated without primary explosive. Often, the secondary explosive 1s presented by
emulsion (e.g. ANFO) and delivered to the blasi holes in the tank [19].

There are three main factors of blasting that affect the environment — air shock waves,

ground vibration and fly rocks (Figure 1.1-3).

L IlI
L L L

A ghok
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Wiradon elfacs

Figure 1.1-3 Three factors that affect environment in blasting [20]

Mechanical excavation methods

Tunnel horing machines
Tunnel boring machine ( TBEM) pertorms mechamzed destruction of rocks, shipment
of broken material and support setting. Either shielded or open-type tunneling boring
machines are applied for hard rocks. All types of hard rock TBMs excavate rock use disc
cutters mounted in the cutter head. The rock is excavated by cutting discs, developing

compressive stress fractures causing it to chip them away from the rock in the tunnel face.
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Excavated rock 1s transported through the cutter head to the belt conveyor, creating

continuous process of excavation [8].

Figure 1.1-4 Tunnel boring machine

In today's urban underground construction, the highest priority belongs to various
TBMs: mechanized and automated systems for the construction of tunnels with various
shapes and cross-sectional dimensions in different geological conditions. It has turned out
that such method as TBM machinery excavation has a number of advantages over the other
mining methods, Therefore, annually 500 TBMs are produced in the world.

The use of these machines has the advantage over the drilling and blasting method as
its impact on the surrounding soil 15 neghgible, and smoother walls of the future tunnel are
a result, Transportation process of a TBM to its operational location, mobility during
excavation and high imitial cost are among their disadvantages [8].

Roadheader

Roadheaders are the partial-face machines {can excavate only a portion of the face at
once), developed in late 1940s. Typical appearance of modern roadheader can be seen in
Figure 1.1-5. As the major advantages of roadheaders over other mechanical excavation
techniques are thewr mobility, flexibility, and selective mining ability. Such advantages
provide roadheaders worldwide use in underground mining, tunneling and even surface
mimng operations [21].

The main component of a roadheader 15 a boom movable in any directions. A
cutterhead with cutting tools 1s attached to a boom and excavates a face. The matenal,
excavaled by cutterhead, drops on a so-called loading apron. Using continuous loading

system (e.g. star wheel, gathering arm), the loading apron gathers and loads the material on
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the chain conveyor located in the central part of the loading apron. From the chain conveyor,

through the body of the roadheader, the muck is passed to the tail conveyor. The tail

conveyvor carries the material to the transportation system (e.g. rail cars, trucks. etc.) [21].

Figure 1.1-5 Typical roadhcader [21]

As the roadheader 15 a partial-face machine, the excavation is performed selectively.
This leads to decreasing in ore dilution factor and positively effects on processing of ore. In
addition, such kind of boom and cutterhead cases the access to the face and the process of
inspecting and changing of cutting tool,

During mining operations it is very important to be mobile and have the possibility to
relocate excavation equipment to another face frequently. It can be fulfilled with
roadheaders, as they are mainly crawler mounted and high mobile machines. They are
mainly smaller and lighter in comparison with other underground excavators, which benefits
in lower capital expenses. The roadheaders have modular structure and, as an advantage,
can be assembled or dissembled in a couple of days. Roadheaders can create excavations of
any shape, and it 15 very imporiani in the context of underground mining {mosily,
underground mining excavation requires non-circular cross-section of opening).
Additionally, 1t 1s casy to adapt the roadheaders to mining designs. Their operating angles
are up to 15°, If bracing jacks are used their operating angles increase up to 257 [8].

The roadheaders can excavate only in rocks with UCS 100-120 MPa, This number
can increase up to 160 MPa 1if the rock highly fractured, jointed or foliated. Another
limitation is a level of water flow. It should be dry or with very low water flow. Roadheaders
cannot operate in abrasive rock, as it can cause high wear rate and the uneconomical cutiing

tools consumption [8).
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1.1.3 Emerging Technologies of Mechanical Hard Rock Excavation
There are a various number of unique technologies of hard rock excavation, which
locate on different stages of development. Such technologies are described below.

Undercutiing dise cutier technology

The undercutting dise technology was developed in Australia for cutting the rock by
producing tensile stresses rather than compressive stresses like in typical cutting discs
(Figure 1.1-6). The disc attacks rock in undercutting manner, similar to the cutting action of
a drag bat. It allows reducing cutting forces by 2.5 times. The disadvantage of the technology
15 considered the potentially dangerous bending stresses, The side forces acting on this type
of cutting action limits area of applicability [22].

The prototype of the machine with such techmgue has been manufactured and tested
by companics Wirth and Sandvik Voest Alpine, the basic application area of 1t 1s narrow

veln mining [8].
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Figure 1.1-6 Conventional (left) versus undercutting (right) disc [22]
Continuous mining machine (CMM) Mobile Tunnel Miner (MTM)

German and Canadian companies developed concept of continuous mining machine
for excavation hard rock based on the undercutiing disc technology. It was created
prototype, modified Atlas Copeo num full facer. The linal prototype design had four arms
with 560 mm undercutting discs at the ends (Figure 1.1-7) [22].

The motion of the arms can be programmed, which allows creation of the tunnel
excavation of any form. The machine was designed for excavation of rocks with mean forces
around 250 kN and peak forces near to | MN. The provided total power was 700 kW. CMM
weilghted 150 t and had possibility to excavate tunnel with diameter equals 4.25 m [22].
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Figure 1.1-7 Wirth Continuous Mining Machine [22]

First tests of CMM had been successful. Unfortunately, the machine was broken on
rocks with UCS around 250 MPa [22].

Tunnel Boring Extender (TBE)

In 2003, Wirth Group presented the machine using undercutting fragmentation
method to create 14.4 m diameter tunnels, TBE 500/1440 H-HST (Figure 1.1-8) combines
three elements: reaming technique, undercutting disc technology and the ability to bore not

round sections tunnels [23].

Figure 1.1-8 Tunnel Boring Extender [23)

For a reaming tunnel-boring project, the conventional TBM is driven a smaller
diameter excavation in the center. Afterwards, proper diameter 15 bored. It 1s conducted with
bracing the TBE in the pilot gallery and reaming with six boring arms to the final diameter,
The aspect of this procedure 15 the undercutting discs arranged on shides in the arms. The
slides are driven radially outwards during rotation of the head. During the cutter rotation
they are spirally moved to the outside [23].

Variable tunnel shapes may be obtained while changing radial displacement of the

cutting discs. The company claims that such machine requires less power than conventional



34
TBM with equivalent parameters and weighs m two fimes less than the TBM. Despite all

information, the feasibility of using this technique in hard rock has not been demonstrated
[5].

Alpine Reef Miner ARM 1110}

Another example of using undercutting discs is ARM 1100 (Figure 1.1-9). The Alpine
Reef Miner is a disc-mining machine, designed for mining narrow reefs of hard rocks [22].

Referring to Voest Alpine [24], the ARM is featured with undercutting disc principle
for efficient energy utilization; gripper system for transferring the high cutting forces while
weight of the machine 15 low and fully remote controlling. It is suitable for low height ore

bodies mining.

Figure 1.1-9 The ARM 1100 [24]

The machine was tested in the platinum mines in South Africa. Mines, where ARMs
were implemented, have typical UCS value equal to 40-120 MPa and 150-200 MPa; the
rocks are high abrasive [22].

During the tests, the machines cut the rock successfully but the cutter costs were very
high. In addition, the cutting process produced high level of dust. These factors caused
taking out of the ARMzs from the mines and returning to conventional brill-and-blast. To be
competitive in this situation, the operation costs should be reduced to around 80 % of current
ones [22].

Activated/oscillating disc cutting

Activated or oscillating disc cutting technology 1s a method of hard rock cutting which
uses a disc cutter, which oscillates in a plane orthogonal to the disc axis while it attacks the
rock in an undercutting manner [22]. Such technique can lead to fatigue cracking of rock

that causes weakening,
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Figure 1.1-10 Activated/oscillating disc cutting [22]

Laboratory tests showed that using of oscillating disc cutters can reduce cutting force
by 3.75 times comparing to conventional discs and by 1.5 times comparing to undercutting
discs [22].

This technique was tested in miming operational conditions. During the operations,
two main problems arose: short lifetime of cutters and repeating failures of oscillating
mechanism. The further implementations of oscillating disc-cutting technology are
investigated [22].

Minidiscs

In terms of any disc cutting, the contact area of the disc with the rock 15 directly
proportional to the force requirements of the cutting disc to achieve a given depth. That
shows the following: smaller disc needs less force for penetrating the same depth in the rock.

In 1990s, the minidisc cutter has been tested under different rock conditions. These
tests have shown that minidiscs have many advantages: high cutting efficiency and
penetration rate, low cutting force requirement, low maintenance, initial and replacement
costs, longer lifetime, etc. On the other hand, weaknesses of minidiscs and the mounting
system such as bearing and sealing assembly, the cutter retaining system and insufficient
amount of wear material cannot permit the discs to become popular [22].

[CUTRON technafosy

The miroduction of roadheaders with low cutting speed (1.4 m/s instead commaon 3
m/s) allows excavation of hard rocks and high abrasive rocks. However, new theoretically
expected results required the alteration of entire machine system, which initialized of the
EU project ICUTROC [25].
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The project integrated machine and pick manufactures as well as universities and

mining industry representatives. This gave strong theoretical and practical background in
creating the hard rock oriented roadheader. New pick qualities. new pick cooling system
and cutter head with improved tool quality were developed. The stiffness and the structural

strength of machinery had been improved for resisting high loads during cutting of hard

rock.
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Figure 1.1-11 Comparison of roadheader models by compressive strength of rock [26]

Tests show a decrease of pick wear by 60 %, which allowed reducing the pick
consumption by 75 % during cutting of rocks with compressive strength in range of 90-200
MPa. Afterwards, the roadheaders with [CUTROC system were used duning tunnel
construction and mining operation in ltaly, Greece, Germany, Russia and Canada [25] [27].

Prajectile impact

Percussion devises are presented as energy conversion elements of power pulse
systems, power by primary sources of energy (e.g. electric, pneumatic, hyvdraulic explosion,
elc.) [3].

The need of high-energy projectile impact for performing different technological
operations has led to development of significant number of percussion devises. 1t was the
launching for production numerous number of executive bodies for various purposes. Some
ot the implementations have been used 1n the mining, metallurgical, construction and road
facilities industries.

Cmne of the main factors influencing the volume and application field of machines with

projectile impact is the tensile sirength of the mined rocks. There was considered that the
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index of rock breaking performance depends on the compressive strength and percussion

cnergy.

Many companies manufacture machines with projectile impact. Some of them are
mass-produced and operate in various industries; others are made in the form of concept for
scientific research and testing of design solutions. At present, a fairly large range of
machines with the executive bodies of projectile impact corresponding to a wide area of
application has been formed [8].

Regardless of the large amount of machines, they are based on the same fundamental
scheme. The scheme includes following functional units: a moving mechanism, a percussion
device to the tool, a boom-arm, electro-hvdraulic drive and control system.

The executive bodies of the machines use hydraulic or hydro-pneumatic percussion
device. Hammers differ in the principle of hydro-kinematic scheme, energy value and the
frequency of strikes,

However, the question of the rational combination of energy and impact frequency to
the power of the percussion is still controversial. Most researchers agree on the fact that the
performance of the percussion machinery depends on the frequency of strikes, in case when
the strike energy ensures the exceeding threshold of strength of the rock. Excessive impact
energy affects the process of overgrinding rocks. The action of additional static load on the
tool allows increasing the efficiency of destruction of rocks by two times.

The analysis of results of machineries with percussion mechanisms during excavation
allows to distinguish their advantages over conventional machines: excavation of rocks with
higher strength, reduce in energy consumption, less amount of fines, decreasing level of
dust, more cost-effective, increasing of excavation speed, more safety, etc.

A pick assisted by high-pressure water jet

Hydromechanical method of rock fracturing based on rock breaking via a conical pick
assisted by a high-pressure water jet.
The method consists in the fact that the jet of water, oriented one way or another with

respect to the machine tool, provides reducing its loading of the interaction with the rock.
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Figure 1.1-12 Model of rock breaking via a pick assisted by water jet [25]

From the viewpoint of the efficiency of destruction of rocks, working bodies of the
TBMs are the most interesting. They use high-pressure water jet in combination with a
cutting tool. Thus, for example, Wirth GmbH tested TBI-260 with executive body diameter
of 2.6 m, equipped with disc roller cutters and water jets of high pressure. The excavation
of sandstones was tested. Jet nozzle produced forward cracks in the rock massif, breaking
the contimuity and reducing its strength. As a high-pressure water source, 1t was used four
pressure intensifier with a pressure of 300-400 MPa, the water consumption of 120 liters
per minute and the power of 250 kW. Test results showed that by using a high pressure
water jet, cutting force 1s reduced for more than 50 % and the rate of production increased
by 2 times. It was excavated 4.5 m and noted almost complete absence of dust, improving
performance of tunneling equipment, reducing overgrinding of the rock mass and the
echmination of the danger of sparks under friction picks with rock massif. The use of such a
working body allowed reducing the sinking cost by 30-50 % [28].

Companies Robbins and Flow Research designed and tested roadheader with
hydromechanical executive body. On the boom-mounted cutting head. 35 sapphire nozzles
with diameter of 0.25 mm were located. The pressure of water exceeded 420 MPa. In tests
carried out using granite with UCS equals to 235 MPa, the penetration rate increased by 1.5-
2 times compared to mechamcal destruction [28].

In general, the tests of hydromechanical executive bodies of tunneling machines and
the experience of their operation have established the effectiveness and availability of
hydro-mechanical method of destruction and highlight the following key benefits [28]:

o extension of the range of applications of tunneling machines to harder rocks (with

UCS up to 160-235 MPa);

o reduction in cutting foree by 40-60%;
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* reduction in torque and power on executive body in 1,3-2,2 times;
« 1.5-3 times increase in penetration rate without increase in executive body power:
¢ -6 times reduction in cutting tool consumption;
o up to 2 tmes increase i machine productivity without increase in mass and
dimensions:
o T0-85 % dust reduction and 90-100 % sparking reduction;
« vibration reduction;
¢ 30-50 % decrease in tunneling costs.

Howewver, the widespread implementation of hydromechanical method of rock
destruction faces serious technical problems.

Effective use of the hydromechanical method should involve water jets which initial
pressure is at least 80-100 MPa (the required value of the initial pressure tends to its increase,
a number of authors suggests mimmmum 200-400 MPa) and a flow rate of 6.3 l/min per
cutting tool. Consequently, selective roadheader must be equipped with high-pressure water
source {pump) with a working pressure of at least 100 MPa. Power of the pump can be equal
to the power of the executive body, and often exceeds it.

The high velocity of the water at the outlet of the jet-forming device causes its
considerable abrasive wear, the nozzle resistance decreases rapidly with the increase of the
initial pressure. At a pressure of 70-80 MPa, a carbide nozzle can be used during about 200
hours and, at a pressure of 350 MPa, - just 4.3 hours. The resistance of sapphire and diamond
nozzles is by 4-5 times higher, but due to the difficult processing of sapphire and diamond
nozzles, they have imperfect shape. The presence of the abrasive particles in the water
highly increase wearing of the nozzles, so the strict requirements of the water treatment
system 1s presented. Filtration system should have filters wiath openings no more than 0.5
microns, It is associated with the use of bulky equipment, the size of which 15 much larger
of the pump unit.

Laser drilling

During the recent decade, intense research has been conducted into application of

high-energy laser beams for rock disintegration. Military equipment conversion is
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concerned as primarily source for prototypes. In such studies, laser energy 15 used for the
process of melting, thermal spallation or evaporation of rock [29].

Destruction mechanism of laser beam depends on the pulse energy density. At low
density, absorbed optical radiation causes heating of rock and 1ts destruction by melting.

At the bottomhole, laser radiation generates significant temperature gradient of 1100
*C on the surface and 75 *C at a depth of 2.2 mm beneath it. Arisen discontinuous stresses
lead to rock peeling and thermal cracking in the same way as it happens in the thermal
destruction [29].

Under the influence of a powerful laser beam, the destruction is close to electrical
breakdown of dielectric. At starting, there is a narrow channel breakdown, where the shock
wave 18 generated. The rock goes into a vapor condition with rapid release of gases.
Depending on the optical properties of rock (absorption or ray propagation), the blasted
canal ends with a cavity expansion.

Generally, a laser-drilling tool has no mechanical contact with the rock and s
durability is not particularly limited. Structurally, the drilling tool (laser) is mounted on the
end of the drill string, and power is supplied from the generator located in the tube. Rotation
15 carried out by flow of washing liquid.

The following types of lasers have been identified for their use in rock drilling [29]:

¢ Hydrogen fluoride and deuterium fluoride lasers. The operation length of wave is 2.6-
4.2 micrometers. MIRACL or Mid-Infrared Advanced Chemical Laser was used for
reservoir rocks test.

 Carbon dioxide laser. It operates at 10.6 micromeiers wavelength and with 1 MW
power. The laser can be operated in continuous or pulsed wave mode. Nevertheless,
in terms of long length of wave, attenuation occurs through fiber optics.

¢ (Carbon monoxide laser. Operation wavelength 1s 5-6 micrometers and power 15 200
kW. The laser operates in continuous and pulsed wave mode.

¢ Chemical oxygen iodine laser. This laser has operating wavelength of 1.315
micrometers. This type of lasers was used by militaries for missile destroying. Such
technique has high precision and range that can be implemented successfully for rock

drilling.
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» Other types.

Major part of researches of laser drilling is focusing on usage of laser as a vaporizer
of the rock. With such techniques, the advantages over rotary drilling can be visible. The
advantages include inereasing rate of penetration, provision of temporary casing, increased
bit life, decreasing in dependencies on bit design and rotary speed, accurate and precise
drilling, uniform diameter of bore hole, ete,

As the main disadvantage of laser cutting, high power consumption 1s considered.

Microwave irradiation

Another method for rock destruction consists in using of microwave irradiation. This

method will be described and investigated further in this work.

1.2 Microwave Irradiation of Hard Rock

Microwave nradiation has a great potential for use in miming. Microwaves can be
used during defrosting of frozen soils; rock softening and crushing, ore decomposition;
cxtraction of metals from waste and sludge; for grinding, leaching, magnetic separation, and
high temperature drying [30].

This chapter describes the basics of microwave irradiation and application of its in

mining.

1.2.1 Basics of Microwave Energy Irradiation
Microwave energy is a form of electromagnetic energy transmitted by high-trequency
waves, Electromagnetic waves consist of an electric and a magnetic wave moving
perpendicular to each other (Figure 1.2-1). The speed of the electromagnetic waves equal to

speed of light and the length of the waves A 15 in inverse ratio to its frequency [31]:

e
A=— [m] (1.2-1)
;E']‘J!
where C — speed of light [m/s];

form frequency [Hz].

The wavelength of microwaves range from | mm to | m — with respective frequencies

from 300 GHz to 300 MHz. The microwave heating process refers to a family of electrical
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heating technology, which also includes, for example, induction, resistance heating and

infrared heating. In all cases, specific features of the electromagnetic energy are used [32].

Figure 1.2-1 Electromagnetic waves

As well as electromagnetic waves, microwaves decay while penetration mnto a
dielectric material. The rate of the decay depends on the physical and electrical properties
of the material, as well as frequency of the waves [33]. Materials with ability to absorb
microwave energy 15 dielectrics.

Microwave treatment of a rock produces the amount of heat, which depends on
exposure time, power level and chemical composition of the rock, Different minerals can
absorb or be transparent to microwaves [34] [35].

The dielectric constant, also known as relative permuttivity, describes the dielectric
properties of solid and it 15 dimensionless ratio of the permittivity of a substance to the

permitivity of free space [36] [37]:

r = I
£ £ —IE
== =gl gl (1.22)
o o
where Er —relative complex permittivity;
P — complex permittivity:

gy = 8.854- 10712 [F /m] — pernuttivity of {ree space;

£ —real of relative complex permittivity,
o'’ — imaginary of relative complex permittivity,

[ = =1 - complex number;
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£l real part of relative complex permuttivity;

gl — imaginary part of relative complex permittivity.

The real and imaginary part of relative complex permittivity depend on frequency and
temperature. Selected dielectric constants can be seen in Table 1.2-1.

Table 1.2-1 Relanve permittivity of selected minerals (rocks) [38] [39]

Mineral (rock) Relative permittivity
Biotite 47 —-9.3
Chlorite 9.0
Muscovite 6.2 — 8.0
Plagioclase feldspar 54-71
Quartz 42 —-59
Granite (dry) 48— 189

While propagation of microwaves into rock, the loss can be observed. The dielectric
loss can be parameterized in terms of either the loss angle &, or the corresponding loss
tangent tan §,. The dielectric loss tangent tan d, can be found from the equation bellow

[36].

tan 8, = Ei, (1.2-3)

r

Materials can be divided into two groups by loss factor:
» Low loss (tand, <« 1);
+ High loss (tand, > 1),

It was defined, that the penetration depth d,, of microwaves is the depth at with the
power has been weakened to 1/e (around 37 %) of the power at the surface. For materials
with such dielectric properties (low loss/'high loss), the penetration depth is calculated as
follows [40].

A5
Low loss - (1.2-4)
ow loss dy, Jmel
i A 1.2-5
High loss d, = ST (1.2-3)

The different nunerals consistent in the rock leads to differential volumetric

expansion under microwave irradiation, This creates stress along grain boundaries, which
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causes cracks and weaken the rock (reducing in UCS, tensile strength, etc.) [33] [41] [42]

[43] [44]

1.2.2 Application of Microwave Energy in Mining Industry
There 15 little experience with the use of microwave energy in mining industry,
however, there are several applications where microwaves are used and the number of
perspective studies,

Thawing of soils

The method of microwave thawing of soils 1s an innovative method of construction
under the conditions of permafrost, allowing a warming soil for piling, construction of
communications and oil pipelines, road construction and maintenance [45].

