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Prediction of the optimum cutting condition of TBM disc cutter in
Korean granite by the linear cutting test

BIErON (M e B2l 2t AR )
B3, e2(=204rIeAT ), HMR(MSHsiR)

z 5
2 4FdAME TBMO Hu dA% 234% H7hg AT 7z A2 vt dE 4%
BT gl tste LCM A@71E AR dEe s AAST LCM A 82§39
A2 A4 z21& 7k A4 Aol A 14 T TBM BE AAYAI 245 vlA
T %2 B nA St A% TBM AeE 435 fAstd /1€ d7EdA A48 P
ol A &5 st 3’}%7‘4"1 ok R E AFHoR ZAsuA T ol F A& AAL A
7} 7bedka 73“‘59—} =7 &1d fAg ANAZIIEE LCM A g H8sin. =3
gAY 7Y Aede HE)

FH e datge 2AEy] 9

©

=Y

TBM, LCM, ARRA S, A4, A4 2y

Abstract

In this study, the LCM was applied as the preliminary study for the cutterhead design of TBM
and the drilling performance evaluation. The optimum cutting condition is obtained from the LCM
tests and the effects of the design factors of TBM cutterhead, such as penetration depth and cutter
spacing, on drilling performance are estimated. In this study, hence, to predict the accurate
performance of TBM, instead of one-dimensional penetration depth applied in existing studies,
three-dimensional cutting volume was quantified and measured. For this, the digital photogrammetry

technique was applied to the LCM tests. Also, AUTODYN 2D was applied to investigate the
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applicability of the numerical analysis technique to simulate the cutting process of rock by the
TBM disc cutter.

keywords

TBM, LCM, photogrammetry, cutting performance, cutting volume

.M B

TN A= 19859 E=FEG FA] Open TBMO] A& E4E o2 B2 HY FAd 714
3 AgHel F&Hol gt a8y Fu Ha JAS AFVEL EY AL 28 1T 2 FA
g 3 T v olANA J|e Aol oA ¢ ol IFul AWk 2 AZRF
TBMS 2A % B 7148 AZ-Y Afo] 2 A8 gs A2 gtk

olg % $2l9 ARFE g uRe CSM(Colorado School of Mines), 49 Civic Consultant,
%29 Transport and Road Research Lab., E]7]9 Technical University of Istanbul 5°l4& TBM
AARJAY =237 234X4% 43 939 LCM(Linear Cutting Machine)®} Z& AE AHAAAY
ZHE NEstd 45 832 ,\lq' a3y oo tid AAE sgolv AFEH T2 IMHA

%I 3o

LCME °l48 TBMS A% 34, B4 23t 49 E84¢ BUSE W14 (Specific
Energy)& 48% 9 Basts] B2 B F4% Axolth oldF AN ¥AE 7Y 9 oI
CSMAME AF Rl JAdoz 4 A4 YolF EH 483D O lhRostami T,

1993), 1294 A A4t Zol2 3xdAA A4 AL 1Este AL AU Ao €2 Civie
Consultantl A= WHAZE A4 Zolg FAHsty Yot 712, AZ 377t 1 m olZY T A
o A4 ZolE HYAE AE3td & FAL vlagH L 3T Aol 28€HT
(°l& 5 &, 2004). 12]3 Y= Transport and Road Research Lab.ol A& HAAY Fof Hatod
T2 %Y 1 FAE AFstd A 29E FAHFIL oy of A EHFAA ] A HoA
%381 v & &3 o]t} (Snowdon 5, 1982).

A 2 dFdAE fEvete dEAQ 4FA FF 3% ds TBM AR A&
T Hz3 AHE AEE 4E 2A4ANEE FYsdT old AFAZY 3 dFd HAH o

ANzAE =283 A4 dolst AH 17 59 WH AAAAI TBMY A% A&
YEFE Brret A AT £ AAZIIES B3 A8 A3 APHY AL 334 4
et A4 RIS AFHAAT ARASE 5 H 29 /£ LCM AP dA &85 o
%\”3 HeF o AdE A §3E va BYste LCM AP oA ARAZF JHY HE

84e gUsA st

_1_§} TBM T3 Ago o3 Ao AaAaA S A8y A8 FXH4E AA s A4
Aol 2Ad doAA FAHA JE HEAE AES HE vidy B Zzad
AUTODYN 2DE °] &3¢l th
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2.2 B

21 cja3 HEoO} ojsh HM HA HAHUES

daz A A&ste Yo AR FAre Jlsted 2 I9 13 2o

P=depth of penetration
S=spacing between center of cuts™« _ h

Fru=normal force y

7 e
Fr=rolling force ///}/ is\\
Fi=lateral force A ,v

I
o
ik
i
Bl
e
M
9?!1
o

PR meta ojA3 e Yol H85he 8

i

X & (normal force)d ¢hiF Ewe] AT LFoz AL YLE TBMI 34%5104 of g
T’-w(thmst)% Asted AgdET FA8e TBMe] AgHog AR sty hite #YHE
E 3t7] 9% ¥¢ Foted Asdrh