So far, the thawing of {rozen soil was carried out with the help of thermal methods,
charactenzing by intensive labor- and energy-intensive consumption. Theretore, they are
used only in those cases when other effective methods are unacceptable. It is applied near
the existing underground utilities and cables; 1f it 18 necessary, thawing of the frozen ground
in case of emergency and repair work.

[hisadvantages of common methods are high consumption of fuel, steam, water and
eleciricity, the complexity of assembling and disassembling as well as warmth-keeping and
high cost.

High-tech alternative to the above methods tor thawing soils is a technigue based on
the use of microwave energy to create fast, rehable and environmentally friendly way of
heating. This technology has higher penetration level, less energy (fuel) consumption and
reduced duration of treating.

Under the leadership of M. Rvabets, there were carried out extensive studies of the
diclectric properties of frozen ground in the range of microwaves, theoretical and
cxperimental research of thawing of frozen soils under the effect of microwaves [45]. 915
and 430 MHz frequencies were analyzed. The studies have shown that, at 430 MHz
generator frequency, thawing depth is 0.8 m at power flux density of 10 W/cm?, and
irradiation time was equal to 10 min (rock is sand and sandy loam., light humidity 10 —

15 % with an initial temperature of =5 °C). At the same time, the required costs of
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microwave energy is 30 — 35 kWh/m®. At a frequency of 915 MHz and power flux

density 23W/cm? (exposure time 3-5 min), thawing depth was 0.25-0.35 m. Thus,
radiation with longer wavelength has proved higher efficiency for soil thawing. From this
study, in 1983, facilities were constructed, based on magnetrons M93 and M116. Using of
it allowed from two to three times reduce in the cost of work and reduces the duration of
elimination of accidents.

Another study has described the working body for extending a well diameter in
permafrost rock. It uses the magnetron M21 having frequency of 2.45 GHz and power of 5
kW, which was directed to the well walls, for irradiation of frosted rocks [46].

Mineral processing

Microwave drying of minerals and coal

The drying of minerals with microwaves was studied i Institute of Geotechnics of
Slovak Academy of Science. The study confirmed that microwave energy very sufficiently
and fast dries minerals, such as magnetite, galena, siderite and quartz. The quality of drying
depends on permittivity and their grain [47).

In addition, it was studied the drying of coal in microwave furnace. The advantage of
dryving with microwaves over classical method is the velocity of drying, which in case of
microwaves in |0 times higher [47]. This is because microwave-drving process has different
mechanism, the drying runs from the middle of the mineral to the surface. The water 15
pressured out from the coal to the surface and can be taken by airflow [30].

Gold extraction from the tailings

More effective dressing and extraction of minerals can be performed with
implementation of microwaves in the processing of the rocks. The microwave encrgy
implementation allows more effective extraction of gold from the tailings of old mines. A
usual method with the use of cyanides solutions does not extract gold, as 1t 15 concluded n
other minerals (pyrite and arsenopyrite). Furthermore the current technology i1s highly
energy demanding and not environmentally friendly. Therefore, it i1s necessary to use
microwaves for destruction of sulfide sells. The shell absorbs microwave energy, as a result

rapidly heated and cracked; this allows solutions access the metal [4¥].
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The method was tested in Canada. The resulis shown lower decomposition

temperature, 420 "C comparing to 550 °C for formal heating. The percentage of extraction
of gold increases with microwave facility power. At power 5-6 kW, it was observed
complete extraction of gold (98 %), Feasibility study says that cost per ton can be reduced
by 45 % 1f the microwave heating 15 implemented [48] [49] [50].

Microwave treatment of coal

The process of desulphurization of coal with microwaves was tested. The coal was
treated with microwaves for further magnetic separation.

Magnetic separation depends on the difference in the magnetic moment associated
with coal and muneral particles. The microwave irradiation boosts the magnetic sensibility
of minerals and makes it more open to separation process [30].

The study ot L. Turé¢amova (Institute of Geotechnics, Slovak Academy of Sciences)
says that it is possible to remove up to 80 % of total Sulphur content in the coal [51]. As the
advantage of the desulphurization with microwaves was highlighted extremely short time
for desulphurization after microwave irradiation.

Microwave-assisted leaching

Leaching of refractory gold ores

Microwave destruction technology s energetically favorable for the rocks, containing
a small amount of ore minerals when one mineral is heated without waste rock heating [52].

The possible area of application of microwave technology 1s the preparation of
refractory ores for hydrometallurgical extraction of gold. The degree of extraction of gold
from refractory ores during leaching of the ore without pretreatment is quite low. To increase
the extraction, various methods of pretreatment material can be used: firing, high pressure
and biochemical oxidation. These methods are quite expensive and long lasting.

The main reason why the microwave energy can be successfully used in the extraction
of gold leaching is the fact that the gold-bearing minerals are usually excellent absorbers of
microwaves and the ore-bearing material is transparent,

It was demonstrated that microwave irradiation techniques can be applied efficiently
and efficiently to the refractory gold ores leaching [52].

Microwave leaching of electronic wastes
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In Prague, the study of microwave-assisted leaching of electronic wastes was

performed and the leaching kinetics at different temperatures was studied. An electronic
scrap (Cu 64,635 %, Al 4.54 %, Zn (.53 %, Pb (.16 %) with the leaching agents (2 M HCI
and 2 M H:504) were used [30].

The results shown insignificant dissolution of Cu, but the recovery of Pb and Al show
some positive results with dependencies on temperature and duration, Pb was fully
recovered after 60 munutes heating at 80 °C {conventional leaching shows 65 ). The
dissolution of Al was 91 % (60 minutes, 60 *C), comparing to 83 % for conventional

methods [30].

Bonlders destruction

In 1965, researches were camied out on destruction of boulders on “Rovnoe”,
“Akademicheskoe”, “Sokolovskoe™ and “Golovinskoe™ open pits (former USSR). It was
used high frequency microwave facility — “Electra”™, The practice has shown effectiveness
of using microwaves for fragmentation of boulders. The performance of 15 m®/h has been
achieved during boulders fragmentation of volume up to 7.5 m® [53].

Microwave heating for fracture of kimberlite

In Russia { 2006-2008), studies of kimberlite fracturing with microwave energy were
executed, It was determined that destruction of kimberlite under microwave heating occurs
for two reasons: rapid water evaporation contained in rock, when the saturation pressure
will exceed rock strength; prompt polar expansion of minerals [48].

Study says that kimberlite is a porous rock with water content level at 7 %. At 150°C
the vapor pressure achieve 500 kPa, it gives the water pressure to be the main cause of
kimberlite fracture. Dhelectric behavior with different water content as well as microwave
penetration were measured. Experiments confirm that for high productivity (60 % of chips
15 under 3 mm in diameter), the temperature should be under 200 °C and the temperature
grows equals 40 °C/sec [54].

The productivity of the method was estimated as 0.1 tons per hour {microwave facility
power 5 kW) and 1 ton per hour {microwave facility power 50 kW) [54].

Experimental method of rock softening
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Emplovees of Institute of Geotechnical Mechanics (Dnipro, Ukraine) have invented

an original method of destruction of rocks by irradiating with two microwave generators
[55].

Figure 1.2-2 Softening the rock by the influence of two microwave generators [55]

At first, the rock irradiated with lower power flux density (150 — 300 W/ cm?) from
the generator (1) until creating heat trace, and then irradiating with higher power flux density
(300 — 5000 W /em?) from the generator (2) in the perpendicular direction (Figure 1.2-2).
The first phase of the uradiation creates in the rock (3) heated zone (4) with an increased
value of the fictional component of the dielectric constant. For radiation generator (2), this
arca is strongly absorbing, while the unheated rock is transparent. As a result, the power
produced by generator (2) 1s absorbed mainly in the zone of intersection of wrradiations (3).
Rapid heating of zone (3) causes thermal expansion, phase changes, gas phase formation,
etc. It leads to the destruction of the rock. Moving the generator (2) on the surface of the
heat along the trace (4), can be created a channel of broken rocks can be created [55].

On the stage of concept, it exists significant number of microwave-assisted
machineries. However, they are not cost effective in the context of technical and economic

progress.

1.3 Formulating the Research Problem

Based on the above, the objective of this work is to analyze the reduction in cutting
resistance of granite specimen irradiated by microwave irradiation with different irradiation
times.

For the implementation of this objective, the following should be done:
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determunation of dependencies of cutting forces, wearing, energy consumption,
particle distribution on spacing between cuts;

determination of dependencies of cutting forces, wearing, energy consumption,
particle distribution on distance from initial surface;

determination of dependencies of cutting forces, wearing, energy consumption,
particle distribution on duration of treatment of sample with microwaves;
development of regression model of dependency of cutting torces on duration of
treatment of sample with microwaves, spacing between cuts and distance from initial

surface.
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2. RESEARCH METHODS
Investigation of the influence of the microwave irradiation on the reduction of cutting
resistance of granite was set as a task in the current study. This chapter explains research

methods applied to process test results and obtain regression models.

2.1 Analysis of the Cutting Forces
The basic principle of the rock destruction is in overcoming the bonding between the
particles to disintegrate the rock. Inducing siresses that surpass the rock strength in the rock
formation is the basis of mechanical rock cutting; by this, the crack propagation and chip
formation are caused [22].
During cutting of rock, three-dimensional forces act on the cutting tool (Figure 2.1-1).
These forces are as follows
o Cutting force F,;
« Normal force F;.

» Side force F,,

Cutling
irssHien

Slidke
Farce

Meritisl
Foirca

Y

Figure 2.1-1 Forces acting on the cutting tool while cutting

Cutting force occurs parallel to cutting direction, it 1s mainly responsible for the actual
rock fragmentation, The normal force is directed perpendicular to cutting path and hold the
pick in the rock. The side force acts perpendicular to the cutting path and keeps the pick in

the cutting line [36] [13]. The total force Fr,pp might be determined as follows:
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Frowa = [F2 + B} + 2 @.1-1)

In this study, mean forces and maximum forces {or peak forces) are of the highest
interest, as they are used for determining parameters of excavation equipment. Mean forces
and maximum forces should be evaluated and analyzed. The procedure will be described

further in this chapter,

2.1.1 Peak Force Analysis
As a possible method of analysis, it was decided to use the method of maximums for
analyzing data out. In this method as amplitudes of forces, it is chosen to take differences
between peaks gy, of the force-time diagram (Figure 2.1-2) and the mean value g,. In

addition, only peaks, which are higher than mean value, should be taken into account.

i

Figure 2.1-2 Example of the force-time diagram
In this way, the peaks (3), (5), (7) and (8) are excluded from evaluation, as they lay
lower than a,. Next step is to find the amplitudes of stresses a,; equal to 7,,,,; and g,
difference. It these amplitudes are arranged in ascending order, it could be taken as the
variation series. The variation series is important for the determining of the distribution
function.
In the method of maximums, 1t 15 assumed that distnbution of minimums and

distribution of maximums are symmetric with respect to a,,.
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2.1.2 Venfication of the Peak Force Analysis

Probability theory is the branch of mathematics analyzing patterns of random
phenomena such as random events and variables, stochastic processes, their properties and
operations.

The approaches, described in Chapter 2.1.1, should be applied to the force-time
diagram of the cutting forces. The data points for F,, .. exciracted by the peak analysis will
follow a random variable distribution. From the view of the distribution density histogram
of expenimental data, the form of a distribution law 15 assumed.

It the histogram has a clear peak and symmetry with respect to this peak, 1t could be
checked using the hypothesis of a normal disinbution. The procedure for checking the
normal distribution hypothesis 1s shown below.

[f 1t 15 not symmetrical, other hypotheses shall have to be checked for.

At first, it 1s necessary to base a hypothesis of atfiliation on the Gaussian distribution.

Use of Pearson’s test involves checking of the hypothesis such as, at the significant
level @ = (.05 the random variables distribution £, does not conflict with the Gaussian
distribution.

For the force Fpga, it is necessary to calculate mean y, variance o® and the range

of Fmﬂxmmr - qumin'

N F i
u= M (2.1-2)
n
n—1

Depending on the number of random variables N, the amount of intervals should be
chosen. For this purpose, Sturges rule will be used [57]:
k=33logN+1 (2.1-4)

Next step 15 to select borders of intervals. The random varable can be divided into
intervals in many ways, but it is preferable to do so according to asymptotic optimal

grouping for the Gaussian distribution [38]:
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x —
;= !J'u—}x[-=cr.ri—,u (2.1-3)

Such dividing is preferable because of the increasing possibility of criteria to differ

similar hypothesizes.

Table 2.1-1 Optimal border points of intervals for checking the Gaussian distribution with
Pearson's chi-squared test [58]

k t r ty t, I te Iy ty Iy A

A -1.011 1111 (407
4 -1 383 0000 1,383 (.553
5 -1 .59 SRR ) 16565 (iR
L1 -1 B82 SR {.a00 (907 1842 (.75
T =2 Uiki -1.265 -1, 442 (402 1265 2 (il A L]
4 =2 195 -1.455 -1, THé {000 0. Thi 1455 2155 (84T
i =2.319 -1.822 -1.(K22 11,583 (.3k3 .02z 1.2} 13149 (LETS
10 2423 -1.758 -1.205 0,650 0000 {650 1205 1.75% 2423 {1 KO

In case an interval has a low number of values, less than 5, it shall be deemed as
insufficient. Such intervals should be merged.

The perfect Gaussian distribution for caleulated mean and vanance can be calculated
by formula [58]:

1 x—p)?
flx) = ——=e 2 (2.1-6)
V2aim
The next step is calculate the frequency of occurrence of randoms in the interval n;

and determine probability deriving P; [58]

Lit+1
Pp=| fldx (2.1-7)

x
When it 15 considered that this is a composite hypothesis, the number of degrees of
freedom equals
r=k-m-1 (2.1-8)

where m,.. —number of estimated parameters.

The critical value of Pearson's chi-squared 15 then calculated as follows [58]

WS
52 = HZ@ (2.1-9)
i=1
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The result of the equation (2.1-9) should be compared with the chi-squared

distribution table. It should be smaller.
Calculate P{S > 5'} [58]

1 [ 5
P{S?S']=ﬁ= J- 57 le T Zds > w (2.1-10)
22:1(3) s,
If the equation (2.1-10}) is true, then the considerable random variable obeys normal

distribution.

2.2 Investigated Parameters

During the cutting process multiple numbers of parameters are tracked, measured and
processed, described as follows.

Energy consumption evaluation

For this study, specific energy consumption of cutting process will be evaluated. The
specific energy consumption equals the amount of energy to be consumed for a cubic meter
of rock [8].

To determine the specific energy E, in laboratory test, the following equation can be

used:
E,p = EEEIEIE:; [F‘Wh (2.2-1)
where l,,  —length of cut [m];
E mean cutting force of one cut [kN];
Ve  — volume of cut material by ¥, F, [m?].

Another form of energy consumption that could be evaluated 15 energy consumed by

the microwave facility during the wradiation process

_ LEp,
Epmi kW h (2.2-2)
mic 35{}'] I. ]
where Ep. —energy spent for irradiation, per second [k//sec].

Wearing
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About 80 % of all failures of excavation machines are caused by wear of parts,

Especially intense abrasion exposes the working bodies of excavation equipment [59].
Some general effects of tool wear include increased cutting forces, increased cutting
temperatures and poor surface finish. [n addition, it may lead to tool breakage and causes
change i tool geometry.
Excavation performance and wear rate are the main themes of many studies.
However, wearing should be taken into account and processed during experimental analysis.
Thus, the wear is a question of material consumption as well as the important indicator of

rock excavation (Figure 2.2-1).

Ganlogizal parametors Macs e squiprmant
Rock & soil Tool material
=aramei=rs. & A el gy
condilions

\l Tool wear H’

Excavatability

Excawvation perfomiance

+
Construction management
| eqlkedes, aperatakan. malntanansa

Figure 2.2-1 Parameters influencing tool wear and excavation performance [9]

Tool wear takes place in processes mvolving friction of surfaces, high pressures and
temperatures. Therefore, there are the two main causes of wearing in the current rescarch:
abrasion and diffusion.

The abrasiveness of rock 15 a factor with considerable influence on the tool wearing.
Since n this work such a hard rock as granite 1s used, it 15 understood that granite 15 an
extremely abrasive rock (CAl = 4.0 — 6.0; Tahle 1.1-1) and wearing of the cutting tool will
thus be sigmificantly high.

Another factor controlling the wear rate 15 cutting speed. A high cutting speed results
in the increase of the tool temperature, increasing the wear rate in turmn,

At high temperatures in the cutting zone, diffusion takes place that is mutual
dissolution of friction bodies. As a result, changes in chemical composition and mechanical

properties of the surface layers of the tool accelerate the wear [60].
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Also, torces that appeared during the cutting process, play a significant role m the

wear rate. This impact acts in two directions. Increase in the forces results in the increase of
the wear rate. On the other hand. when the cutting tool is wom, the forces increase
significantly [11].

In this study, an unusual method for wear rate evaluation will be apphed. This is due
to the experiment’s conditions. The major procedure is to determine difference in weight of

the cutting tool before and after cutting process relatively to the cutiing way:

W = w [E] (2.2-3)
cl m
where m; — mass of a pick before cutting laver [g]:
msq mass of a pick after cutting laver [g]:
1 — cut length on a laver [m].

Particle size distribution

The particle size plays a major role in the case of health safety. Many particles are
easily inhaled and can be deposited in the respiratory tract depending on their size. density,
shape, charge and surface propertics as well as on the breathing pattern of the individual.
Numerous studies and organizations, e.g. Occupational Safety and Health Administration
(OSHA), point that the size of particles that are respirable (i.¢. can reach the deep part of the
lungs) is less than 10 pm. However, the size of particles that can be inhaled 15 reaching 100
pm [61] [62]. Unfortunately, there was no possibility to determine particle size under 63
microns during this research.

In addition, more grinding means creating a larger surface area. which in turn requires
higher energy consumption. Less grinded material indicates a better use of energy, which
should cause less energy consumption or a bigger volume of cut matenial in comparison to

over ground material.

2.3 Procedure of Establishing a Regression Model

The procedure of the development of the regression model v = f(xy, x5, x5) s
described below [63] [64].
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First of all, a table with mmitial data should be created. It should include vanable

parameters (X, X5, x5 ) and experimental values y.

Next step is creating the multiple regression equation. Research shows that most
experimental results can be described as a complete cubic polynomial. Polynomial
regression of three-factorial design is:

¥ =by+byxy + baxy + byxg + bax X + byax Xy + bpgXoxg + bygaxy XX

) . ) . (2.3-1)
4+ by xi # bopxs 4+ bagxs 4 by x] + bogoxs + bygsxs.

For the determination of the full equation, a method of multiple regression analysis
will be used.

There are two different methods to perform regression modelling. The first 15 the
taking of the full polynomial and analyzing the importance of the equation members as their
numbers decrease. The second starts from a simple equation with a minimum number of
members, increasing the number of explanatory variables by gradual addition and
calculating the importance.

The regression equation in such case becomes

¥ = bu + li.?-|x*_| + bg.xz + li.:'].-rg {23'2]

The coefficients b; are determined by the sysiem of equations, based on Gaussian

elimination

[ ﬂbﬂ+b12xl+bgz.ﬁ+bgzx3=2}r

bule +bIfo "'bzlexz +b32x113 :ZJ‘II
hnz:cz +h1Zx,xz+szx§+b3szI3 =z;|u:1
kb.;Zx; +blzx1x3+bzz,rzx3+b3z.r§ =Z}rx3,

Such system of equations can be written in matrix form as follows

(2.3-3)
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= | (2.3-4)

Zf‘fz ZIII.E ZIEE szxa b Z}'Iz
l\zxa le:':ﬁ sz-‘fz fo .b;;/l l\Z}'I’a,)
Calculated coefficients b; have to be included in the equation (2.3-2):
y=teexgtoxg by (2.3-5)
Determinimg residual variance of regression:
F5
2 - Ty=1(Yei — %) (2.3-6)
e n=I(k+1)
where Vi — calculated value of the parameter by equation (2.3-3);
Vst — experimental value;
(k+1) the number of coefficients in the equation (2.3-5);
n — sample size.
Add the next member of polynomial to the equation:
Y= bﬂ + blxl + bExI + EI;..‘-:;, + .b‘ilexz {_13-?}

For the new equation, the whole process should be repeated. After that, the statistical
significance of the variance difference between polynomials can be estimated

SEF'F [
L — > F'l_i? (2.3-8)

J'E‘EJ'+1

where  F,_, - F distribution table value, m; = n — (k + 1), m; = o9,

(bigger 52, value has to be the numerator).

If condition (2.3-8) 1s fulfilled, then the member 15 added to polynomal, when it 1s
false, the member has to be skipped. All members of equation (2.1-2) have to be processed
and checked.

Determining correlation coefficient



39

Ll . — - 2
R = 1 — EH=1{F¢E[ -j!'llll}.3 {2“3_9}
E:-_;ﬂiryi - }FH)
where ¥,  —mean experimental value.

As aresult, the equation that describes the experimental output with highest accuracy

should be received.
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3. EXPERIMENTAL STUDY OF THE CUTTING PROCESS
The purpose of the current experiments is to determine the effect of the microwave
irradiation duration, spacing between cuts and distance from irradiated surface of a granite

block on the cutting force, wearing and specific energy consumption.

3.1 Equpment
In this study, laboratory equipment was used. This equipment is listed and described
in the current chapter.

The testing rig

Cutting tests were carried out using the testing rig HXS 1000-50. The rig was
developed for the determination of cutting forces and volumes using various cutting tools

during operation with blocks (samples) under experimental field conditions.

Figure 3.1-1 Photo (left) and 3D model (right) of the testing rig [65]

The machine was produced by ASW-GmbH Naumburg for conducting cutting tests
at TU Bergakademie Freiberg. General view of the testing rig is given in Figure 3.1-1 and
basic technical data are in Table 3.1-1 [66].

It consists of a base frame (5), a movable work table (6), where the test block is
located, fixed 2-cross beam-portal (1), traverse (2), work bridge (3), tool holder (9), a load

cell {7), laser scanner (8) and control panel (4).
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Table 3.1-1 Technical data of the testing ng [66]

Nominal capacity 60 kW
X-axis 1,750 mm/s
Cutting speed V-axIs T mmy/'s
Z-AX18 16 mm/'s
Cutting depth (max.) 50 mm
Acceleration (max.) 10 m/s?
N-AXIS SO0 KN
Permissible forces y-axis 30 KN
Z-ax18 50 kN
length 600 mm
Max. dimensions of a sample width 1000 mm
height SO0 mm
Weight of the sample (max.) 1,300 kg
Angle of attack 157 ... 90°
Angle of rotation —50° .. 907

The cutting parameters are set up using a control panel. The movement of the tool in
the Y-axis is executed by moving the traverse, In the Z-axis, the movement 15 realized by
adjusiing the work bridge to the needed height. The cutting movement 15 performed by

moving of the work table in the X-direction.

———Y

o
Figure 3.1-2 Force components of the HSX-1000-50 | 65]

The cutting-force measuring system used i the machine, can measure forces in the
range from -30 to +50 kN (£30 kN in Y-direction). The error of the measurement is equal

to 0.5 % (0.25 kN). This is an acceptable error in case of hard rock cutting.
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The provine ring

Before commencement of the tests, calibration of force sensors was carried out. For
the calibration of the testing rig HXS 1000-30, the proving ring M11721, with maximum
load 30 kN, was used (Figure 3.1-3).

The proving ring consists of two main elements, the ring itself (1) and the diameter-
measuring system (2). Forces are applied to the ring through the external bosses (3) for
attachment. The resulting change in diameter, referred to as the deflection of the ring, 1s
measured with a micrometer screw and the vibrating reed mounted diametrically within the
ring. The micrometer screw and the vibrating reed are attached to the internal bosses of the

ring [67].

Figure 3.1-3 The proving ring M11721

The procedure of calibration is:

1} mount the proving ring centrally on the testing ng machine according to the mode of
loading (for compression, the proving ring i1s placed centrally between the two loading
platens, the cuiting tool and the sample surface);

2} connect the PC and set the minimum load for the load cells:

3) record readings of the proving ring and the load cells;

4) shift the cutting tool in the direction of the sample surface by (.01 mm;

5) record the proving nng and the load cells readings again;

6) repeat steps 4-5 t1ll force reaches maximum sate load;

7) repeat whole procedure for the three coordinates XY Z.
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The proving ring 1s provided with recalculation data table (Annex (5). The resulis of

the proving ring and the testing rig were compared. The results from this procedure are
shown in Annex G.

It can be seen that there is no significant deviation between test results and pattemn
diagram. The error 1s in the established range (0.5 % = 250 N).

Cutting tools

In this smdy, cutting tools such as point-attack bit BG35K-19.5589, made by
company BETEK were used. The cutting tools were modified for suntability with the testing
rig. The final model of the bit can be found in the Annex A. The tools are made of steel and
tungsien carbide. Tungsten carbide 1s used for wear-resistance of the tip and steel for the
tool shank. Such tools have prevalence as tool for selective cut heading machines and drum
shearer-loaders. Eight cutting tools were used for the cutting tests. Each cutting tool was
used in the unique conditions. During the experiments, the bit was rotated by 45 degrees to
provide uniform wearing of the tungsten bit.

Miscellaneous

For the collecting data, computer DEWE 3000 was used (Figure 3.1-4). This
computer features special hardware and premstalled software DEWESoft (Figure 3.1-4)
the use of which provides the possibility to determine precise values of force acting in X, Y
and £ directions — video streaming and scanning sample surface. The camera, FASTCAM
SA3 made by Photron USA was used with the computer. In using the camera for recording,

records with up to 120,000 frames per second rate can be obtained.

Figure 3.1-4 Software and PC
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The laser unit can scan the surface of the specimen determining distance from the unit

to the surface of the sample with a precision of =70 pm. With the use of such technology,
coordinates of the surface can be mapped out, the cutting track investigated and the cut
volume calculated [66].

Sieve shaker and test sieves

After cutting tests, the material was analyzed on particle size distribution, The sieve
shaker and the set of sieves were used for this purpose (Figure 3.1-5). The sieve shaker is a
machine with a vibrating engine, designed for sorting of crushed {bulk) materials by sieving
it through sicves.

The vibratory sieve shaker Retsch VE 1000 15 used in current research with the set of
sieves, Retsch VE 1000 15 a throw-action sieve shaker, also known as vibratory sieve shaker.
An electromagnetic drive sets a spring-mass system in motion and transters the oscillations
to the sieve stack. The probe is exposed to a movement in three dimensions and is distributed

uniformly across the whole area of the sieve [68].

Figure 3.1-5 The sicve shaker, sieves and the lab scale

The sieve shaker has number of installations such as duration of shaking, amplitude
of shaking and pause interval. Adjustment of these parameters serves to optimize the sieving
process for different types of material. Amplitude and sieving time are set digitally and are
continupusly observed by an integrated control-unit. Therefore, sieving results are
reproducible and precise.

Current sieve shaker can carry out wet and dry sieving. Most sieving analyses are
carried out on dry maierials. as in this study. Wet sieving only takes place il maierial is

already wet or a sample consists of very fine particles tending to agglomerate.
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The set of sieves used in the study 15 presented by 0,063 mm, 0,125 mm, (.25 mm,

0.5 mm, 1 mm, 2 mm, 4 mm, 8 mm, 10 mm, 12.5 mm and 16 mm. Additionally, rubber
balls were added to the sieves with passing size 0.063 mm and 0.125 mm to increase passage
of matenals and prevent adhering.

For determining the weight of total mass and particles within range size, the screens
are measured before and after the sieving on the lab scale produced by Sartorius, The lab
scale has an accuracy of .01 gram.

The results of the sieving and weighting are noted down in the Excel table for further

analysis and calculations.

3.2 Specimen

Three gramite blocks by Montanunmiversitit Leoben, Austria were taken for the study.
Chemical composition was tested by the company Baustottprifstelle Wismar GmbH.

Initially, all blocks had 500=500=300 mm dimensions, The blocks have a granular
texture with some xenomorphic crystals. The main components are quartz, plagioclase
feldspar. biotite, muscovite and chlorite as well as apatite, epidote, sphene and xenotime.
Also, compressive strength of the samples equals 202.7 MPa. More information concerning

physical and chemical properties of specimens can be found in Annex D.

Figure 3.2-1 Model of irradiated blocks

Afterwards, blocks were exposed to microwave irradiation, which took place at

Montanumversitit Leoben, Ausirnia. The experiments were performed with continuous
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power of 25 kW and radiation fime 30 and 45 seconds. Betore and during the wrradiation,

temperature of specimens was measured. The temperature increased from 220 °C to 3000
“C, after 30 seconds, and 5000 °C, after 45 seconds. The irradiation process leads to forming
of cracks up to 15 cm length [69].

For preventing destruction of irradiated blocks, they were inserted into reinforced
concreate frame (Figure 3.2-1). After that, specimens were processed during another
mvestigation.

As aresult, blocks used in the study have sizes equal approximately to S00=500=276
mm for the non-irradiated sample and 600=600=350 mm for the samples atter 30 and 45

seconds irradiation {length = width = height respectively).

Figure 3.2-2 Photos of 45 and 30 seconds diated blocks respectively

Figure 3.2-2 demonstrates the state of samples with 30 and 45 seconds treating before

current study.

3.3 Condinons of the Experimental Study

Preparation of experimental research was carried out as follows. The specimen was
installed and properly fastened to the movable table of the testing rig (Figure 3.3-1),
Calibration of the sensors has been made according to the instructions (Chapter 3.1), results
of it can be found in Annex G.

Next step is preparation of the surface of the block for cutting process: measuring
basic points (x-, v-, z-coordinates of the block borders) for determining cutting area and
setting of the particle collectors. For microwave treated samples, mounting and setting of

the camera was needed. After preparation of the working area, process of the testing rig
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setup was started: 1.e. cutting depth, cutting speed, spacing between cuts, number of cuts,

cut length, cut arca and the angle of attack.

Figure 3.3-1 Complete mounting of the sample

Angle of attack

The importance of an angle of attack and other dependent angles are described in
Chapter 1.1. For current experiments, the decision was made to set an angle of attack equal
to 457

Cutting depih

During the stage of experiment design, it was decided to estabhish the cutting depth
at 4 mm. This decision was informed by previous research, made in this study, experiments
made on the rig and the rnig capabilities,

Cutting speed

The cutting speed was set up at 0.1 m/s. Such speed 15 relatively low. It was
considered that on a high speed, the wearing of the pick could increase due to heating. A
high speed during the cutting process could also result in high forces that would cause rig
vibration and tamper with results obtained.

Spacing between cuts

During the stage of experiment design, it was considered to make the current
parameter a variable, In order to obtain valuable results from the cutting tests, distances of
& mm and 12 mm were chosen.

Cutting feneth and cut area
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Figure 3.3-2 Cutting zones

The cutting process demands high force influence on the sample, which can cause the
cracking or chipping of big parts of the sample, especially near the edges. For this reason
reinforced framing was made as well as designation of a safe zone on the edges of the blocks.
For the wrradiated blocks with reinforced frame, the safe zone was 50-70 mm towards the
back of the block and around 30-50 mm on the left and rnight sides (the width of the concrete
frame was not taken into account). The untreated sample had bigger safe zones, due to the
lack of a reinforced frame and the damage incurred during previous experiments and
leveling. The safe zones in the untreated sample are equal to 90 mm at the back and 70 mm

and 100 mum at the sides. Additionally, tilted upside-down 30 seconds irradiated sample was
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used as the untreated block. The safe zone was 70 mm from the back and around 70 mm

from sides.

Number of cuts

Each block was figuratively divided in two equal parts along the x-axis. This was
made to create equal conditions for the cutting process with different spacing between cuts.
Since the area for cutting was considered to be the same and space between cuts was
different, the number of cuts in each section ranged from 10 to 25.

The cutting tests were carried out without leveling of the surface. This means that
after cutting a layver, the next layver was cut in the quarry manner (the number of cuts on the
next laver was decreased by one from each side) because of the cutting tool shape and
importance of the safe zone. Cutting of the next layer began directly under the second cut
of the first layer. The data result from first cuts were not considered in further calculations,
as it is a blocked cut and, as such, has a different mean, maximum and vector direction of
the force.

After each three cuts made by the testing rig the cutting tool was rotated. This was to
allow even wearing of the pick as well as a smooth shape of the pick. In addition, during
this operation timeouts were provided during which the tool cooled down and the speed of
the wearing was decreased.

Scanning

Scanning of the surface was an important part of the experiments. When a layer was
cut and new surface cleaned, laser scanning of the new surface was made. For this, the
machine was switched to another mode. In this mode, after inserting two basic points
(highest and lowest) on the specimen, the rig starts measuring the distance from the laser to
the surface, finding the optimal distance. When measuring is finished, the mode needed to
be switched again. In the new mode, edge points of the cutting area should be keyed in.
Adfter this, the laser scans the surface on the optimal distance, perpendicularly to the cutting
direction by constantly shifting 2 mm further until the whole cut area 1s measured,

Particle size analvsis
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The data was collected using the computer, described n 3.1. The PC required

connecting and setting up before experiments. The high-speed camera was installed for
shooting the cracking and chipping of the sample during the process.

Adter the cutting of the layer, the chipped material was collected in bags. The collected
material was used afterwards in the sieve analysis. The process of sieving analysis required
a number of manipulations. First of all, weighing of the set of sieves on the lab scale was
performed and results were listed in an Excel table. Next, mounting of the chosen sieves
with material onto the sieve shaker was done. The sieving machine was then set up. The
scttings for the shaker were as follows:

¢ duration time of 5 minutes;
o amplitude of 1.2 mm;
¢ nterval of 10 seconds.
On tinishing the sieving process, each sieve was weighed again and the data mserted

in the Excel table.

34 Processing and Analysis of Results of the Experimental Study

As a result of the cutting tests the force-time diagrams for the X, Y and £ directions
were obtained. The forces were subjected to further analysis. Also, the wear rate, particle
size distribution and energy consumption have been analyzed. The description of these

results is represented in this section,

3.4.1 Description of the Cutting Process

Loud noise, considerable vibration levels and formation of a small dust cloud in front
of the pick accompanied the cutting process of granite. Scattering of particles during cutting
was directed sideways with respect to cutting direction. The cutting tool was heated by the
cutting process, but temperature was within possibility to hold the tool with hands without
discomfort.

Cutting tests with 45 seconds treated block were stopped after cutting of 4 layers

caused by failure of the sample (Figure 3.4-1).
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Figure 3.4-1 Failure of the sample

An analysis of the 45 seconds block preliminary to cutting showed that cracks

achieved lengths up to 100 mm, which is visualized by a pink penetration fluid.

Figure 3.4-2 Pieces, created as a result of failure of the sample

The preces, formed as a result of the failure, have considerable size. The biggest piece

has dimensions around 150=230=220 mm and weight of 11.3 kg (Figure 3.4-2),

3.4.2 Cutting Forces

After the finish of the experiments, it is possible to apply the approach of the analysis
of the experimental data, described in Chapter 2.1.1, to the obtained data.

The result of the cutting process exported in Excel (as the data arrays), the output has
more than 43,000 rows for each cut. Now, it 15 possible to apply the analysis to the data
array of cutting forces,

In MS Excel the formula described in Chapter 2.1.1 was used to determine the peaks

of a force-time diagram, taking into account values exceeding a mean value.
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The data obtained by the approach should be statistically processed. The output was

built in ascending order and can be found in Annex B.
From the distribution (Figure 3.4-3). it can be assumed that it is a Gaussian
distribution. As the next step of the processing should be the process of confirmation of the

obeying current random variable to the Gaussian distribution.

4,72 5,57 #,.01 8,16 9,30 10,45 11,59 12,74 13,88 15,03 16.17
Force [kM]

Figure 3.4-3 Diastribution of the random variables of the peaks, represented in Annex B

Using Pearson's chi-squared test 1t will be checked for the hypothesis that at
significance level @ = 0.05 obtained random wvariables distribution is not contrary to the
Gaussian distribution.

At first, it 18 needed to calculate mean and variance of the random variable using the
formulas (2.1-2) and {2.1-3):

u=9547 g =5.221

As written in Chapter 2.1.2, next 15 choosing the amount of mtervals with formula
{2.1-4), the number of random variables equals to N = 452, then
k=976=10
Next step 15 choosing the borders of intervals following the formula (2.1-5) and Table

2.1-1. Calculated intervals are in the Table 3.4-1.
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Table 3.4-1 Calculated intervals

1 2 3 4 3 b 7 8 9 10
x; e ADIL OSSN0 670 8062 [ 6547 11,031 12,200 | 13563 | 15082
4.1k | 5,529 6,794 K.ike2 9547 11031 12294 | 3.563 15082 o

Xiy1

Then it is required to calculate frequency of belonging random to the interval n; and
determine probability deriving by formula (2.1-7)

Table 3.4-2 Belonging of the random variable to the intervals

1 2 3 4 5 ] 7 8 9 10
n; ] 24 3% 4% 108 113 67 34 11 4

In current situation intervals 1 and 2, as well as 9 and 10, should be merged.
Table 3.4-3 Merged random variable distribution belonging
1-2 3 4 5 6 7 ] 9-10
n; 24 38 48 108 118 67 34 15

The number of degree of freedom calculated by equation (2.1-8) equals 3.
Then probability deriving for intervals was calculated

Table 3.4-4 Probability deriving for the intervals

1-2 3 4 5 b 7 8 9-10
P;[f(x)] 0.04 0.08 0.14 0.24 0.24 0.14 0.08 0.04
Piexp 0.05 .08 011 0.24 0.26 0.15 0.08 0,03

Using the formula (2.1-9) the critical value of Pearson's chi-squared 8.31<18.31 was
determined, which means that condition is fulfilled. In addition, it was calculated P{S§ > 5'}
by equation (2. 1-10) which is equal to 0.14 = 0.05. All requirements are fulfilled. the
random variables meet normal distribution.

Figure 3.4-4 shows convergence of the frequency polygon and histogram of the
distribution. As the data meet Gaussian distnbution, further processing can be completed.

The results of processing torces can be found mm Annex H.
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Figure 3 .4-4 Proven normal distribution of the peaks

The analysis of experimental results based on mvestigating of influence of spacing
between cuts, distance from initial surface and irradiation duration on cutting forces.

Further, it 18 shown the diagrams of forces, which are means for cut layers, in Figure
3.4-5, Figure 3.4-6 and Figure 3.4-7. The forces presented with different colors and line
properties are explained in the Table below.

Table 3.4-5 Legend to the forces diagrams

—— 45 second irradiated block, mean forces:
— — 45 second wrradiated block, maximum forces;
— 30 second wrradiated block, mean lforces:

— — 3 second wrradiated block, maximum forces;

non-irradiated block, mean forces:

— — non-irradiated block, maximum forces.

Cutting forces

Influence of spacing
According to Figure 3.4-5 the dependency of the forces on the spacing is low in terms
of values under study. The forces of cutting process with spacing between cuts of 8 mm are

13 % lower compared with that of 12 mm.
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Figure 3.4-5 Cutting forces F ., with spacing 8 mm (left) and 12 mm (right)

Influence of distance from initial surface

The influence of distance from initial surface is shown in Figure 3.4-5. Tt is seen that
while penetrating deeper in a sample the forces shghtly increase. The growth for each
subsequent layer is around 3 %. This increase is also caused by decreasing of cracking of
the sample and wearing of the individual picks, since all samples show a similar increase of
the forces with increasing depth, a decreasing influence of the radiation seems unlikely.
However, it must be said, that a reliable quantification of the penctration depth of the
radiation in the 45 seconds irradiated block cannot be done as the preliminary failure.

Influence of duration of treatment

Graphs in Figure 3.4-3 show the effect of microwave irradiation on the cutting forces.
As 1t is demonstrated, 45 seconds treated sample in average required on 22 % lower forces
in comparison to non-irradiated sample. However, during cutting of 30 seconds irradiated
sample observed slightly higher forces for cutting in comparison to untreated block.

Side forces

As it 1s seen from Figure 3.4-6, side forces are much lower than cutting and normal
forces, less than 11.5 kN maximum, This means, with such conditions and for current study,

they have less influence on cutting process.,
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Figure 3.4-6 Side forces F, with spacing 8 mm (left) and 12 mm (right)
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The legend 15 in Table 3.4-5
Figure 3.4-7 Normal forces F,, with spacing 8 mm (left) and 12 mm (right)

Mormal forces in average repeat the behavior of cutting forces. The only difference is

that they operate in the range up to 40 kN, The according diagrams can be seen in Figure
34-7.

Toial forces
The same, as for normal forces, could be seen for total forces, The behavior of total

forces mainly repeats the behavior of cutting forces.
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Figure 3.4-8 Total forces, with spacing & mm (left) and 12 mm (right)

The total force, for cutting 45 seconds irradiated sample with spacing 8 mm, achieved
where 9.03 kN and 26.58 kN as mean and maximum respectively. At the same time, the
total force, for cutting the same sample with spacing 12 mum, reached 11.5 kN and 32,12 kN.

Up to 18.65 kN and 39.31 kN were seen during cutting of 30 seconds treated block
with space between cuts 8mm as total forces. During cutting of this sample with spacing 12
mm, the total forces achieved 21.15 kN and 45.58 kN,

The untreated sample showed total forces up to 16.42 kN and 36.95 kN for 8 mm
spacing, as well as 18.37 kN and 39.75 kN for 12 mm spacing.

3.4.3 Specific Energy
In this study. the energy consumption is based on the cutting force F,. This is due to
the fact that normal force F; and side force F, are not performing by the rig,
The calculation of the specific energy consumption was carried out utilizing Formula
(2.2-1).
Influence of spacing

In average, the specific energy consumption of cutting process with spacing between

cuts of ¥ mm was 20 % higher than cutting process with spacing of 12 mm between cuts
(Figure 3.4-9).
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Figure 3.4-9 Specific energy consumption of cutting process with spacing between cuts 8
mm (left) and 12 mm (right)

Influence of distance from initial surface
Depending on the distance from the mitial surface and duration of microwave
nradiation, the specific energy consumption varies between 30 and 60 EWh/m*. As seen
in Figure 3.4-9, the specific energy increases during cutting process after increasing depth
with respect to initial surface.
Influence of duration of treaiment
From the diagrams (Figure 3.4-9) is seen that the specific energy needed for cutting
of 45 seconds threated block 1s the lowest. Comparing specific energy consumption of
cutting process with spacing 8 mm shows (layers compared respectivelv):
* the specific energy consumption of 43 seconds treated block 15 lower by 298 %, 2003
% and 9.4 % that for untreated block;
# the 45 seconds treated block demands on 27.01 %, 17.05 % and 13.99 %4 less energy
than 30 seconds treated sample for excavation the same volume;
o the difference between specific energy consumption of 30 seconds treated block and

untreated block 15 nsignificant (in the range of 2.8-13.2 %).