3 A (rolling force)& T2 AHE HAA7 =6 Bog fog oyt ¥dn JPshn AE
o Sk e MAdA Fgo HAHe TBMY Edftorque)st AF A2 Fdo] lu

s

o

Bl Al s Fated AH8ET

Z W2 (lateral force)e AH ZUA ZLsta Fwgon LFolA e Y22 7Y g
AT A Wi EA AgHT

vl of| ] A (specific energy)E TEAA- & Adstsd PoF U2 Ao HI ¥ HAYAE
fAEE Aol 7t B FHo] o Uy AE FEE Ae b 2o

Rolling force x Cutting distance

Specific Energy = Cutting volume

Rolling force x Cutting distance
Penetration depth x Cutting distance x Cutter spacing n

Rolling force
Penetration depth »x Cutter spacing

gz A"V ez AUl wEt A SRl eg §¥E HE }”— &7 5=
%3] A (crushed zone)oll} pressure bulbe o BEE d9o] FASA HTH1E 2). F I4
o AT FAo LAAA @A zdge GesE fd d¥oez A éﬁ‘r(Rosmml &
Ozdemir, 1993). ol 43 & 78 &iel & 29 5o & LAHE 24 $48 g4o



B8 AR Al GG 2Ee A Yaipd FACEREH 34 39 FHo

Cutter Load

1

Crushed Zone

Decreasing pressure
at the sides

Transition Zone

Tensile Cracks

Median (Vent) Crack

a8 2. CjA3 HE sHRol ot ¥ (Rostami & Ozdemir, 1993)

AN BEH £AY g, B G99 ¢ BTE A deld QA 2o AL
AoE A Aol F4 49 Yol AT ARBHEE 3). I dANN BAHE S
ol s} i3 gl AR FLol WAHTY olF FIASL B I Fuo) BEAE =
2 2949 Aok gy A4 9o HAH A Fdchip) 49 F2d B9 mEe
GFET EF g4 99 ol G4EE FIE 53, A4 AT FISL 4P A
H3HE WA "k mabd o4 FAo) g 3 RcE AR By A9 vy So) 2R
Zol o dAd sigtdz & 4 9o

Hydrostatic Pressure under
F cutter load F
Stress free
Small side chips l Chip forming surface\

RN 3
SN

!
7 J\J\A‘*/&h\}d“&‘wvx\»’#w

=

Shortest crack between
Radial (Tensue) Cracks two adjacent cuts that

can form a chip

a8 3, mAfFHE D} ¢mol A (Rostami & Ozdemir, 1993)

2.2 MYYAMNE AAHS 7N U A3

UQ.

H}EH
[~N=]

221 HEEMAET U X5 AlAd

LCM< TBM W #(cutterhead)®] AAIg AZo] glojA #AA APFu 2 v]2Z CSMA 7
THol A 20~30d F<¢ TBMY AAUAE T8y A5S d23=uy dy ALxe ¢
0. LCMAE 2 AA TBMY AEE Alg3std TBM 22A LAY 4 9= AH 327 BYA
EE BAR ¢ 7] B2 TBMY 45920 24 288 4 Jn AgAdd By 2755
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£ AT ¢ AHOzdemir & Nilsen, 1999).
2 AdFqAE dFdAedFLAN FEF 24 LM A2"EE ALSILARTE T,
2()04) LCM-‘&] 7]&7(40 /\}oko [:].031} %}\:}
« ZE9Q A7) 35m(EoN)4.Im(F)4.Tm(Z o)), Al S0EZAY HZ23Fe AE F Ao
Hof 2619 GRS AEE A
« AEHE E29 371 1.5m(Zo))x1.4m(F)x0.43m(5A)
« 7FEAR: 500mm(stroke), SOE(F3)
« 7Y ZgstE A 30 LA (EF: 1008)
* X, Y, Z 3 olFAY &9l 7hE
« 7159 dA e (servo-control7}s), ol 2 A o] FItE
« TBMol| AAZ AHEHE dFe A ZE /b

2 d7oA AHET LCMY AAAR] BEF T TS IF 49 2o

of panel  Hydraulic unit

LCM A FA 1819 A4 dig 6~729 &2 A Fdo o[ FojARE LCM AE 27
AEEE %o7] HaiMe 1% ASISAAFY Ao HyHon,

t23 Ao &A43t= 3WF 5S A A AR SA 28 (data logging system)< T
o National InstrumentAt2] NI PXI-1062 Combination Chassis, NI PXI-8186 P4 2.2 GHz, NI
SCXI-1620 Universal strain/bridge module 522 TA3IAT o Al2®2 16 bit resolution®] =

Z Ao 200 kS/s2] sampling rate2 1% 5T 4 = SHAE /HAI U

=3 LCM AgEe TBM 2z AHY e fAUES ##sy] A3 24d% dAE A=
B¢l SONYARS] DCR-VX2100& A&3te] of Al@A d&n4239E AANAT

222 OX Y AXAE AlAH
gxg AA AZ7HE AT ANAES aX% uxg sideEl, el (target) E laser points
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projector 5°] E 23},

LCMS) Slo)A AR &do) olfojAy] W) &9 Zxo) WA &olF 497 Fa Fivi
2l Nikon CoolPix 4500 AM&3¥tH.