For the |2 mm spacing, these numbers are as follows:
¢ the untreated block demands on 7.4 %, 32.8 % and 6.3 % more energy, comparing

to 45 seconds treated block:
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¢ the specific energy spent for cutting the 30 seconds treated block is higher by 15.46
%, 26.40 % and 26.16 % than 45 seconds treated block;

* che blocks with 30 seconds treatment duration and untreated did not show significant

difference in specific energy consumption, exeept lavers 4™ and 7%, for which the

specific energy of untreated block exceeds 26,84 % and 34.10 % respectively.

on [kWWh)
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Figure 3.4-10 Energy consumption of microwave irradiation process
From the data, gathered during microwave irradiation, 1t was calculated the energy
consumption spent on microwave treatment, The caleulation was made with Formula
(2.2-2).
Taking into account the energy consumed by wradiation process, it could be seen in
the Figure 3.4-10 that 45 and second irradiation duration process demands 4.96 k'Wh which

is on 22 % more than for 30 second (3.86 KWh).

3.4.4 Wearing

For collecting data concerning tool wearing, during the cutting process were uscd
multiple number of cutting tools. Each tool was imvolved only in the process with the same
cutting parameters, such as cutting speed, cutting depth, spacing between cuts and the
duration of microwave irradiation.

The tools were weighed afier each cut laver on the high accuracy weight scale, with
precision 0.001 g. Every measurement was repeated 3 times for avoiding statistical error.
The collected data is shown in the Annex D. To determine wearing, the equation (2.2-3) was

used. Results of calculation and cut distance per layer can be found in the Annex D.
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Influence of spacing
Looking in the Figure 3.4-11, it can be scen that for the block treated with microwaves
for 45 seconds. the wear rate, during cutting with spacing ¥ mm, was around 0.011 g/m,

while, during cutting with spacing 12 mm, the ware rate was in range 0.016-0.019 g/m.

A
L

LiJ - -
vacar rate

Figure 3.4-11 Wear rate of cutting tool comparing § mm and 12 mm, for spacing 435 sec
{top left), 30 sec (top right) and 0 sec (bottom)

30 seconds irradiated block showed wear rate of 0.011-0.017 g/m for cutting with
spacing between cuts 8 mm and 0.011-0.045 g/m for 12 mm. The wear rate, during cutting
the untreated sample with 8 mm between cuts, was 0.012-0.015 g/m, while during cutting
with 12 mm spacing — it was 0.012-0.019 g/m.

In addition, it should be mentioned that influence of spacing between cuts on wear
rate during cutting of irradiated blocks higher than during cutting of non-irradiated block.
The ditterence between 8 mm and 12 mm cutting 15 around 15 % for non-nradhated block,
in average 30 % for 30 seconds treated block and more than 35 % for 45 seconds treated

block.,
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Influence of distance from initial surface

Concerning the influence of distance from initial surface on wearing, it is cannot be
clearly identified. As seen from Figure 3.4-11, there is no significant changing in ware rate
with each subsequent layer and Figure 3.4-12 describes wear rate as almost linear function.
Exception 15 cut layers 5 and 7 of 30 seconds irradiation block, which hardly can be
statistically explained without additional investigations of the sample homogenerity,

Influence of duration of treatment
Results show that wear rate of untreated block and 45 seconds treated block have no

major difference comparing to other blocks.
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Figure 3.4-12 Wearing, distance between 8 mm (left) and 12 mm (right)

From Figure 3.4-12, it 18 seen that after cutting 40 m of the non-irradiated granite with
spacing between cuts equals to 8 mm, the tool was worn by 0.56 g, when 45 seconds treated
block was worn by (1.6 g and 30 seconds threated block — by .72 g. At the same time, the
cutting of 30 m of the non-irradiated granite, with spacing between cuts equals to & mm,
worn the tool by 0.62 g, 45 seconds threated block — by around 0.66 g and 30 seconds treated
— by 0.62 p.

345 Particle Distribution
The experiments included the process of analysis of particle size distribution. The

table of results of the sieving analysis are presented in Annex E,
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Figure 3.4-14 Cumulative frequency curve of the sieving analysis for 30 seconds treated
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Figure 3. 4-15 Cumulative frequency curve of the sieving analysis for 45 seconds treated
block

Influence of spacing
In Figure 3.4-13, Figure 3.4-14 and Figure 3.4-15 preseni a companson of particle

distribution curves with different spacing between cuts. As seen, the difference in particle
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size under 10} pm 1s under 3 %. But with passing 50 % of matenal, 1t 15 clear that 12 mm
spacing cutiing process creates less fines, which is positively affects cutting conditions,
further processing and transportation.
Influence of distance from initial surface

The variance of particle size distribution with respect to layer can be found in Figure
3.4-13, Figure 3.4-14 and Figure 3.4-15 as dotted lines. The deviations of sieving results
{over 1 mm particle size) for different layvers of 45 second irradiated block are 43.84 +
1.77 % (8 mm spacing) and 37.34 £ 1.08 % (12 mm spacing). These results for 30 seconds
treated block are 53.28 +£5.73 % and 45.48 4+ 2.98 %. Morcover, the deviations for
untreated sample are 50.86 + 1.9 % and 40.86 £+ 2.98 %,

Influence of duration of treatment
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Figure 3 4-16 Cumulative frequency curves, 8 mm (left) and 12 mm (right)

The influence of duration of irradiation by microwaves can be seen in Figure 3.4-16,
45 seconds irradiated block has bigger grain size with respect to other samples, 1t consists
of 50 % particles with diameter higher than 1.51 mm (2.39 mm), when non-irradiated and
30 seconds irradiated samples have 0.85 mm {1.43 mm) and 097 mm (2.05 mm)
respectively. In this case, microwave treating has positive effect, as the cutting process after

rradiation during 45 seconds creates the smaller volume of fine particles.
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4. DEVELOPMENT OF REGRESSION MODELS AND FORCE MAPPING
In chapter below, presented are the results of development of regression models for
numerous of factors investigated in the current study. The procedure for development is

given in Chapter 2.3,

4.1 Regression Models of Forces

Initial data for development of regression model are given in Annex C. The regression
models and the resulted equations describe dependency of an appropriate force F' on
duration of irradiation T, spacing between cuts 5, and distance from imitial surface D.

Using the method of multiple regression analysis, the determination of the full
regression equation is accomplished.

In this study, it was chosen to start regression analysis from simple equation and
afterwards increase the number of explanatory variables until highest regression coeflicient
will be found. As the simple equation, formula (2.3-2) was chosen.

The system of equation (2.3-4) for F,_ takes the form

34 750 340 640 by 223.96
340 26550 7500 13800 ) [ b |_ [ 4771.2
340 7500 3536 6400 b 2270.36

640 13800 6400 14464 by 4412.28
After solving the system of linear equations and determination of coefficients b;, the

formula (2.3-2) has a view

Fimean = 3-147157421 — 0.014377651 - T + 0226176471 -5 + 0.079437322- D
Table 4.1-1 Regression model for mean values of cutting forces
52
Step Regression equation [ 51"” Fi-m ]
TS|
1 Y e Xy o Ty 0.36 054
2 b T LR ¢ T il T sl & T sl TE.0 .37 103 | 46 (B4
3 ¥o= oo dy o Ky e By b X Xy .31 .15 | 46 B
4 Y=o d o dy o Xp Ty X0 37 L.03 |46 (w4
5 ¥ =gy o Xp o Xy £ Xy XX 032 1.12 |46 L]
[ B aas e sy o s X o o0 X R e XT {06 599 1.46 9%
7 W= e ey ey F e Xy o A+ e 006 1.0 |46 0.9%
% ¥ = e e Ty A v Xy e v Xy A e X2 e X2 005 1.17 |46 {08
9 Yoo e ety by d kT 0.27 4,50 .46 0.88



85
Mext step 15 calculation of the residual vanance ot regression (2.3-6) and correlation

coefficient (2.3-9). The residual variance equals (.36 and correlation coefficient equals 0.84.
The results are written in Table 4.1-1.

Further, should be added next explanatory variable from the equation (2.3-1). For
such equation the system of equations 1s

( 34 750 340 &40 13800 (f’n (223.‘36

750 26550 7500 13800 462600 by 4771.2
340 7500 3536 6400 138000 by 2270.36
640 13800 6400 14464 314400 bg 4412.28
7500 265500 78000 138000 2761200 12 48440.4

The resulted equation is
= 3422017365 — 0.026837969 - T + 0.198690476- 5 + 0.079437322 - D
+ 0.001246032-T -5

The residual vanance equals 0.37 and correlation coefficient equals 0.84, Now, 1t 15

F

Tmean

needed to determine statistical significance of vanance difference between polynomials by
equation (2.3-8). The result is 1.03, which is lower Fy_p;; = 1.46. The explanatory
variable x,, should be skipped, as it is not significant.
The procedure should be repeated. In this case, the system looks like
/ 34 750 340 640 13800 \ ( \ ( 223.96
750 26550 7500 13800 462600 4771.2
| 340 7500 3536 6400 138000 |- liJg | = 2270.36 |

\54{} 13800 6400 14464 314400} \bgj kmz.za}
13800 462600 138000 314400 10058400/ \by 93877.2

The resulted equation 1s

F = 3.960296762 — 0.04599853 - T + 0.226176471 -5 + 0.032212273 - D

Tmeean

+ 0.001905286-T D
The residual varniance 15 0.31 and correlation coefficient 15 (.86, The statistical
significance, 1n this case, should be calculated as residual vanance ot first equation divided
by residual variance of current. It equals 1.15, which is less than 1.46 (F distribution table
value). This variable does not improve the regression.

The explanatory vanable x5 15 skipped. The new system of equation 1s
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34 750 340 &40 13800 by 22396
750 26550 7500 13800 462600 by 4771.2
340 7500 3536 6400 138000 |+| by | =] 2270.36
640 13800 6400 14464 314400 by 4412.28
6400 138000 66560 144640 1504256 33 44695.04

The resulted equation will be

K = 3.01530842 — 0.014377651 T + 0.239361371 -5 + 0.0864418- D

Lrigan
= 0000700448 -5 - D

The residual vanance and correlation coefficient for such equation equal 0.37 and

(.84, The regression model 15 not improved. The variable can be skipped.

The same process is repeated with adding x,54. The system of equations will have a

VICW
34 750 340 640 13800 \ bn\ (223.95\
750 26550 7500 13800 462600 by 4771.2

| 340 7500 3536 65400 138000 |-| b2 |=| 227036 |

k 640 13800 6400 14464 314400} \b3} k441z_za}
138000 4626000 1435200 3144000 10460736/ \byss 951904.8

The equation for such system looks like

F, = 4.384653945 — 0.039043064 - T + 0.165854586 - 5§ + 0.0426001 - D

e

+ 0.000148619-T-5-D
The residual variance is 0.32 and correlation coetficient i1s 0.86. The regression model
15 not improved, The vanable can be skipped.

The new system of equation is

34 750 340 640 13800 by 223.96
750 26550 7500 13800 462600 by 4771.2
340 7500 3536 6400 138000 |-| by |=| 227036
640 13800 6400 14464 314400 by 4412.28

26550 978750 265500 462600 37563750 b, 163075.5

The equation for such system has a form
= 3470653993 — 0.095667514-T + 0.226176471 -5 + 0.05046748 - D

—0.00282456 - T2

F

Loeean
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The residual vanance 1s 0.06 and correlation coefficient 15 0.98. The statistical

significance of variance difference between polynomials 1s 599 All requirements are

fulfilled and explanatory variable is accepted.

The process was repeated further, but the importance of other explanatory variables
was not proved. The final equation of regression model of mean cutting forces 1s

Fyovun = 3470653993 + 0.095667514 - T + 0.226176471 -5

(4.1-1)
+0.05046748 - D — 0,00282456 - T2

The visualization of the regression model (4.1-1) for mean cutting forees F s

shown in Figure 4.1-1.
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Figure 4.1-1 Response function of mean cutting forces F, __ on irradiation time and
distance from minal surface with spacing 8 mm (lower) and 12 mm {upper)

The same procedure was implemented for

F

szEJ'I.

and F,

Epax”

determination of F, .

The equation of regression model of maximum cutting forces 1s

E

Fmean®

F

Finax*?
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F. . =11573862984 + 0.097032916 - T + 0.494558824 - § + 0.133780488 - D

— 0.003142205 - T?
Mean side forces regression model equation is
= 3.344489479 + 0078016994 - T — 0.059117647 - 5§ + 0022825203 - D
—0.002132336-T¢

F

VYmean

The equation of regression model of the mean normal forces looks like
F, oun = 2-307086322 + 0.321586213 - T + 0.595147059 - § + 0.155172764 - D

—0.009474243 -T2
[n the same way, the equation of regression model of maximum side forces was
determined

Fyae = 0:602914873 + 0.131420958 - T + 0.136911765 - 5 + 0.065813008 - D
— 0.003580608 « T*

The maximum normal forces equation of regression model 15
Fene = 11.065932568 + 0457940041 - T + 1.200882353 - 5 + 0.298069106 - D

— 0.013046364 - T*

The visual interpretation of regression models of F, and

Tmax® " ¥mean® " ¥Ymax® " fmean

F, are presented in Annex H. In the Annex H also presented comparison of regression
ML

models mean and maximum forces with same spacing.

lmportant fact, that the regression models are apphcable only within established
boundaries of varniable factors.

It can be seen that each equation of regression models has the same polynomals, but
with different coefficients. The regression models are square dependent on microwave
treatment duration. The linear dependency of regression models on distance from initial
surface has been established. In addition, there is linear dependency of regression models
on space between cuts, as it 15 only two spacing have been used.

At the same time, the signs before coefficients are repeating, except the coefficient at

5 (spacing between cuts) of the regression model of mean side force F . This situation

Hiean

has an explanation. It can be explained by the fact that with decreasing of spacing, the
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cquilibrating side force (directed in opposite direction) decreases. However, 1t 15 not

repeated in maximum side forces.

4.2 Force Mapping

To illustrate the assistance of microwave treatment in rock breaking, force mapping
was implemented. This procedure allows visualizing an acting force in 3D environment,

For creating force maps, the data, collected by DEWE 5000, was used. The procedure
includes implementation of moving averaging gridding. This function 15 used to estimate
the value of a surface at a specific grid node. It works as calculation of an average of the
known values of the surface at nearby control points, In fact, it projects nearby known values
to the grid node location. Afterwards, a complex approximation is made by averaging the
values, tvpically weighting the closest points more heavily than distant points.

The resulted force maps have the X and Y coordinates from the data as an X-axis and
Y-axis respectively. Z-axis is presented by forces F., F,, F; and Fy,5; for second layer and
averaged 2-4 lavers for each block. The force mapping of average cutting force F, can be
seen in Figure 4,2-1, all other maps of forces is presented in Annex 1.

On the Figure 4.2-1 {and all other maps of forces), with red dots are presented the
places of irradiation with microwaves. The irradiation is presented in a checkerboard pattern
with space between dots equals 100 mm.

As a dotted line is visualized the boundary between 8 mm and 12 mm spacing. On
graphs, forces with spacing & mm lie in upper part of a graph respectively to boundary.

The color scale 15 mutual for set of maps.
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Figure 4.2-1 Set of force mapping of average cutling force F of three layers (2- 4) for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower nght)

It can be seen that for all maps of forces the 8 mm spacing shows lower loads and
peaks that 12 mm. However, in force mapping of side forcesF,, it is opposite (Figure Annex
I-1, Figure Annex 1-5). This fact is supporting the assumption made in Chapter 4.1, that
decreasing of spacing in experimented range can increase side forces, generated during
cutting.

All sets of force mapping have consistent pattemn, such as the lowest loads are

presented in 45 seconds irradiated sample and the highest loads in 30 seconds irradiated
sample.
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CONCLUSION

The thesis that describes researches made with high power microwave irradiation as
a promising solution in hard rock excavation. The solution consists of using microwave
cnergy  for reducing cutting  resistance of granite.  Additionally, the study shows
dependencies of forces, wearing, energy consumption and particle size distribution on
spacing between cuts, time of irradiation with microwaves and distance from the initial
surface.

Minerals of the granite have different dielectric properties. It leads to heating of some
parts of the specimen, which causes its cracking. This fact has positive effects in cutting
force reduction. In the study, the cutting force has been reduced by 22 % after 45 seconds
microwave irradiation. This means, that specific energy consumption was also reduced;
analysis shows reduction by 20-40 % (for different cutting conditions) for 45 seconds treated
sample. However, 30 seconds exposure time did not show any positive effect on forces and
specific energy consumption. The difference in wear rate with respect to microwave
irradiation is not clearly visible. The dependency between particle size distribution and
microwave irradiation 1s noticeable only for 45 seconds exposure time, the analysis shows
the smaller volume of fine particles.

The study included analysis of two positions of spacing between cuts, such as § mm
and 12 mm. The analysis shows that with spacing 8 mm cutting forces smaller for around
13 % and wearing of the tool is slower, However, increasing of spacing to 12 mm positively
effects on specific energy consumption and particle distribution. The results show reduction
in specific energy consumption by 20 % and the material is less overgrinded for spacing 12
mm.

Repression models desceribing dependences of mean and peak cutting forces on
nradiation time, distance from the initial top surface of the sample and spacing were
obtained. Force maps characterizing force distribution within the cut face were created.

In total, microwave energy assistance for cutting of granite has shown good results in
case of its treatment during 45 seconds. The further investigations to be carried out are

suggested.
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Future work

According to this work, the future research could be recommended for increasing of
knowledge in the field of microwave assisted mechanical excavation:
1. Determination of optimum microwave irradiation duration and power.
2. Crack propagation analysis and their influence on the forces.
3. Separately determine the wear and microwave irradiation influences on cutting
forces.
4. Determination of the optimum distance between spots.

5. Further investigations on the depth of influence of the microwave irradiation.
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ANNEX A THE MODEL OF CUTTING TOOL
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353
354
355
356
357
358
359
3al
Inl
ial
Iad
ind
aS
Jah
367
ol
L1k
370
3T
372
373
34
75
TG
m
ims
i
320
=
K}
%3
axd
IES
386
387
REb
REL
390
kR
Aoz
393
394
395
LR
397
393
399
40

11,21
11.23
1123
1125
11.26
127
1.2y
1127
1.2%
1.2%
I1.33
.36
1.3y
139
1140
1.4z
11.43
1044
11.4%
11,50
11,52
11,325
11.62
.62
1163
1 1.6
.68
I1.6%
.70
(Rl
1.7
17l
[} s
1. 7o
(R
(B L
i1.83
1084
11.85
11,88
1168
11454
11457
NLST
I
1207
1x12
1x12
1213
1220

401
402
403
44
408
il
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
did
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450

1X.23
X248
L2350
1231
1254
12534
238
1238
12.5%
[2.5%
1240
1241
142
LX53
1256
163
1.6
I &k
1264
[l
12X TH
178
1262
I 257
1303
1303
1314
1317
L31%
1324
1128
13129
1330
1330
1132
13,38
I 344
13,58
1363
1 X868
1351
13,42
1343
135K
4,22
I4.55
[4.84
[4.935
15 10
L5.5%

451
452

1585
16,17

109
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ANNEX C  INITIAL DATA FOR REGRESSION MODELS

: 3 z E g y - g : £

T E . - E & £ £ 2 r E

: if ¢ EF F ¢ 0§ ooz %

. =3 X 2 B 8 5 E E : =

2 - Z 3 - z = = E =

- &z 2 g 2 B z 5

. 3 = ' = =

1 (b b b i, {1 125 1232 16,96 8,68 2535
2 (b [ | b i, 26 XY 12,84 17,82 8,68 2609
3 (b b I 583 122 11,79 17,08 2,493 2492
4 (b ix e i, T 223 15,01 14,00 2,08 29749
s { b i 5493 125 1243 17,36 2,498 2432
L ¥ 12 i T30 157 1543 el ek Q.44 2963
T ¥ b i .21 N L 1252 15,19 0,04 2709
. ¥ 12 i 1.27 2403 15,94 2161 0,249 32401
4 { b 24 58 14| 13,50 14,08 o, 44 2850
i { 1z 24 744 260 659 20,71 2879 3247
11 { k! 28 i 87 16l 14 46 19,18 1k 06 2903
12 { 1z 28 7.20 168 1544 19.91 (k.53 3109
13 a0 k! 4 SRS 142 1194 1649 a6l 2378
14 a0 1z 4 58 207 1359 18.01 012 28 16
15 a0 k! | Jod .00 134 1226 17.05 2879 24 82
1& a0 1z | Jod i, 4 135 14.73 18.87 1{k.00 3021
17 a0 k! I i, 446 1 14.00 17,80 0.45 2741
| | a0 1z I .56 151 16,72 149,94 (k&7 3417
19 a0 k! 20 .63 173 14.15 18.23 0.53 2820
i £l 1z 20 7.1 147 1717 2051 k53 3503
21 £l b 24 i HE 1A% 15,09 18,96 Q.77 29 /0
22 £l 1z 24 8.30 4 (W} 1875 2203 11.39 37.30
1 £l b 28 7.27 4.37 el 14,95 1G5 3211
24 £l 1x 28 823 182 1%, 10 2204 11.32 3519
15 £l b i 731 4.k 1640 2012 (k40 3210
24 £l 1z ik 7.4 141 1752 21,06 1{k.i50 3580
27 £l b 1k 718 148 15.93 149,83 (k.24 3156
Ix £l 1z 1k 8.0 167 1863 2165 11.04 3703
L 45 b 4 4,249 214 Tkl 14,63 707 17.20
1 45 1 4 522 1.940 Q.47 16,24 T.13 2199
k] | 45 b [ Jed 4.51 222 .50 14,63 B, Tk 17.83
12 45 1z [ Jed 555 253 Q.62 17.21 823 22 80
3 45 B Iy 4.44 210 7.43 15.87 7.37 1996
4 45 iz I 553 229 Q.81 15,19 805 2517



ANNEX D WEARING DATA

111

Measuring [g]
d55e b [[EP Osed {additional)
& mm 12 mm ¥ mm 12 mm i mm 12 mm & mm 12 mm

Bl T3 09 444 Gl ERT G12.325 G114 986 14,749 S0y 073 ] Il
E GO0 G9E GOR. 495 GllETS G12.325 G140 G14.753 504,072 G282
E e, 70 (05, 45 Gl &R G123 14 5680 $14.741 546,075 G2 8RT
Ol T Gl 403 i85 Hl1E323 Hl14.988 614. 748 S04a,073 LY B
ol 427 GO9 214 Gall5T] alz 17T Hl4.TERE al4.niE 545 924 GlE T30
E ol% 424 GO9215 Gl 56% Glz2 174 G14.TED G l4.604 505923 GlZ TR
E' L% 424 GOS 2 1 Gl 56% GI2175 H14.TEA Gl4.607 505 925 Gl2.732
LN bl (11 L el I L1157 blE1T7S 0l4.TRS old.blin E05.915 GlE T
fl1%, 504 A9 071 Gl asT G112 008 G14.032 a1d.4%1 505,774 GI2603
E GO0, 307 GO9, (kG4 Gl 3R 612002 G14.627 H14.474 595.7M7 Gl 26401
E‘ %, 2495 9, (6 LTS G120 G14 634 &14.450 545, 776 I E
ol 305 Gl (b G611 384 alE IS ald.ail 614478 505 776 Y 3
G, 164 Gl 458 Gll.256 Gll1.&E71 614450 G14.374 45647 Glz515
E it 174 GlE 454 Gl 224 Gl Bl G1d.490 G14.378 45 646 GlZ513
E' B9, 169 GOE, 943 Gh1.235 Gl EGR G14.500 414,371 595,648 [ el
ol 171 TLEATE L] Gl1.233 all BnT aldd9R ol 375 505647 Gli514
Fli8 (152 s H27 GI1AT3 G113 614,183 &14, 187 505 513 G242
M % 07 B A28 G A A11 661 614,377 14,191 505 51 L
E' il (150 GR B2% allTd all s ald 1K1 ald 18R 5045 515 Glz432
LR GllE 42T G2 Gl 1663 G114 380 G114, 18 SUS533 G143
GI0%s2 all.33% 545432 G112 36k
I|II|.-' Gl0%54 G11.333 595420 G1Z2.363
';E]‘ GR0YE] G11.337 SU5 411 612367
RIS (RIETET 610932 611336 LTI AL 595,431 612365
GI0LT56 611222 545 325 G112 249K
E Gl TsS Gl 225 505 333 G2 M
E‘ GO TSR Gl 227 505 324 G227
00 (. 0HHY G0 TS Gll.225 01 (B LRI 205314 GIE20E
Gl0SR3 GloerT 54945 230 al2 227
'E GlETR Glotrl 505210 GIE XM
E‘ GI0LSTS GILR2T 595232 G12.226
LLRILILH IR GlETE Gl0.4925 {1, (Hb LRI SO05. 230 61227

Gl A5 G104

E 610,444 610.827

5' Gl 450 Gl0E3]
LLNILILI {4y G448 blbE3 {1 (Wb {100 LN 0. (HHk

Al A1 750

?"E B0, 30 al0.752

E 610317 610758
LLNILILH {4} alinil4 Gl TEh {1, (b LRI k000 01, MKk



Wear rate [g'm]

112

455er Jlser LTS Dsec (additional)
Layer £ 12 prim & fnm 12 mim 8 mim 12 mm & mim 12 i

1 0n.27 0.28 031 0.13 0.20 0.14 13 025
2 .12 0.15 01 017 0.15 13 15 0.12
3 113 013 13 04 .13 01 13 LR
4 L1 s 11 .16 0.20 0.12 014 i1l (.08
5 14 0.33 10 0.06
[ 018 0.1l 11 0.07
7 18 .30 (ki (7
3 013 009

b 13 .08

Cut distance [m]
485er Alsec fisee fsec (additional)
Layer LT 12 pium 5 mum L2 mum £ mim 12 mm & miny 12 rum

1 1204 217 12.04 BT Bl 5.74 [n32 58
2 1161 T4 11.61] 7.4 "2 533 e 645
3 11.18 T.31 .15 T3 179 492 40 012
4 10.7% 6,88 11.0] T7.74 7.38 451 .03 5.59
5 1118 T3 E.6 il6
[i] 10.75 it 517 4.73
7 12.47 T7.74 1.31 4.3
B 11.6] T.31

9 11.18 088

Total 4558 31 103,03 67.08 31.98 20,5 6278 3013



Mon=irracdimted (additional ) Block
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ANNEX E  SIEVING ANALYSIS DATA

Sieve class |mim| & muomi 12 mam
Fraction [%a] Cumulpfive freguency Fraction | %] Cumulative
[“&] frequency [a]
u LAY 1.51 1.51 .24 6,24
[LAILiR 125 1.0% | 5.4 h.13 1437
125 - 025 1017 25063 B0 2043
025 - A 1251 ELNE! 101 30.54
[ % 1 12.72 B 10.33 40846
1 2 11.31 2,19 LR 45 8
2 4 1a.12 T8.31 1.6l .41
4 8 1554 LU 28835 .25
] - 1 2.30 P45 .00 W0.25
10 115 (4l R 051 oo 74
115 [ (L35 (b0 (R 131 1O, (K
16 - (.00 [EEPRE] £ 140 ()
Maon-irradiated block
Sieve class [mm)| 12 mm

Eraction [%] Cunmlative frequency Fraction [*s] Cumulative frequensy
[*4] [*a]
= 63 T.TE ] 6.34 .54
063 - 125 LN 1441 532 11,66
125 - 025 SR 23,04 7.52 19,18
.25 - L5 1154 35.53 H.41 IE.54
5 - [ 1154 AT.06 Hal 38248
1 - z 141 5747 BT5 47013
1 - 4 15.63 T30 1.0 5806
4 - ] 2187 45.87 2865 E6.T1
# - (11 254 GH.E 10,56 7.5
] - 15 (LES A6 1.7 LK
12.5 - I i34 [DEER ] 067 113 (K
1] = {.on 1iERO0 (LMD RUERE]
S seconds rradiated bleck
Sieve class [mm)| 12 mamn
Fraction [%] Cumulative fregquency Fraction [%:] Cumulative frequensy
[*4] [*a]
= fLiad TES T.83 .01 T.0H
A3 - 115 8131 1616 A.63 363
115 - 028 1079 26095 026 1189
.15 - 5 1522 411 1.2y 417
0.5 - i 1501 5328 1.3z 45 4%
1 - 2 1129 4450 LOR 35446
1 - 4 1561 BT 1235 BEE(
4 - 8 1677 .04 2518 L399
& - in 215 05 513 &1l
ia - irs 37 A 055 BT
irs - 16 12 G0 012 o078
[ = (35 | (k.00 030 RN



45 secomlds rradited block

114

Sieve class [mm) & mm 12 mm
Fraction [%] Cumubstive frequency Fragtion [*&] Cumulative frequency
[*2] [ %a)
< [T T.02 7.0z 572 572
063 - 0125 554 12,86 5.0 1078
(LN it - 015 B 21.51 746 I .24
0.25 - 5 1092 3241 Q.32 27.56
18-} - 1 11.41 43 54 0.TR 37.34
1 - 2 11.38 55.22 084 47.18
1 - 4 15.54 TT6 14.30 ] 48
4 - ] 18.82 #9358 27.55 B0
# - (1] 333 42.91 0,4 B, 002
] - 115 3.30 .21 2.0M) BE.02
115 - [ 2.30 G871 0.7 BE.T3
[ = 1.31 [ .00 1.34 100,
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ANNEXF  GRANITE SAMPLE PROPERTIES
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Force [kM]

Force [kM]

116
ANNEX G CALIBRATION

1%

)
=
14
L3
=
12
10 ®  24.051% Corrected
o 240516
|
& 13.051&
P — deal
4
2
q
u} 50 100 150 200 150 300

Figure Annex G-1 Results of calibration for axis X

14 /l

u -
,ﬂ 2

& 24,0516 Corrected

o 240516

A
& 13.05.16
P ——|deal
4
2 =
-
i} 50 104 150 204 o0 300

Figure Annex G-2 Results of calibration for axis Y
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® 24,0516 Corrected

z
— o 240516
=I
= & 13.0516
P — gl
4
" e
-_——
i
i} 50 100 150 200 250 3060

Figure Annex G-3 Results of calibration for axis £

Force comparing to gauge index:

Force [kN] Strain gange sensor index
3 55.4
4 74.9
5 0
6 112
2 151.8
10 190
12.5 238.2
15 286.9

17.5 335.5
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ANNEX H REGRESSION MODELS

g
e
-
s, iy 0 I’
g FT .
= i -
-~

Figure Annex H-1 Response function of dependency of maximum cutting forces F, on
irradiation time and distance from initial surface with spacing ¥ mm (lower) and 12 mm
(upper)

5]

ERA
1T kY
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LIk
EERN
2k
EFEAN
Rk

LTI [l L)

Figure Annex H-2 Response function of dependency of mean side forces Fy  on

irradiation time and distance from initial surface with spacing 8 mm (upper) and 12 mm
(lower)
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Figure Annex H-3 Response function of dependency of maximum cutting forces Fy  on
irradiation time and distance from initial surface with spacing 8 mm (lower) and 12 mm
(upper)
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Figure Annex H-4 Response function of dependency of mean cutting forces F, _ on
irradiation time and distance from initial surface with spacing 8 mm (lower) and 12 mm
{upper)
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Figure Annex H-5 Response function of dependency of maximum cuiting forces F
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on

irradiation time and distance from initial surface with spacing & mm (lower) and 12 mm

(upper)

Figure Annex H-6 Comparing of response functions of mean (lower) and maximum

{upper) cutting forces F, for spacing & mm
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Figure Annex H-7 Companng of response functions of mean (lower) and maximum
{upper) cutting forces F, for spacing 12 mm
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Figure Annex H-8 Comparning of response functions of mean (lower) and maximum
(upper) side forces F,, for spacing 8 mm
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Figure Annex H-9 Comparnng of response functions of mean (lower) and maximum
(upper) side forces F, for spacing 12 mm
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Figure Annex H-10 Comparing of response functions of mean (lower) and maximum

{upper) normal forces F, for spacing 8 mm
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Figure Annex H-11 Comparing of response functions of mean {lower) and maximum

(upper) normal torces F, for spacing 12 mm
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ANNEX T FORCE MAPPING

Cattrg direstizn 5

2l

L

dl- =y
1}

EIR:

T

e M i 4 wa e e ot

Figure Annex I-1 Force mapping of average side force F,, of three layers (2-4) for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower right)
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Catng dinslzn o

Figure Annex [-2 Force mapping of average normal force F, of three layers (2-4) for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irrachated sample (lower rght)
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Culling dreclon o

b

Figure Annex [-3 Force mapping of average total force Fyypqp of three layers (2-4) for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irrachated sample (lower rght)
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Lt rg direcdizn

Ty

Figure Annex 1-4 Force mapping of average cutting force F, of laver 2 for untreated
sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds wrradiated sample

(lower right)
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CLfI girscnn a

& mm

12 mm

x Wl "2 e - o o

Figure Annex I-5'Y, layer 2 Foree mapping of average side foree Fy, of layer 2 for

untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower right)
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Cullimg disdun .
-

2 8mm
+-____ [ —
-3 12 mm

Figure Annex [-6 Z, laver 2 Force mapping of average normal force F, of layer 2 for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower right)
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Culing dizulizn .

iy

Figure Annex [-7 Total. layer 2 Force mapping of average total force Fyupqp of layer 2 for
untreated sample (upper), 30 seconds irradiated sample (lower left) and 45 seconds
irradiated sample (lower right)
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ANNEX T CUTTING FORCES

45 gseconds irradiated sample (layer 1, spacing 8 mm)

Cutling Mean forces [KMN| Maximum forees [KM|

line Cutting Side Normal Total Cutting Side Normal Total
2 4,72 .54 7.36 9,12 14.03 7.4% 15.71 2218
3 4,22 243 6,77 K34 3,80 .61 15.07 2] .48
4 4.09 2.23 .64 g1 14.44 6,45 | 6,55 23.27
5 4,54 2,52 .66 k.45 1287 6,75 14,92 20,83
[ 417 135 .54 7.94 13.15 7.30 15.15 21.35
7 4,60 274 7.35 9,10 13.31 7.75 15,63 21.94
K 4.40 .24 .52 K42 13.11 6. 1% 13.63 | %900
L 4.41 2,50 .59 K16 13,09 7.22 15,05 21.22
10 4.66 .84 7.02 K89 13,38 7.76 15.59 21.96
11 4,83 2,91 7.47 9,36 14.45 7.56 15,99 22 83
12 4,55 278 7.04 B.83 |3 88 7.54 14,55 21.72
13 4.96 3.0 R.12 9,99 14.34 7.61 15.27 22.2%
14 4.79 1.8% 771 9,53 13,88 7.87 16,06 2254
15 4,85 2,91 759 9,70 14.53 7.73 15.7% 22 80
16 4,88 3,02 R.O7 .91 15.10 816 1%.19 25.01
17 4,45 .54 7.53 9,12 14.79 7.77 18.21 24.71
1% 4,73 167 R.29 9,91 14.51 .04 17.26 2304
19 4.66 .39 7.83 0,42 14.73 7.65 18,22 24,36
20 4,75 2,64 f.16 9,52 15.09 7.0% 17.95 24 50
2 5.21 274 90K 1077 14.81 683 18,35 24,55
22 4,15 211 7.08 K% 14.63 7.4 18,71 24.81
23 4,55 151 7.54 9,19 14.53 6,56 17,34 23,55
24 4.63 2.21 177 931 14.41 B, 16 17.15 23.2%
25 4,48 2.21 7.35 B.59 14.33 b6 16,44 2281
26 4,63 T 7.27 k.94 13.9% b, 4% 16,03 221
27 4,31 2% 7.07 K549 13,78 .44 15,22 21.53
Mean 4.62 2.5% 747 914 14.12 7.19 16.39 22.81

45 seconds irradiated sample (layer 1, spacing 12 mm)

Cutting Mean forces [KN| Maximum forces [KN|
line Cutting Side Normal Total Cutting Side Normal Total
1 5,72 142 4,52 11.37 1% 46 565 2645 33.40
z 5,31 1,49 0, 2i} 1091 1602 7,64 21,71 2500
3 5,11 1,97 9,1 1055 1559 42 2292 28,71
4 5,52 141 1140 12,74 17.07 7.52 25 058 31.26
5 4,54 1,53 k.44 1ok 43 14,52 i, 54 18,52 24 7%
fi 3,57 2.52 057 11.35 16,249 7.21 11,87 28.21
7 5.3 2,20 0,02 101 16.15 7.63 23,76 2972
& 5,258 144 K54 103 15.74 LR 21.41 27,75
9 5,258 1,35 K53 105 15.72 TR 21,37 27 46
10 4,50 1,56 707 K44 14,99 i, 18 18,52 24,59
hn 4,749 2,04 744 LOE 1530 T.33 21,00 26,909
12 5,009 1,25 k.44 1016 15.11 i, 44 14,92 25 90
13 4,74 2,00 7.50 0,0 14.87 6 15,649 24.79
14 4.31 182 6,45 797 14.44 5,64 16,901 2791
15 4,558 204 7.4 k.72 14,22 f,21 17,65 2350
16 4,74 1,53 7.72 U, 24 14,56 5,497 18,66 24 40
17 4.59% 1,5} 7.6% 4,32 14,71 5,55 18,16 24,03
18 4,73 |44 753 .55 1412 4,54 17,76 23.21
19 4,54 1,61 7.6% 22 15,56 1,113 2295 2% 40

Mean 505 217 K46 L 15.61 T2 24,910 27.03
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45 seconds irradiated sample (layer 2, spacing 8§ mm)

Cutling Mean forces [kN| Maximum forees [kN|

line Culting Side Marmal Total Culting Side Mormal Total
2 4.79 2,390 .55 1610 14.83 7.14 18,74 24.94
3 4.43 .99 197 .16 1464 f.43 1781 2304
4 4.76 213 §.52 0,04 15.77 X 21 44 2751
3 4.47 2,23 T.65 813 14.65 6,73 17 45 2375
® 4.40 221 T34 R84 14.34 .6 16,08 22 46
7 4,33 2,19 T.04 K55 14.03 6,55 14,72 2134
& 4.13 1.9% 6,34 782 1376 f.6% 13,05 2070
4 4.16 138 6.54 .10 13.34 6,77 13,05 246
11 4.19 253 5,97 .52 1340 7.29 ERT 2132
11 4.0% 216 7,28 7.77 13.81 7.29 15,00 2165
12 4,09 232 5.71 ®.20) 1346 6,40 14 46 20.77
13 3,79 1.91 557 70K} 1305 6,44 13.02 LRS!
14 4.07 213 .39 787 15.21 7.21 16,73 2371
15 4,50 272 T.56 4,21 15.57 860 1%.08 26.01
16 4,43 2,49 749 G015 15,364 8,34 18,64 25 4%
17 4,64 2,42 &.02 4,58 1544 7.02 14,13 25 456
1% 4,74 2,49 &.26 4,54 15,78 7.45 14,54 26.34
19 3,85 1.7% 6,24 7.55 15.02 f. 58 14,01 25.11
20 4,25 2,03 .91 #.36 1546 7.43 20,34 26.75
21 4,45 215 T.62 () 15,35 7,22 14,57 25 0
22 4.54 2,12 792 4,21 15.42 6,57 14,01 2534
23 4.34 2,29 667 8,27 14.56 718 18,10 2431
24 4,38 2,02 0,75 #,29 14.07 %64 15,44 2164
25 4,26 1,85 082 .25 14.37 f,43 17.07 2322
26 1,95 .9 577 713 15,38 8,25 EXE 2501
Meun 419 219 7.1 K.51 14.63 707 17.20 23.70

45 seconds irradiated sample (layer 2, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]
line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
| 4.461 |64 T.07 &.60 15.70 6.7 20,28 26,510
i 4,84 .87 TRS 041 14.90 .54 23,94 3034
k! 5.39 2.43 G.04 10 E0 18610 727 21.38 2774
4 5.59 2.51 0.94 11.68 16.70 538 2340 29 04
] 5.38 202 034 1097 14.26 7.35 2232 2857
[ 5.39 |94 D643 1120 14.26 7.26 2230 28.54
7 5.20 | &5 Q.05 1056 1546 6.4 254 26,50
# 5.24 | .64 27 1077 146.72 i, S} 23,56 2970
] 513 .53 ga7 1045 15,85 576 2141 2T.25
L1 4,70 |50 T84 0.28 1650 7.04 21.71 2807
i 5.40 203 0.78 11.36 1644 7.08 2353 29 56
12 5.58 |47 1017 11.72 14.28 G, 54 2235 2849
13 544 2049 Q.70 11.31 16.0% 6,77 240 25,82
4 5.05 236 BET 1048 15.79 7.42 26E 2706
15 502 211 B3 T2 15.71 718 14,97 2640
6 565 2.79 102 11.83 17.02 8.0 2403 ksl
17 4,95 208 T.a7 062 1463 .57 222G 2881
] 5.07 235 T.a7 0.3 14.37 025 21.62 28G5

M ean 512 1.99 807 LR 1624 7.3 21.99 8.16
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45 seconds irradiated sample (layer 3, spacing § mm)

Cutling Mean forces [kN| Maximum forees [kN|

line Culting Side Marmal Total Culting Side Mormal Total
2 .11 2,97 867 16150 16.21 857 20,17 27 34
3 4,66 275 776 0,46 15.02 R.05 1781 24 45
4 5.04 2,96 &5 e 1400 7.12 1817 24 56
3 583 3.41 484 1104 16,08 8,52 2215 29 18
® 4.49 2,24 731 .57 1464 6,54 1741 23 iy
7 4.51 211 .03 R.62 13.81 B 1% 16.01 2303
& 4.70 212 .99 H.6% 14.03 5,43 16,05 2212
4 4.40 2013 .64 .23 13.12 549 14,74 248
11 4,50 2.0 722 .74 13.71 X 16,64 2318
11 188 1.79 0,35 7.65 1300 541 1583 2138
12 3,401 181 6.36 7.6% 1464 7.08 1743 23 84
13 4.11 1.92 .60 7.0% 14.02 580 16,38 23211
14 4,33 210 742 &84 14.10 .95 16.99 22 8
15 4.5% 1,97 &.20 4,58 15.61 6,83 21,19 2719
16 4,66 2,0 K38 .81 15 80 £, 28 21,18 2721
17 4,30 211 T.61 &, 04 14.32 6,24 17,32 2332
1% 5,30 2,48 .04 11,58 16,20 715 21.91 2821
19 4,93 218 K63 1017 15 6% 704 240,89 2705
20 4.5% 2,43 T84 4,38 14,08 7.03 1§53 2507
21 514 2.7 8,77 10,52 15,16 7.33 14,27 25 40
22 4,85 2,56 .27 G093 1490 7.36 1831 24.73
23 31.6% .71 .35 f.71 13.17 6,57 13.94 20,27
24 31,86 211 5,06 7.41 14700 B, 84 16,19 22031
25 144 1.67 516 f,42 13,800 f,52 15,49 2184
Meun 4.51 2,212 7.50 .03 14.63 6. 70 17.53 24.04

45 seconds irradiated sample (layer 3, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
| 5.0 2.0 g32 0491 16.91 7.36 22,66 2922
i 5.27 2.24 Q.02 1068 17.51 844 25,66 3209
3 5.34 2.34 &0 1054 18,15 780 22,90 3024
4 .0 285 1067 12.60 18,60 558 24,09 3162
] £.09 2.80 1063 12.57 17.64 886 2423 31.25
[ £.07 3.(h3 10,70 12,66 17.84 875 24.31 3140
7 5.87 314 1016 12,16 17.78 o1& 2328 3070
# 568 3,32 041 11.65 17.72 0.56 2225 LRV
] 5.0 258 B33 1006 1663 0.05 203 27.57
L1 5.26 2468 B3 1062 18.24 841 24.21 31.510
i 575 2.84 10,14 1200 17.64 8492 2514 31.98
12 542 233 D45 11.31 1488 gle 2294 2951
13 .60 214 Q85 11.53 16.02 743 2140 2780
4 5.76 222 1006 11.80 14.35 6, S} 2171 2804
15 5.0 1.71 LT 115 15.20 G468 14,02 2525
6 566 2.28 1039 1205 14,18 T7.21 2244 28510
17 4,95 |.54 g4 0.0 15.78 .48 2223 2803

M ean &.55 1.53 b6 1140 1711 B.23 2389 2Rl



45 seconds irradiated sample (layer 4, spacing 8 mm)
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Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Marmal Total Culting Side Mormal Total
1 4.44 211 742 .01 1500 7.43 19,07 26 62
3 4.50 1.79 T 62 0 07 1508 .02 19,02 2570
4 4.50 1.79 T 62 0 07 1508 .02 19,02 2570
5 4.51 1 & 753 %02 14.77 XE 18,72 2455
& 4.33 .45 .86 %24 1520 £ 17.03 2340
7 4,400 .58 6.74 %21} 1430 AT 17.01 2305
8 4.53 1.6k 724 %72 1634 $79 2016 2650
4 4.70 .92 703 pT: 15.03 647 2128 27 46
10 4,300 L&l 727 & 6} 1533 < 6k 18,25 2443
11 4,66 145 7T 4% 034 1788 .94 23 83 20 %1
12 4.74 207 %14 0 64 1787 & () 2385 3088
13 447 2 4 709 Oy 16.73 YE 2371 2043
14 4.9% 257 §52 1010 18.75 CRE 2579 33121
15 5.1% 1.20) 1004 11_%4 1905 115 26.32 34.04
16 517 2494 47 1070 17.02 014 23 49 20 80
17 4.9% 173 13 043 1581 % 58 2152 28 0%
14 4,00 353 742 042 1540 743 1846 2530
19 4.34 343 T 1% TRE 15.42 %43 18,57 2557
21) 3.5% 107 549 6,46 15.02 %41 1706 2501
21 348 .44 554 6. 401 13.02 6.4 15.06 23 37
22 31.47 .44 .20 741 14.74 744 17.14 23 80
23 3.7% 303 585 724 1386 6,34 14,64 FINES
24 415 324 6.7% &34 15.43 %14 18.51 25 4%
Mlean 4. 44 2,14 743 K91 15.87 T.37 19,96 258

45 seconds irradiated sample (layer 4, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
line Cutting Side Normal Tatal Cutting Side Mormal Tutal
1 4.55 1.72 7.72 013 16.67 6. 46 22 87 2903
2 5.51 .94 9.95 11.53 1843 %20 2825 34.72
3 4.9% 1.51 &.82 1024 17.24 6.36 26.63 3236
4 5.12 1.71 875 1027 17.32 6.73 2312 29 66
g 557 1.79 902 11.52 17.21 6.6 1 24 80 30,90
1 5.8 .58 9.29 10.85 16.33 6.23 21.67 27 96
7 5.07 .82 &85 1036 17.00 6.65 22,90 2929
& 483 .64 853 0,94 18.00 7.71 25 68 3220
9 4,69 |58 7.07 038 18.00 701 2382 3067
10 5.79 239 10.05 1154 19.23 873 2534 32.09
11 5.91 2 55 10.85 12.65 2188 & 86 2819 36.77
12 .80 3.59 1320 1528 19.72 1095 30.30 37.77
i3 .00 3.23 10.97 129 1812 .76 2335 3128
14 .04 3.17 10,65 12.68 1914 115 2554 3340
15 6.58 3,80 11.98 1419 1840 0.6 23.94 3169
16 5.67 2 6 9.38 1128 18.20 &.75 2615 3304
Mean 553 1,19 9.8 11.50 1819 &5 2517 3212
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30 seconds irradiated sample (layer 1, spacing § mm)

Cutling Mean forces [kN| Maximum forees [kN|

line Culting Side Marmal Total Culting Side Mormal Total
2 .51 3.0} 1133 1295 15.27 766 240,74 26 58
3 5.4% 3.07 11.06 12.72 15,34 R4 21,13 2734
4 5,55 3.02 10188 12,58 15.03 8,20 21,65 28.11
3 .11 278 1606 11.62 1400 7.66 1% 4% 25 40
® 5,200 2,59 1008 1163 14.82 7.0 18,87 2501
7 5.02 253 o B 1130 14.0% 7.47 14,69 25 81
& 4,78 2,59 %94 146 14.14 X 17,55 23 450
4 4.56 217 .37 .78 14.04 6. 30 16,90 22 R
11 4,78 2,390 .10 1055 14,58 7.0 1463 25 45
11 4.3% 245 &.10 .51 1350 6,54 15,06 21 96
12 4.62 2,29 &.43 .58 1406 6,71 16,54 2372
13 4.76 247 &.0% 146 14,18 7.0 1716 2315
14 4,90 2,64 9,53 11.03 14.31 7.37 17.7% 2399
15 4,57 2,37 &.97 1034 14.21 7,27 14,11 24 90
16 4,96 2,52 B 06 1140 1444 £, 58 18,66 24 58
17 4,53 2,20} 747 4,43 13,50 6,31 15,59 2147
1% 4.63 2,48 &,79 1024 14.23 6,62 1%.02 23 0
19 4,84 2,44 B 013 10,53 1388 B, 6% 16,78 2378
20 5.01 2,82 .65 11.23 1445 7.37 18,57 24 fi
21 5.07 2,95 .31 1138 14.47 7.41 14,01 2502
22 5.0% 2,64 .61 1118 1500 7.34 14,59 25.74
23 5.6% 2,97 10,72 1247 15,55 7.4% 20,57 2685
24 5,35 2,67 16165 1225 15,35 704 20,07 26.24
25 5,58 2,02 10,98 12 fis 16.04 7.1 2225 28 49
26 557 1.17 11.13 12.84 15.81 841 2215 28 49
27 .51 3.03 1.0 12.7% 15,700 7.86 21,25 2757
Meun 497 Zal .56 1108 14.62 716 18,75 24.54

30 seconds irradiated sample (layer 1, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]
line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
| 544 .92 1084 1228 15.87 542 2225 2787
2 5.88 | .39 1218 13.60 1890 H3 26410 31.80
3 .31 1.23 1319 14.67 1744 s HE 27446 33.06
4 &.15 |.4% 12,85 14.33 17.19 G.11 2618 31910
] 5.85 | .64 1240 13.8] 14,55 7.36 2619 31.84
[ 622 .53 12.74 1426 17.20 657 2722 32810
7 .02 .53 12.03 1354 1459 658 24.37 3020
# 5.83 .92 11.84 134 14.34 685 2422 LRV
] .10 1.91 1241 13,94 146.72 G467 2485 JkGE
L1 5797 |.5% 11.32 1281 16.21 6,23 2357 2931
i 548 1.72 11.14 12.54 16.05 657 23.71 2937
12 567 |59 1148 1292 16.0% 6,42 2309 2892
13 5.0 .41 Q.62 1097 15.00 s HE 2042 2600
4 5.29 | .45 104 11.76 15.59 79 21.94 2751
15 5.05 1.14 044 1079 14.97 335 14,77 25306
6 454 0,64 D43 163 14.87 4.64 | 4G.89 25206
17 4,65 0,60 Qa4 1020 14.59 4,26 14,81 2497
] 4449 0.45 i34 050 14.28 188 17.91 23.21
L] 4.59 0,34 H.R0 093 14.22 A 18,29 2347

M ean .69 1.51 Ti.de 1250 1624 617 1385 2052
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30 seconds irradiated sample (layer 2, spacing 8 mm)

Cutling Mean forces [kN| Maximum forees [kN|

line Culting Side Marmal Total Culting Side Mormal Total
2 5,58 3.14 11.04 12.7h 16.01 &30 22 59 2801
3 551 3,22 11.04 1274 1564 8,24 21,37 2771
4 5,50 315 11259 12 08 1606 B.3% 2203 29 33
3 532 3.03 116 1187 14.71 7.35 %90 25 0%
® .63 1.36 1137 13.12 15.87 K46 2224 2851
7 .35 2,08 1045 12.11 1540 7.4% 2,18 2647
& 564 .50 11.51 1320 1605 .52 2291 2411
4 5 80 3.57 1228 14.04 1649 .37 23,73 Fh09
11 §.97 1.61 12.00 1380 15.01 R.62 22,79 2411
11 556 1.33 11.03 12,749 15.87 8,53 22101 28 45
12 .76 347 1.1 1315 16.31 .67 2213 28 81
13 5.70 3,45 1128 1310 1610 R.56 2209 28 64
14 596 1,80 12 46 14.32 16.71 A8 2349 316
15 5,02 31.56 11,749 1367 16.34 881 2303 320
16 5,62 3,35 1.3 13 06 1644 8,41 2351 304
17 5,08 3,23 11.84 1368 16.76 .35 24,200 3ih.A
1% 506 3.37 12,20 13 09 1600 870 25,20 3157
19 .03 3,39 12.03 1387 16,00 .85 25,20 BN
20 .09 3,39 12.47 1428 1700 .87 2542 3184
21 617 3.71 12,91 14,78 17,38 G, 2% 25 89 3254
22 .05 3.41 12.33 14.1% 1716 8,52 25,75 3209
23 032 3,72 13.17 15.07 17.34 .25 26,400 3201
24 018 3,52 13.17 1497 17,30 .52 2644 3285
25 .10 3,43 13.13 1488 1700 8,78 25 84 3215
26 .10 3,43 13.13 1488 1700 8,78 25 84 3215
Meun 585 3.42 11494 13.73 16.49 K.61 13,78 30,20

30 seconds irradiated sample (layer 2, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]
line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
| T.21 3.62 1448 1657 1940 1041 335 37606
i .95 3497 14.14 1626 19.010 1iki50 24,249 3657
k! .76 3140 1327 1521 1844 ORI 2R.6E 3548
4 .30 304 12.57 1439 17.28 8485 2556 32,00
] £.29 310 12.57 14,35 17.19 8494 2597 32410
[ &.11 262 12,49 1415 17.02 807 25353 31.73
7 5.76 2,26 11.75 1328 16.75 T7.53 25,60 31.510
# 5095 2.50 12.37 1395 16.51 767 2452 3054
] £.01 |24 11.99 1354 17.38 7482 2672 3282
L1 &.15 245 13.02 14.651 17.01 7.74 2564 31.73
i £.37 256 13.52 1517 17.55 8.0 AT7.23 33610
12 T.04 2,74 14.79 16651 18,35 8849 20318 35706
13 .95 3049 14.96 1680 19,16 057 3224 38T
4 .95 115 15.25 17.07 18,88 0.56 3234 EL N
15 T3 3128 14.97 1650 19,08 Ik 31,09 37.89
6 T.2% 4.11 15.26 1738 1907 (k88 30,17 37.36
17 T45 4.13 16,34 1842 1964 11.06 3 39,39
] T.9% 4.47 16.71 1908 20,22 11652 3393 41.07

M ean .58 197 13.50 1530 18.01 011 If.1a 3.7
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30 seconds irradiated sample (layer 3, spacing § mm)

Cutling Mean forces [kN| Maximum forees [kN|

line Culting Side Marmal Total Culting Side Mormal Total
2 .66 1,73 13,60 1550 17 6 0015 2642 33,05
3 .39 4,015 13459 15 46 17.97 TNE: 2747 34 364
4 .56 1.87 1319 1524 1%.0% 0RG 26 58 33 86
3 585 3.4% 11.61 13 46 1662 8,74 23 48 Fih.06
® 5.04 3.42 12.27 1406 16700 .60 23 85 R
7 .04 3,59 12.41 14.27 16,76 R.50 24,33 30,77
& 545 3.07 10,96 12,62 1610 10 21,59 2815
4 5 50 3.19 11.16 12 8% 16.17 .58 2274 29 31
11 5 50 116 11.06 12.7% 16.13 7,94 21,93 2815
11 547 3.03 10,58 1225 16400 K46 2297 29 47
12 541 2,99 1135 13.01 16.13 .17 2343 29 50
13 5 .86 3,29 12.27 1308 1665 841 24 A% 30,77
14 54l 2.7 10.77 12.37 16.03 7.74 2225 28 49
15 557 3,00} 11.24 12,80 16.32 818 22 42 2801
16 5,58 317 1125 12 96 15.83 821 22 04 28 34
17 5,99 3,39 12,25 1406 1719 &, 00 25,35 310
1% 5,07 3,50 11.8% 13.72 1680 0,02 24,70 31.25
19 721 3,77 1318 15.0% 1720 G, 40 25,31 3207
20 & 14 3.02 12.23 14.01 17.71 841 26,72 33014
21 .60 3,49 1346 1535 1%.37 8,63 26,66 3351
22 032 2,04 12.82 1459 17.23 7,04 24 87 3128
23 052 3,55 1357 15 4% 17.81 916 2723 3381
24 6,72 4.16 14.33 16.36 1530 {38 24 59 36.35
25 .99 4,10 1457 16.6% 1944 1{h54 30,15 3730
Meun .01 3.39 12.26 14.07 17.05 B.7Y 24,82 338

30 seconds irradiated sample (layer 3, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
| £.78 3,25 14.31 1617 18.62 0.5%9 3506 3705
i T.2% 3,30 15.71 1760 19,62 072 31.81 3862
3 T.34 348 1606 1800 19,82 10510 32.24 3928
4 T.35 380 1555 1800 1838 181 31.57 R0
] T41 383 1664 18.62 1960 11.01 31.83 38,00
[ T.41 3497 1636 1830 1943 16,71 3143 847
7 7.29 3,35 15.03 1704 19,33 10,24 3210 L
# T.26 3,78 14,80 1654 19,87 1ikal 32146 39 206
] T.02 348 14.6% 16654 18,86 10510 30,29 37.20
L1 &85 341 13.71 15.70 18.22 0,432 2756 3450
i £.83 355 14.35 1620 18,80 1002 2870 35.74
12 £.79 311 14.41 1623 18.70 1008 2440 36.27
13 £.57 3,23 13.52 15.37 17.96 0.53 2831 3485
4 £.75 304 14.40 1620 1841 058 24004 J641
15 £.29 263 1342 1505 17.70 859 27,60 J3.89
6 &17 233 12.22 1380 17.55 853 2783 33.99
17 .46 243 13.51 1517 18.21 820 2874 35.00

M ean .96 335 14.73 1604 18.87 100 Jn 300
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30 seconds irradiated sample (layer 4, spacing § mm)

Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Marmal Total Culting Side Mormal Total
2 587 1.1% 12.62 14.27 16800 L] 24,75 31.01
3 587 3.14 12.23 1302 16.22 7.8% 2344 LT
4 581 283 12.01 13,64 1658 7.86 2353 29 84
3 5,03 3,39 12.27 14.04 16,38 R.08 23,08 24 41
® .03 3.52 12.63 1443 16,76 &80 24 65 3108
7 5 401 1,30 12.14 13,80 1606 .67 2533 31.70
& .16 3.54 13.14 1493 17,08 8,74 2515 3162
4 .50 1,82 13,00 15.%1 17.87 0,74 2828 34 84
11 037 3,70 1350 1545 17.72 9,37 2742 33 96
11 751 3,95 14.35 16.2% 1 %00 9,77 2787 3450
12 5.97 1.67 12.71 14.52 16 85 R0 25,70 3199
13 #.19 3,77 1365 1545 17 56 .34 2701 3354
14 053 3.9% 14.31 16.23 17.87 051 26.94 33.70
15 6% 4,20 14.35 16.37 1%.01 0,42 2794 3470
16 .40 4,04 13.77 15.72 17,30 987 28,10 34 49
17 .46 2,96 13.43 1520 17.04 .86 28,15 34,54
1% T4 3.4% 1539 17.32 19,14 .32 3202 3845
19 067 3,47 14.54 16.37 ERE .74 3254 35 84
20 T.26 4,64 16.86 1804 1935 (b R0 3218 3010
21 093 4.4% 15.64 17 6k 1%.83 [ 4G 30,51 3734
22 T.31 4.4% 16.1% 1828 1426 [{h85 31,56 3854
23 .34 3.87 13.77 1564 1745 G(8 26,56 33,05
24 033 3,55 13.72 1552 1741 8,41 2704 33.37
25 .21 4,23 16.00 1780 1% 86 0,43 30,13 3691
26 642 31.65 13.73 1559 1%.57 1 (b7 30,28 3710
Meun (X1 376 14.00 1558 17.56 .45 27.91 347

30 seconds irradiated sample (layer 4, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]
line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
| .56 318 15.13 1695 18,538 0.56 340 J6.E0
i T.65 .09 16.55 1845 19.73 082 33.29 LR
k! &.91 2.42 14.52 1662 18.75 8237 3256 3H.40
4 T.h3 2.97 16.26 1821 19.97 0,94 34.53 41.01
] T15 303 16.13 1780 19,00 .77 3217 3862
[ T.44 315 1654 18.77 20.27 10,21 35.78 42318
7 T.56 3.40 17.25 1914 20,03 149 3507 41.73
# T.55 315 17.02 1888 2009 146 3505 41.73
] g5 345 17.86 19 80 21.00 11.29 37.346 4432
L1 T.56 3,37 16.35 18.31 19.78 10,81 3285 L
i T.53 341 1665 18.63 20,32 10,75 3408 41.010
12 g.25 4,464 1900 2121 21.21 12.25 36446 43.91
13 T8 4.(1 17.31 1943 2049 1145 3407 41.37
4 T.36 4,02 16,38 1840 1942 11.594 33.24 420
15 T.41 4,33 1651 18,69 2013 11.594 3392 41.21
6 T.95 4,52 17.32 1954 20,29 11.59 3583 42.77

M ean T.56 A5 16.71 1800 19,04 16T a7 A9
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30 seconds irradiated sample (layer 3, spacing § mm)

Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Marmal Total Culting Side Mormal Total
2 T.09 4.67 1558 17.74 19 (1% 11.04 2471 3698
3 T.01 4.56 15.63 17.72 1% 08 b 56 24 34 36.52
4 .86 4,55 15.11 1721 19l 11.0% 31.06 3845
3 .10 31,69 12 .08 14.81 16,79 .60 24,07 3hal
® 033 3.43 13.04 14 80 17 56 U8 2503 3241
7 6.77 3.64 14.43 16.35 1%.37 .43 28,90 3542
& .80 3,95 14.04 1605 19701 1{.11 28,59 36.164
4 .01 .05 12.41 14.12 1716 &.44 25,70 3204
11 073 31,69 14.62 16.51 1% 46 G232 28 .49 3518
11 052 1.87 1305 15 8K 17.3 .25 26,08 3241
12 5 401 3.20 1219 1302 17.21 870 2574 3208
13 .40 1.7% 1375 15.61 7.3 064 27 6 34.07
14 £.29 31.69 13509 1542 17 46 0,62 27 82 3421
15 018 3.6 13.44 1522 17.53 06l 27 08 3438
16 755 3,03 14.48 16.3% 17,74 .48 27 88 3440
17 &84 3,40 1387 1583 15,78 06l 2847 3541
1% 7,27 281 12.83 14.56 17.67 .15 2704 33.32
19 6,72 3,00} 13,05 15.77 1830 8,75 28,82 35.24
20 TA% 4,49 16.87 1900 1956 1{h42 31,50 3851
21 T.26 4,43 16.32 1841 1420 [{h85 30,75 3784
22 TA% 4,43 16,749 1891 1402 [{h.82 33,57 4051
23 .40 3,42 13.44 1527 17.57 8,57 26,78 33164
24 053 3,29 13.44 1530 1%.02 G, (k4 27 .49 34,09
25 T3 3,89 14,36 16.45% 1582 112 28,90 35.04
Meun .63 3.73 14.15 1607 18.23 .53 18,20 34.91

30 seconds irradiated sample (layer 5, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
| T.27 345 15.4% 1750 19,53 0. 7% 3109 3808
i T.33 3,50 15.70 1768 19,54 146 32.89 LT
3 T.01 314 15.36 1717 19,53 109 3268 39,30
4 T.33 115 1550 17.70 15160 0 HA 33.649 4ip. 24
] T.40 283 15.96 1781 20206 0.47 3534 41.82
[ 160 255 16.71 18.53 2001 0. (5 34,79 41.015
7 #.20 3,84 1844 2054 21.29 11.00 36,55 43.70
# #.20 3,58 18.38 2044 21.35 11.87 36,89 44,25
] LA 3,50 19.20 21.13 21.246 10,82 Y 4434
L1 £.36 3141 18.69 2083 21.87 11.32 382G 45,50
i T.74 3.40 1696 1895 2020 10,79 34,949 41.82
12 £.00 333 17.80 19 &0 21.006 10,831 37.20 44,00
13 T80 334 17.65 1958 2047 10,51 34,94 41.86
4 T.24 318 15.97 17.82 19,85 kG2 3292 L
15 T45 341 1686 18.75 2014 [LERETE 33.74 40,72
6 £.40 5,26 19.62 2198 2214 12,54 370z 45.01

M ean 7.7 347 1717 19.14 .51 163 EENIK] 41.97



30 seconds irradiated sample (layer 6, spacing § mm)

140

Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Normal Total Culting Side Normal Total
2 781 4.52 1503 2017 263 1.0z 34.21 4144
3 7.62 4.47 16.93 1909 206500 1 (b9 3184 3940
4 733 4,400 1601 1522 19 96 (b 59 3227 3948
5 .94 3.69 14.62 16.60 1§ 89 9,68 30,33 37.02
I .95 3.97 1501 17.01 15 48 9,34 2850 35.23
7 728 4.0 15.16 17.30 1946 (k.46 il.56 38.53
K .77 4.2% 14.85 1688 1% 46 147 3001 36.76
Y .35 3,84 14.22 16.08 17.57 9,64 2747 34.16
1 .60 3,90 14.37 16.20 1551 1 (b0 28.54 35.46
11 .44 3,50 13.50 1536 1§00 883 26.48 33.22
12 .39 311 1387 15.5% 17 86 8.57 26.79 33.32
13 .50 3.17 14.23 15.96 1§22 847 27 86 34.40
14 .54 3.79 1461 16.44 15,07 8.4 27.04 33.74
15 .65 3.65 14.65 16.51 15,96 9,55 2840 35.45
16 .45 3.66 15.00 16.82 18,15 9,53 2977 36.24
17 .91 3.2 1500 17.01 19.71 9,24 30,20 3123
1% .33 3.22 13.52 15.27 19.75 8,70 2935 36.43
19 .64 3.64 14.93 16.74 15,44 9,35 29,48 36.00
20 .72 4.0 14.59 16.5% 15,75 110 29,43 36.33
21 T3 4.57 15.59 17.74 19,23 11,15 31.31 3545
22 T8 4.72 16.42 15.54 19.11 (.29 2971 36.82
23 T3 3.63 1526 17.23 1§ 08 9,45 30,79 37.38
24 742 3,94 16.43 1545 1499 (.20 31.31 35.55
Meun 685 3.89 15.0 17.04 18.96 9,77 24,69 36.57
30 seconds irradiated sample (layer 6, spacing 12 mm)
Cutting Mean forces [kN| Maximum forces [KN]|
lim Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
1 7.7 288 17.29 19.1& 21.38 9,30 36.55 43.35
2 7.93 2.94 17.93 19.82 21.42 9.56 36.59 4346
3 §.27 2,90 18.53 20,50 21.00 9.85 37.53 44.12
4 4.02 4.43 20.37 22.72 23.29 12.43 39.90 47.54
5 8.79 4.39 2048 2271 2226 11.87 38.35 45090
B g2 4.37 20.54 23.00 24.76 1202 40.39 48 88
7 838 388 1841 20060 21.93 11.68 3717 44.71
B g.41 4.14 18.97 2116 22.94 12.24 39.81 41.55
9 7.82 3.44 17.89 19.83 2169 10.71 37.30 44.45
10 £.14 3.48 18.72 20.71 20.87 1085 36.65 43.55
11 7.93 3.50 17.66 19.67 22.12 14,70 37.20 44.58
12 7.88 3.20 17.18 19.17 21.06 10,57 34.81 42.04
13 7.21 3.69 16.79 15.64 19.95 10,98 33.32 4036
14 745 3.54 16.68 15.60 20.07 180 32.90 40.02
15 7.72 4.1% 18.12 2014 2119 |1.E2 35.34 42.87
16 1120 £.94 24.16 28.11 26.48 16,82 43.02 53.24
Mean .30 4.00 18.75 20.92 2203 11.29 3730 44.81
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30 seconds irradiated sample (layer 7, spacing § mm)

Cutling Mean forces [kN| Maximum forees [kN|

line Culting Side Marmal Total Culting Side Mormal Total
2 B.18 4,31 16.91 19_35 19 86 1140 EERE 40300
3 TAl 3,97 15.01 1721 1942 1{h45 31.77 38 68
4 T.27 1.67 15 86 1783 1950 [k 1 3252 3028
3 .70 3.0% 14.50 1646 1%.71 (.23 24 42 36500
® .66 1.8% 14.46 1635 1%.14 0a% 28,14 34 i
7 T.26 4.32 15 85 1787 20006 {82 31,85 30,17
& .39 3.66 14.26 16.0% 1%.41 9,71 28 .64 3541
4 055 3.23 14.12 1501 1%.01 .85 28,06 3497
11 T.04 1,95 15.73 17.64 19501 0,84 31,84 3861
11 T.04 3.0% 15.01 17.0% 19 84 b 201 30,24 3750
12 .86 3,95 1532 1725 ERE 008 2429 36,30
13 778 31.86 15.0% 16.95 1901 0RG 24 53 36.49
14 753 4.0 17.34 19,33 20156 1(h.53 34,61 4151
15 755 3,08 16,59 18._fis 2074 .52 3222 34 56
16 T.44 3,00 17.1% 19_10 14 (9 {24 33,34 40,07
17 T.6% 5,14 17.51 19_8&0 2037 11.32 3234 30 86
1% T.44 5,23 17,749 1997 20,72 1184 3252 4034
19 .86 4.41 1545 1747 1%.03 1{.75 30,57 3751
20 TR1 4,73 12,56 201k 2042 11.35 34,71 4184
21 T.69 4,73 1827 2038 20097 1208 36,10 FERTS
22 T.5% 4,14 17.33 19 3 ERT b 24 34.45 4128
23 T.73 5,40 1584 2107 21.43 11.74 34,63 42,39
24 T.44 510 12,53 26l 20068 1(.71 3314 Aib 50
25 T71 5,50 19.07 21259 20h 69 1.7 33,78 41.31
26 TA2 4,76 17,249 19.41 20,72 11.02 33.65 41.02
27 T 40 4,88 12.02 2027 21.83 12 4 3531 43,32
Meun 7.27 4.37 16.61 18.65 19,95 1L68 i 3931

30 seconds irradiated sample (layer 7, spacing 12 mum)

Cutting Mean forces [kN| Maximum forces [KN]
line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
| #.20 1.51 18.36 2041 2.7 11.25 37.24 44 81
2 HA% 3.24 1584 21.86 2325 11.30 41.24 48 .60
3 B.09G 333 2119 234 2314 1671 41.81 48.97
4 gz 4.51 2202 2415 2318 11.87 442 48,01
] g6d 4.34 2065 2280 2315 11.75 462 48.21
[ g55 3,94 2024 2232 2204 11.53 3870 4644
7 g.25 344 1950 2145 21.50 11.01 3025 44,29
# g9 3,54 18.4% 20,53 22.09 11.22 ELEE 45.72
] £.50 3.468 2002 2206 21.50 11.08 JRES 45,95
L1 g.29 322 18,82 2081 2344 11.28 Jg.a7 44 85
i T.75 3.21 1746 19.37 20009 10,51 3667 43.51
12 g43 1.465 1921 2129 21.74 11.22 3H.64 45.71
13 T.47 3,499 18.23 2018 22.70 I11.56 35.88 44.00
4 T.49 4,05 17.60 1955 2102 192 3405 41.56
15 T.75 4,74 18.63 2073 2085 12.07 36046 4345
6 g7 4.71 18.06 2033 21.04 11.92 36,08 4344
17 T.63 3497 1636 1848 20,87 199 36,08 43.010

M ean £23 3.8 19.10 s 1314 11.32 anag 45.58
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30 seconds irradiated sample (layer ¥, spacing § mm)

Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Marmal Total Culting Side Mormal Total
2 025 3.0k 1280 14.57 1600 812 24,93 31,20
3 033 310 1322 14099 1711 870 26,18 3247
4 .50 3.43 14.71 1660 1% 6 915 2479 363
3 w21 1.8% 15.63 17 4% 1%.22 0,54 24 08 3561
® 087 3,93 1547 1738 1% 63 0,04 24 64 36,30
7 085 1.87 15.44 1731 1% 08 0.A% 24 49 36.31
& T.70 31.86 17.32 19_34 2057 1{h.47 33,06 4032
4 T.20 3.57 1600 18.02 2041 .56 3335 4025
11 T34 3.71 15.05 1704 20184 0,97 31344 465
11 #0035 .22 17,96 2035 21.71 1197 34.03 4210
12 T57 £.27 1738 19_p& 2{hA0 1155 3228 3080
13 T53 5.15 1738 19.63 20,52 11.27 32.09 3972
14 757 1.8% 16,00 1820 19.81 1(h.57 3243 3045
15 TA7 3.31 1524 1721 1425 0,30 24 84 36.71
16 T.5% 3,55 16.4%9 18 49 20149 [{hA2 3385 40,97
17 T.62 4,60 1230 2035 2073 [{h02 34 46 41467
1% T.44 4,54 17.62 19_fis 20019 195 33,19 4036
19 #0101 4,69 1%.63 2081 22 09 1158 35,54 4342
20 TA2 3.66 16,18 18,13 20048 1{h.55 33,65 4078
21 TA2 3,59 1639 18.31 20056 [{h02 3282 40,01
22 TA3 3,50 16.34 1817 20075 9,77 33,35 4047
23 0,76 3,84 14,58 16.52 2013 .46 28,57 36200
24 .96 4,64 16,60 FEL 19,52 [ (bRl 31,34 3847
25 TAl 4.51 16,510 1900 2037 (b R0 32,74 4008
26 .50 3,80 14.45 16.46 1951 1{h. 76 30,33 3741
Meun 7.31 4.09 16.40 18,42 .12 1040 iz 3930

30 seconds irradiated sample (layer 8, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]
line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
| g45 3141 18.75 2091 21.75 11.59 382G 45.51
i 877 4.14 1945 21.73 22318 12.51 3927 45,50
k! 15 353 1777 1987 21.66 1ik41 364 43 86
4 g8 3.42 18,38 2041 2247 11.24 37.58 45.21
] T.89 3,38 18,18 2001 20,92 10,54 3573 42.71
[ T.9% 314 18.77 2061 2145 153 37.78 44.71
7 T.82 347 1847 2036 21.80 11.24 3709 44 57
# LA 4.14 19.04 2100 21.27 11.38 642 43,68
] T.58 3,74 1746 1940 2045 11.02 3482 41.85
L1 T.03% 3.21 1614 1780 1968 0.5%9 32.74 3938
i T.36 3,23 1643 1820 22.07 1003 3472 42,15
12 T.05 255 15.59 1730 20,54 0.54 3512 41.79
13 T3 333 1660 18.37 19.95 [k 00 3272 J4a0
4 T2 322 15.94 17.72 19,34 (k22 3248 ELR [
15 T48 1,56 17.20 1905 2002 k.35 34013 4080
6 T.89 263 17.77 1962 21.046 o.(8 I 43,69
17 G096 4,73 2233 2490 24313 12.70 43,95 51.81

M ean T34 EX )| 17.62 19.55 1106 160 5.8 4187



30 seconds irradiated sample (layer 9, spacing § mm)
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Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Normal Total Culting Side Normal Total
2 753 371 16.52 15.53 1908 (.07 3283 39.73
3 7.05 341 15.005 16.96 19.31 9,82 31.21 38,00
4 7.30 3188 16.63 1557 1§96 9,70 3168 3517
5 783 5,10 1534 20058 20.79 11.45 34.70 42.05
I 7.6 5.25 17.44 19.74 2076 11.74 33.22 4090
7 7.23 4,40 15.35 17.52 2008 11.25 3252 3984
K 743 3,70 15.74 17.79 20.37 (.59 33.91 4095
Y 750 340 16.34 1530 202 9,76 33,79 4047
1 7.65 3.45 16.43 1545 2019 9,82 33.68 A48
11 815 4,93 1905 2130 2272 11,69 35.13 43.44
12 7.6 4.72 17.35 19.52 2078 | 1.0% 3225 39.93
13 TA% 4.65 1700 19.14 2076 11.23 3343 4095
14 .77 3.25 14.65 16.46 19 83 9.32 30,58 3162
15 .97 3.34 15.62 17.43 15,03 9,48 31.50 37.05
16 .90 3.36 15.07 16.91 15,97 9,50 30,49 315
17 7.02 413 15.74 17.72 1928 (.20 30.22 3727
1% 747 .66 1650 19.0% 2004 11,13 32,80 4009
19 722 4.65 16.57 15 66 2002 1 1.00 3108 35.57
20 .33 3.23 13,14 14.54 19.24 9,38 27.91 35.17
21 .53 3,30 14.35 16.11 1926 852 28.34 35.44
22 .79 3.49 14.85 16.70 15,49 8,90 28.08 34.78
23 .62 3,50 14.67 16.49 15,28 9,56 29,15 35.7h
24 7.23 4.12 1598 1502 19.45 (.26 3148 38.43
25 .57 347 14.10 15.54 19,23 9,63 2863 3586
Meun 718 398 15.93 17.93 19.53 .24 31.56 3866
30 seconds irradiated sample (layer 9, spacing 12 mm)
Cutting Mean forces [kN| Maximum forces [KN|

line Cutting Side Maormal Tuotal Cutting Side Mormal Tuotal
1 §.82 .63 20.53 22.63 23.21 12.72 41.22 48,99
2 853 4.36 20.04 22.3| 22.12 11.96 38.34 45.85
3 803 3.68 18.39 20.40 2181 11.89 38,09 4547
4 .56 3.0 1546 17.1% 18.77 9.17 3103 3741
5 £.99 2493 15.61 17.35 2016 5.8 30.92 37.97
B 7.33 3.05 1659 14.66 20.44 9,40 32.40 3044
7 .95 275 15.53 17.24 19.38 8.72 ilal 38.08
B 7.08 3.20 15.67 17.49 19,69 9,64 32.31 3906
9 741 3.16 16.15 15.05 20.82 9,74 33.21 4040
10 7.94 3.05 17.91 19.83 21.67 1036 37.33 44.39
11 .06 2.82 19.16 2095 2116 111 38.75 45.29
12 BG4 3.00 1931 21.37 22.64 1089 39.97 41.21
13 @16 5.08 2195 24.32 24.40 13.62 43.40 51.62
14 B.68 4.64 20104 231 23.08 12.74 40.54 48.6)
15 433 5.37 234 25.77 23.75 13.14 41.16 4931
16 217 4,492 21.09 23.52 23.24 13.50 41.92 49.79
Mean 806 3.67 18.63 2064 21.65 1104 3703 44.31



MNon-irradiated sample (layer 1, spacing § mm)
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Cutling Mean forces [kN| Maximum forees [kN|

line Cutting Side Normal Total Cutting Side Normal Total
2 5.91 3151 11.72 1350 16,56 088 23,940 3071

3 5,82 31,65 11.79 1364 16,52 0,44 24,09 3070

4 5.9% 1,57 12.0% 1380 16,74 0,64 24,75 3140

5 5,649 3,23 11.77 1346 &40 857 2335 29,79

s 5,85 3,37 11.80 1361 1645 041 2334 LRI

7 5.96G 3.4a 11.60 1349 17,05 0, ) 24,16 3108

] £.03% 3,67 1225 14.14 ] 1k IS 2531 3220
L] £, 09 3,78 1255 1445 1715 105 2517 3213

L L1] .35 4,07 1339 1534 1748 1k IS 27 46 EEN
n 5.7% 1,57 11.7% 1358 16,55 T 24,34 3.0z
12 5.91 M 11.7% 1367 16,78 1k, O 23649 30,72
13 .12 31,59 13.03 1491 17,50 0495 26,84 3355
4 .21 3,906 12,87 1481 16.95 o, 2545 3208
15 5,95 3,52 12,50 14.30 1707 0,68 2565 3219
16 586G 3,27 1221 1393 16,92 o1& 25,92 3218
7 5,54 312 1109 1278 15,98 &, 22 k2 24903
L] 5,42 31a 1141 1311 16,57 s 0 24,05 3053
L] 545 2498 1098 12,61 R E] .41 2278 249327
] 5,14 2492 10196 1245 1546 &, 21,70 2803
Mean 5,45 348 11 44 13.74% 16.72 u4% 24,50 A5

Non-irradiated sample (layer 1, spacing 12 mm)
Cutting Mean forces [kN| Maximum forces [KN]|

line Cutting Side Mormal Total Cutting Side Mormal Tuotal
| .20 |84 1254 1438 17.31 653 25.76 31.72

1 611 .5 1326 14.73 1745 6,24 26410 32.25

i 687 261 15 1% 1687 1858 B0 2918 3552
4 623 2.7 1363 15.24 17.70 7.51 26,28 32,51

] 603 2.59 1343 14.99 17.35 TR 26.09 32.31

[ £.58 2.78 14.3% 1.0 18.32 T.67 24,00 3504

7 5.94 2.68 12.70 14.27 14695 7.50 24,19 S48

b £.29 234 1353 1511 17.60 T.13 27.51 3342
] £.03 2.28 13.51 1497 17.21 (R 25.70 31.77
i 5.55 2.04) 11659 1510 14659 6,64 24.11 3007
i 573 2.22 12.53 1306 146.7i 6, 24,35 30.37
12 £.00 |93 1340 14.8| 17.24 634 2606 3188
577 204 12.54 13.95 1681 677 2467 Skl
4 601 2.0 1519 14.65 1717 T.04 2528 31.36
M ean (A % 1334 1488 1746 T4 1623 32.a1
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MNon-irradiated sample (layer 2, spacing § mm)

Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Marmal Total Culting Side Mormal Total
2 642 1.7 1387 15.74 17 86 0,42 26,73 3364
3 .31 1.63 1340 1525 17.67 .47 26,65 3335
4 .40 3,70 1300 15.03 17.73 0a% 2642 3325
3 580 31,96 12,38 1426 16,79 .63 23,37 335
® #.19 402 13.17 15,10 17.42 0,62 2408 31.24
7 0% 4,22 13.41 15.31 17.23 .57 24 564 3149
& 5 .86 4.0k 12,39 14209 16700 064 21,77 3hal
4 547 1,35 11.06 12,749 16,79 .46 2355 343
11 580 3,92 12 56 14.41 17.12 067 2520 3197
11 567 3.6 11.93 1370 16200 &0 22 Gl 2411
12 5,99 3.54 12 85 14.61 17.04 .34 24,34 3115
13 5.97 3,74 1228 14.16 16.02 G232 24 6 3120
14 .19 1.51 12 85 14.68 17.37 036 25 54 3227
15 .02 3,44 12,54 14.37 17.22 G, (W) 25,04 31,70
16 & 14 3,47 13.05 14.83 17 46 G, (W) 25,70 3215
17 015 4,15 1338 1530 17.33 0,06 26,79 3341
1% 023 4,05 13.74 1562 17.24 .42 26,14 3270
19 .54 4,45 14.1% 16.21 1534 1143 24,74 36.78
Meun .04 3.82 12,50 14.67 17.18 .54 25,10 JLER

Non-irradiated sample (layer 2, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
lim Cutting Side Maormal Tuotal Cutting Side Mormal Tutal
| 704 111 15.4% 17.32 1963 108 3145 JRA41
i T.33% 315 15.95 1781 19.70 10,25 3245 3932
3 7.39 3,28 17.32 1911 20.25 048 3249 3950
4 T.50 4,14 16.53 18,63 149636 16,59 30,71 3787
] T.23 385 1603 18.01 19,20 1002 31.32 ELN
[ T.04 3,70 1645 18.31 1944 10,29 31,94 3879
7 .88 3,38 14.98 16,83 18.81 0.42 24005 3595
# T.03% 3,37 15.91 17.72 19,50 10,35 32246 ELN
] £.599 285 1601 17.70 19.07 o849 EARI) 3772
1y T.05 185 16407 1704 1850 11064 31.64 JEES
1 .70 3.42 14.94 1672 18,69 0.&7 2078 36406
12 £.93 27 15.30 17.11 1917 0.75 310z 37.74
13 T.06G 343 1608 1780 19.31 1044 30,28 37.89

M ean Tiz dda 15.97 17.83 1943 IINE 3L Jn



MNon-irradiated sample (layer 3, spacing § mm)
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Cutling Mean forces [kN| Maximum forees [kN|
line Cutting Side Normal Total Cutting Side Normal Total
2 .57 3,84 1377 15.73 18,35 k55 2797 3508
3 .19 374 12,87 14.76 16.97 085 24,35 31.27
4 .41 375 13,93 15.79 1791 0,66 27,59 3428
5 .23 31,65 1300 1487 17,54 1k02 2641 3325
s £, 09 31,85 13.03 1480 17.23 056 2524 320z
7 .57 3493 13.68 1564 18,65 084 27 64 34.77
] .50 403 14.03 1594 1517 086 2725 34.21
L] .75 4,12 14.38 1a41 15.91 1k, 79 2464 3678
L L1] .l 1,88 14.69 1658 1517 1k 2817 3502
n 5.74 3,49 11.27 1312 1749 028 2333 k0
12 5,89 372 1204 1391 1701 031 24 55 31.29
13 .01 3,69 12.68 14.%51 17,58 o, 26.71 3341
4 5,77 3,30 1164 1341 1718 oLkl 2511 31.73
15 5,92 3,49 12.4% 1432 17,19 041 26,04 3259
16 .03 3,54 1241 1425 1742 0,24 24,99 31.84
7 £.19 3,149 12.7% 14.53 17,54 0, (ki 2565 3237
L] .42 £ | 13,19 1513 15,11 1k 34 2718 34,246
Mean 6,21 3.69 1500 14.58 17.64 b L 2d i
Non-irradiated sample (layer 3, spacing 12 mm)
Cutting Mean forces [kN| Maximum forces [KN]|
line Cutting Side Mormal Total Cutting Side Mormal Tuotal
| 7.4 173 1554 1788 149,08 138 30,83 JR.IE
1 £.97 135 15.07 1.0 1937 056 29,87 3697
i .58 157 1481 16.71 20017 oa7 30,27 3768
4 T.14 134 1607 17.91 14960 054 32.27 JR.05
] 7.30 i1 1602 17.87 2088 0.648 3388 4,95
[ 7.0 i1 1615 17.91 2142 0.54 34,78 41.95
7 .50 2.74 1444 16.07 18.40 875 240,66 3508
b T.33 158 1645 1836 2005 1459 32.22 3043
] T.25 2,94 1664 1840 20.02 0. 33.67 442
i 706 3124 1643 1817 14940 141 32.13 LN
N 7.39 .09 1699 1878 267 083 33.95 404
12 HE3 2.64 1512 16 B0 1957 & Té 31464 3807
M ean T.0%9 3.14 15.91 17.73% ol (1 w4 Al 305



MNon-irradiated sample (layer 4, spacing § mm)
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Cutling Mean forces [kN| Maximum forees [kN|
line Cutting Side Normal Total Cutting Side Normal Total
2 .26 1,57 13.9% 15.71 15,15 0549 2734 EERE
3 .26 3183 1352 1534 1717 0.2 2512 31.79
4 .36 3,90 13.69 1550 18.24 052 26,24 338
5 .33 363 1361 1544 17,86 o1& 2649 3324
s .90 4.17 1508 1710 18.54 0. %6 2828 3526
7 .83 4.(H 15.14 1708 149,18 Q. % 2 96 RN
] .25 3,49 1348 1527 17.92 0,24 2704 3371
L] .43 363 1380 1565 17,99 L 26,73 3349
L L1] .51 3.66 14.26 1a.10 15,15 5HG 2681 3357
n .02 31,59 12.67 1448 1743 043 2646 33,06
12 .16 374 12,82 14.71 17,85 0,54 26,09 3302
13 .16 340 12.76 14.57 18,17 052 25,90 3305
4 .08 341 12.76 1454 15,14 082 26,39 3349
15 .43 31,65 1313 1507 18,35 o, A4k 2565 3291
16 .35 3,75 13.6% 1552 14,53 055 26,54 3.3
7 &, 14 3,27 12,60 14.39 17,35 8,492 25,05 31.75
Mean 6,34 3,67 1356 15.41 1814 4,42 26,57 3352

Non-irradiated sample (layer 4, spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
line Cutting Side Mormal Total Cutting Side Mormal Tuotal
| £.00 153 12659 14.50 1962 125 30,19 T4
1 £.00 153 12659 14.50 1962 125 30,19 T4
i .70 182 1451 145 1940 1072 29.23 Sl G
4 .70 182 1451 145 1940 1072 29.23 Sl G
] T.0% 4,24 1500 1717 149.E0 11.3% il.51 3890
[ T.0% 4,24 1500 1717 149.E0 11.3% il.51 3890
7 £.54 3,69 1350 15.93 20,07 148 29,85 3746
b .89 382 14.3% 1640 14930 175 3007 37.39
] £.54 349 14.32 1625 1917 0.7l 29,36 3638
i T.34 3153 1568 17.67 149,84 0,04 31.57 860
i T.21 147 1615 18,10 20,13 097 3363 444
Mean .51 ] 14.45 1642 19.65 10,50 A58 37.85
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Mon-irradiated sample [additional] (layer 1, spacing & mun)

Cutling Mean forces [kN| Maximum forees [kN|

line Culting Side Marmal Total Culting Side Mormal Total
3 .31 3.13 16440 12,05 15 84 R.06 23,10 24 41
® 4,90 277 .72 1123 1524 7.86 21,33 2717
7 4,78 266 5% 11.04 15.13 847 21 44 2757
& 4.54 2,55 .35 6,84 15,500 .37 246,96 2738
4 4,74 224 .55 1603 1515 7.60 240,05 26.25
11 518 2,74 8,76 1139 15.74 7.04 22 41 28 51
11 4,74 250 9,32 10,75 14,55 7.23 14,08 25 (i
12 4.97 2,84 .51 1134 15.31 7.81 21,08 27 20
13 5.0 2,57 g 1135 15.52 7.52 21,08 2721
14 486 2,62 9,37 1087 1488 7.31 240,24 26.18
15 512 283 10188 12,35 15.83 R.65 24 35 30,31
16 5.0 2.7% 10,28 1.7 15,30 778 22 10 27 08
17 484 2,19 .63 11,00 14.31 6,54 2,32 25.70
1% 5,21 217 10,56 11,98 15.77 7.1 2382 24 50
19 515 2,20} 10,50 11,80 15,88 7.43 24,18 29 87
20 544 2,73 11,39 1201 16.47 .11 25 46 31,30
21 588 2,83 12,91 1447 17,74 8,47 2866 34.78
22 5 401 2,83 13,00 1464 16.77 7,98 26.61 32 46
23 .34 2,19 10164 12,11 15 80 .36 22 82 2903
Meun 516 2,55 1044 1192 15.68 7.76 1252 28.77

Non-irradiated sample [additional] {laver 1. spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
lim Cutting Side Maormal Tuotal Cutting Side Mormal Tutal
| T.07 254 14.03 1552 19,19 105 2430 a0
i £.20 341 12.26 1420 18.010 0. 76 2613 33.20
3 £.53 353 12.78 14.77 1848 14k, 2647 3382
4 .88 343 14.02 1604 18.87 085 A7.75 34.97
] &85 3.62 14.56 1640 18.51 1607 2873 3562
[ .88 348 14.75 16654 18,85 065 AR5 3551
7 .04 348 14.74 16656 18.81 0.56 2R82 35.72
# &.81 334 15.06 16 86 18,37 0.03 2887 3549
0 T.07 312 1586 1764 1624 0,05 249,94 3672
L1 T.25 345 1636 1822 19,34 0.64% 30,29 3730
i T.33 311 1690 18,68 19.71 0.42 3143 3828
12 T.86G 343 17.73 19.73 262 10,58 34,014 41.27
13 T.04 347 15.32 1725 19,25 0,494 3081 3767
4 T.23 3.(h3 1547 17.34 1947 035 31,94 L
15 T.46 3,36 17.17 19.01 19,87 100 3275 L
6 T.02 3,50 15.32 1721 19,80 11.28 3363 457

M ean [EH] 138 444 1615 18.79 LX) 24,51 3550



149
Mon-irradiated sample [additional] (layer 2, spacing & mun)

Cutling Mean forces [kN| Maximum forees [kN|

line Culting Side Marmal Total Culting Side Mormal Total
2 §.92 1.33 11.13 1295 1630 &84 2233 24 [i)
3 5,20 310 & 9} 11.6% 1649 .30 21,06 2803
4 512 2,96 .51 1146 1618 .30 22 40 28 .05
3 543 3.23 10.43 12,19 156 R.A45 21,23 27 iy
® 4.85 2,05 & 04 1iL6s 1528 R.62 20,27 26.81
7 .11 310 16104 11 68 15.54 8,22 21,66 27 850
& 582 3.37 11,60 1341 16,76 .87 23 85 3047
4 §.74 2,99 11.17 12.01 16.12 R4 21 88 2815
11 567 3,25 1.1 13 06 1644 .71 2408 343
11 583 1.33 11 86 1361 1658 R.50 24,04 344
12 .04 3.66 1218 14.07 17.04 0.A% 25 54 3213
13 .02 .50 1225 14,09 17.02 R.04 26,32 32 A
14 5,05 2,99 11,98 1370 16.41 &.05 25,29 31.20
15 5,07 310 12.13 1387 16.35 8,50 24 500 3hA%
16 5,05 2,89 12.01 13.72 17,201 8,22 26,05 3228
17 053 3.63 14.17 16.02 17.77 8,73 2709 3345
1% TA3 4,05 15,749 17,79 ERE G,74 30,20 3706
19 T4 3,00 15.31 17.33 1403 066 30,15 36.94
20 .60 3.67 1323 15.23 17.62 .56 27.01 3364
21 581 3.03 11.4% 1323 16.77 8,47 25,18 3142
22 4,36 .47 &.26 4,45 14.14 6,13 14,07 24 52
Meun .04 3.25 12.32 14.100 16.96 K66 15,35 371

Non-irradiated sample [additional] {laver 2. spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
lim Cutting Side Maormal Tuotal Cutting Side Mormal Tutal
| 62 231 13,38 1511 18.67 797 2784 34406
i 548 255 11.25 12.77 1400 7.45 21,69 2787
3 .24 312 13.00 1483 17.56 872 2583 3243
4 £.38 3.0 13.02 1481 18.21 825 AT02 33.74
] .05 311 12.20 1387 14.90 882 23,949 Jilkao
[ £.31 3,52 1328 1511 18.27 0.64 2647 3358
T 62 3140 1325 1517 18.24 &0 2654 33410
# .05 3.(H3 12.74 1442 18.0% 8462 2773 3409
] H.63 3,86 13.58 15.59 18.64 0.74 2809 3509
L1 &.09 2.77 12.60 14.31 1746 8.50 2562 3204
i £.67 2493 14.14 1591 18.06 884 2595 3282
12 .84 3.28 15.53 1725 18,85 o.14 240 046 3650
13 £.82 2.87 14.90 16.72 18.96 878 280G 3571
4 £.65 2.77 15.03 1660 18.64 0,02 29310 3580
15 £.83 2.77 15.31 1654 18.74 847 24949 36306

M ean (1] XL 1384 4.6l 17.82 B.00 26,09 g7



150
Mon-trradiated sample [additional] (layer 3, spacing 8 nun)

Cutling Mean forces [kN| Maximum forees [kN|

line Culting Side Marmal Total Culting Side Mormal Total
2 5.79 2,70 11.97 1347 16.52 8,34 2517 31.24
3 .54 251 1120 12.74 16.67 7.55% 23 66 2991
4 .03 275 12.71 1434 1%.01 .25 2713 3360
3 .20 3,29 1350 1521 1508 R.02 28,27 34.72
® .50 3.21 13 86 1564 17 69 .51 2727 3360
7 .70 3,45 14,59 16.42 ERE 0. (M 2421 35 56
& 5.0% 2,84 11.62 1336 1646 .23 2383 3011
4 583 2,02 11.68 1338 16.53 8,34 24,25 3051
11 5,99 .06} 11.72 13,50 16.74 870 2302 349
11 5,95 1.33 1308 14.67 1655 8.1 25 88 3199
12 §.97 1.36 12.44 14.12 17.74 R.07 2512 3204
13 5,78 3.2% 12.14 1384 17 88 008 2715 3375
14 597 3.5% 12.03 13,90 1%.13 9.13 25,03 3221
15 587 3,69 11,60 1352 16.08 .85 24 84 BN
16 &.44 3,03 12 56 14.6% 18.21 b8 26,34 3347
17 5 .66 3,34 10,96 12.7% 16.52 .45 23,14 29 i
1% 5,58 3,35 11.1% 1201 16.13 8.61 23,20 29 54
19 5,30 3.07 10,25 1164 16.97 877 23,78 3ih50
20 7,27 3,39 1236 1427 1%.04 .48 26,24 33.22
21 4,53 181 8,67 G5 1519 717 21,58 2758
Meun 543 322 11.7% 13.55 17.08 K.93 24,92 351

Non-irradiated sample [additional] {laver 3. spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN|
lim Cutting Side Maormal Tuotal Cutting Side Mormal Tutal
| £.50 |.44 15.95 1744 19,13 7.36 3115 3720
i £.80 2.28 14.87 1651 19.21 842 LR JG42
3 &0 |47 12.52 14.02 17.83 742 2717 3338
4 &.12 205 13.31 14.70 17.54 6,48 2724 3304
] 7.0 .81 15.38 1654 18.74 748 2475 3595
[ .65 |62 14.92 1641 18,56 7.56 24035 3554
7 £.65 2,59 15.14 16.75 1945 835 2991 .54
K .64 2.24 15006 1661 18.71 7.43 29435 3567
] T.49 3.07 1664 18.51 2024 028 32.24 EURE
L1 T.30 3,52 16.35 1825 2060 082 3202 L]
i T.2% 3,79 1618 18.11 19,87 10,51 31.27 3852
12 T.70 364 17.65 1960 21.21 1620 3510 4228
13 T.24 4,02 15.25 17.35 19,53 10,31 2447 3681
4 T.53 4.47 15.97 1821 20,52 11.36 30,74 ELN

M ean .76 113 15.01 1663 1900 LRL] 20,79 k1]



Mon-irradiated sample [additional] (layer 4, spacing & mun)

151

Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Normal Total Culting Side Normal Total
2 .31 3.25 1333 15.10 17.44 9.23 24.85 31.74
3 .70 3.64 1398 15.02 1§06 9,84 26,640 3364
4 .51 3.56 1395 15.80 17.94 9,36 26.73 3352
5 .57 3.7 14.55 16.41 15.31 9,49 2778 34,600
I .50 371 15000 16.96 15,54 9,39 28.19 35.03
7 .79 .63 14,584 16.72 15,03 911 2797 34.98
K 647 3158 1388 15.73 1§22 9.2 25.13 3238
Y 5.92 3.14 12,008 1382 1581 9,25 25.21 32.79
1 .34 340 1362 15.40 17.54 9,38 26,6568 3326
11 5.54 292 12.03 13 56 16.27 853 23,77 30100
12 5.65 2 84 12.57 14.07 17.13 8,29 25,26 3163
13 581 2.99 1284 14.40 16.91 836 24.18 3067
14 5.79 338 1168 1347 16.87 9.0 2310 3ik.0000
15 542 3.02 1106 12,69 16.05 847 21,88 25 55
16 6.03 3.66 12.65 14.49 15,04 9,38 24.74 32.02
17 566 3.07 1108 12,82 17.67 8,40 2161 2915
1% 548 3.21 10,54 12.6% 1614 875 21.41 28.21
19 5.45 307 1056 12.2% 16.01 8,74 20,56 27.49
20 5,75 3.06 11.58 1328 17.23 9,48 25.16 32.00
Meun 5.93 3.25 12.43 14.16 17.36 894 24,32 3112

Non-irradiated sample [additional] {(laver 4. spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN|
lim Cutting Side Maormal Tuotal Cutting Side Mormal Tutal
1 7.92 2491 17.65 19.56 20.27 844 33.01 3064
2 7.62 280 16.75 15.62 2046 861 3176 38.75
3 7.72 317 16.63 15.61 22.22 9.04 32.36 40.28
4 7.58 3.84 15.12 17.34 2260 5,46 29.90 38.76
5 7.57 4.31 16.04 18.25 19.83 10.32 2881 36.47
B 7.10 3.75 14.87 16.90 20.17 10.25 30.33 37.54
7 .93 3.76 14.25 16.20 20.14 9.73 28.06 35.80
B 7.000 4,05 14.19 16.33 20028 1002 27,40 35.69
9 .74 3.64 14.00 15.96 18.10 936 27.03 3385
10 .50 3.46 14.82 16.67 18.27 8.9 27.40 34.14
11 .67 3.52 14.50 16.35 18.50 8.4 27.36 34.21
12 6.0% 283 12.89 14.53 17.44 8,40 25.47 32.14
13 .50 2495 15.30 17.00 19.85 561 29.74 36.78
Mean 7.30 3.57 15.43 17.45 20.23 9,46 29,63 aTi3



Mon-irradiated sample [additional] (layer 5, spacing & mun)

152

Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Normal Total Culting Side Normal Total
2 .37 3158 1305 14.56 1§69 1412 28,22 35.33
3 .74 4003 1358 15 6% 1928 1 {h.a 28.31 35.87
4 .73 413 1388 15.97 1% 20 115 28.04 3498
5 .02 337 1153 15.7% 15,24 9,38 2484 32.27
I 5.53 3.12 1091 12,63 17.26 873 2397 E
7 587 3138 11.62 1345 17.41 9,46 24.57 3156
K .31 3.34 12.73 14.50 15,15 9.33 26.54 3348
Y .26 3,30 12.77 14.60 1§ 62 9,04 27127 34.25
1 6.12 327 12.63 14.41 17.93 9,39 27164 3387
11 5.74 3.02 11.70 1338 17.87 8,94 27.04 3363
12 .56 3153 13,59 15.50 15 83 9,49 2868 35,600
13 .44 3.75 14.14 15.50 19.04 9,59 28.26 35400
14 .05 2,90 1257 14.26 17.41 8.63 26.59 32.94
15 .25 2,61 1346 15.13 15,15 872 28.18 34.63
16 Al 2,93 1363 15.3% 15,87 8,76 28,82 35.55
17 .52 311 13.59 15.30 15,12 8,38 2722 3378
1% .77 310 1381 15.7% 1918 9,32 30.54 3725
19 .31 285 13.12 14.84 17.75 8,38 26.71 3305
Mlean 21 309 12 K2 1460 1819 Uil 27,09 L
Non-irradiated sample [additional] {laver 5. spacing 12 mm)
Cutting Mean forces [kN| Maximum forces [KN]|
lim Cutting Side Maormal Tuotal Cutting Side Mormal Tutal
1 5,30 2491 17.96 20000 2149 9,56 34.99 42.16
2 509 1.31 17.52 19.58 2159 1003 35.02 42.50
3 7.22 251 15.85 17.60 20,55 §.42 32.51 39.37
4 7.37 3.36 16590 18.74 2146 5,42 3216 39,59
5 742 3.08 17.16 18,54 23.38 9.42 33.98 42.31
B 746 277 16.73 18.53 25.91 9.02 35.30 44.70
7 .67 2,50 13.50 15.62 22.37 9.2 28,93 37.72
B 6.7% 278 14.56 16.30 19,60 844 27.72 34.98
9 £.70 287 14.65 16.36 19.28 911 30.59 37.29
10 6.64 310 14.69 16.42 2016 943 28.94 3661
11 .51 3.31 14.71 16.54 2013 9.04 29.20 6.6l
12 7.03 3.72 15.33 17.27 19.76 10.24 29,46 37.08
Mean 7.27 292 15.99 17.81 2161 9,29 Azl 30.75



153
Mon-irradiated sample [additional] (layer 6, spacing & mun)

Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Marmal Total Culting Side Mormal Total
2 053 1.37 1365 1564 1% 46 .45 2437 3505
3 .10 3.03 12.42 14.17 1943 870 2731 34 65
4 A6 116 12 86 14.73 19 55 .41 29 47 3650
3 037 .50 1328 15.14 1%.22 0. (M 26,93 33.7h
® .69 3,72 1430 16.22 1945 0,54 28 59 36.11
7 .60 3.4% 13.66 15 56 ERL 911 28,08 35.0%
& ¥ 1 317 12,960 1482 1937 880 2777 35.01
4 .39 1.08 12.97 14,79 19 (163 U8 2720 34 46
11 ol 3.11 13.13 14,04 19 (G 0K 28 500 3581
11 .59 2,05 13.01 1488 1948 .68 24 14 36.12
12 .86 3,22 14.60 1645 1% 08 0,24 24 88 3658
13 TA6 3.44 1550 17.54 266 087 32,79 3000
14 #.79 1,80 1378 1583 1%.52 0,97 2833 3520
15 &84 407 14.07 16.17 19,33 [ (bRl 29 44 36.54
16 T 016 4,38 14.81 16 98 14 82 b 20 30,39 3171
17 018 3,47 12.61 1446 17,08 .72 28.07 34.72
1% 5,53 2,54 11.00 12.57 17.24 .13 2303 3ih.A
Meun .58 3.41 13.50 1541 19.08 .41 18,59 35.64

Non-irradiated sample [additional] {(laver 6. spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
lim Cutting Side Maormal Tuotal Cutting Side Mormal Tutal
| L 2.24 17.05 19 8 2317 072 3644 44,17
i T.249 3.0 16.4% 1828 19,60 8.0 ELIRE 3767
i T.16G 2.77 15.55 17.4 19,36 0.43 3163 3827
4 717 2H5 15.50 17.31 1943 0.21 LN 3747
g T43 2.97 1642 1827 200306 L e 31.81 38,00
[ T12 2.25 1638 1800 19.81 833 3258 ELRVE
7 7.39 .39 16.13 1780 20,79 804 31.77 3881
# T.59 2.34 16.92 18.70 2218 812 3341 4,92
] T.56 |.9% 16.97 18,68 20,39 7.56 3290 3954
L1 T.56 317 17.53 1935 21.31 041 3262 Ak.09
11 T.G% 3.29 1788 1974 21.71 118 34.55 42 .0

M ean T4 ol 16.59 18.37 .71 BT i s



1534
Mon-irradiated sample [additional] (layer 7, spacing & mun)

Cutling Mean forces [kN| Maximum forees [kN|
line Culting Side Marmal Total Culting Side Mormal Total
2 T4 3.0 1557 1757 1936 124 34,000 3714
3 T.01 1.7% 14.71 16.72 1938 1{h.53 30,84 3702
4 62 1.61 13 88 15 &0 1903 {24 2433 36.34
3 083 1.85 14.07 16.10 19 55 b 201 24 64 36.94
® TA2 3.0% 14.51 16.6% 19 B b 201 28,79 36.41
7 778 1.87 14.26 16.26 1% 6% TS 2883 35.72
& .64 1.85 14.24 16.17 1% 87 [{hA% 24 85 3658
4 .55 31,89 14.47 16.49 193 11.06 31,04 38200
11 T4 4.21 1546 17.54 19501 1{h.57 30,94 3809
11 055 3.24 1328 1517 1932 .45 28,77 35 M
12 6.77 1,30 14.26 16.13 1%.52 0,04 30,67 3720
13 085 31.56 14.62 16.53 1%.81 0.8l 24101 35.94
14 #.91 3.23 1438 16.2% 19016 0,46 368 3734
15 T A6 3.2% 1553 1741 1942 .72 31.06 37 90
16 .60 2,66 13 68 1542 19,14 8,93 24 53 36.31
Mlean 57 361 1446 1642 19,18 LY o 3695

Non-irradiated sample [additional] {laver 7. spacing 12 mm)

Cutting Mean forces [kN| Maximum forces [KN]|
lim Cutting Side Maormal Tuotal Cutting Side Mormal Tutal
| T.73% 2H5 1660 18.51 21.05 063 34,38 41 45
i .81 3.54 14.33 1626 19.21 Tk 14 31.37 380G
3 T.74 3,499 1668 1882 21.08 10,54 32246 3905
4 T.76 4,33 16.70 1852 2140 11.89 3340 4142
g .87 3491 14.64 16654 19,20 11.05 304 37.37
[ T.58 4,25 16 1% 1838 20,592 1107 31.71 34960
7 T.05 3,70 15.16 1712 19,18 11.25 2098 37.31
# T.04 3497 15.29 17.33 19.70 11.04 2475 37.35
] £.39 318 13.22 15.02 18,12 021 2839 34.92
L1 £.97 310 15.56 17.33 19,18 0.42 240 58 JG49

M ean T.10 XL 15.44 1744 1991 1053 ENNIL) JR.40