S AL AEsd A AZA /2P 48 35S FHUHY 5). L= BHAL F7]
7} 50 mm x 50 mm¢! 2712 Ftulete] Ze#4iel wALEo BlAle] AR o] A9EA UEhiE
2 3= B EFo] Bol Ut B AFgME HANY Aol F 6~8ME AFH Aol &34

ol A=E uAH HAsAT.

50 mm

P ¢ .

T8 5 AEH flo) X8 ZE EHUE

B AFGAE 712, 29 377 1 mol A vl By AgHe 29 34& AT
o 2o glomg #olA Bl FAE4(laser tafget projection)$ &3 At HolA BHA= F
AN F17) 8t 129 Geodetic ServicesAtollAl A2 Pro-Spot2: AgsgT 1 34 19
67} Zt}. Pro-Spotd #9% Fdee} f/5AHeE FristEo sue S+ FFH FAA M
A MAM7t #58e Pro-Spot e #HolAE HFH EAE &0 E(point slide)S T3 ¥F
BASS AgH FASH: Aulolth & A7 23000719 €4F BAS AEH W A
AAA A-AZ o] &35t

Coded target

Projected targel

113 6. Pro-Spota} AIEHE 2o {18 EIE FAAZ o
223 MAEAMAE =2

HE AU s A AALAF A Zolo v &(E/P)E FE3T AATE (S)FA A4
APyt AAARF HAE dFe ARy A d4 Zo|(P)E 2 mm, 4 mm ¥ 6 mmE 3}
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Ha ztzho] Ao disl S/PE 5, 7, 10, 15, 2002 AARFUHE 1). ANFXAEE 54T 4
Az A 4~739 AaE e AFAHRY NIYEE Fo|ual 33

H
.
on
toh

YO HE MBEAMNY =

Case number P (mm) S (mm) S/P
Case 1 4 80 20
Case 2 4 60 15
Case 3 4 40 10
Case 4 4 28 7
Case 5 6 90 15
Case 6 6 60 10
Case 7 6 42 7
Case 8 6 30 5
Case 9 2 40 20
Case 10 2 30 15
Case 11 2 20 10
Case 12 2 14 7

2 A7 AT Ao I dEHY &F FF AL ASUFAEE 180
MPaOliiE} AEHE A2tge ozt 110 emol T AAA W&o Zoj& 80 emolH ¥ole
30 cmd] BE¥oz AFHYD ANPHES LeMol = 2B

T A9 B AdH Y 750 HHE F Y

Cut1 Cut3
Rock sample
30 cm
7, 7]
Passgt NV \%
Penetrafion 3 P&
Pass §
BNANANNARANARNAN 110 ¢m
| Spacing ]
I 80cm

1% 7. BS HUY AEH

Aste A ZolE ¥V AT WHOZ single pass mode?} multiple pass mode’t AT Single
pass modes= 3 e OAa A Aoz Adts HA ZolE d= It o ALgg=
ol multiple pass mode= 22 A2 F(groove)ol tidte] oz WMol HA0F d3te A4 Z
olF dv Wt AT it A& otk B AT A& single pass modeE 838

g23 Age A70l 179X, A H(tip)d Hul7h ¢F 1.5 em?l CCS AHE Argsidon A
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A4S E 9 m/minE AR YT
AA TBM 23A H23 A 3t A2 oA A2 Qs ¢k 43T &4o] LA
" FEjol7] WEo o]&ul “pre-conditioning”S F3 M HAAHol =] Aol AFPH
A4 89 $24E EE § J5F o oF Ftk(Snowdon T, 1982).
Z} darzdol gisiA AA B Hije] HEd A ol HANALE 2~33]9 pre- condi-
tioning® AN L.
LCM Ad e ta3 2 ¢AZ Agdr.
(1) A4 case® FUAst AQAEZE AT ZZEAES AFH 99 £3A F=EF 14 EA
Az @
(2) AZF A4 cases} & H2} Zolg HH 2 Z pre-conditioningS 2~33] AAF}H o] @ A
B Z&3l= 35S #FI
(3) Pre-conditioning®] ¢85 H ¥, ¥ H4E 3] Mo APHY EQ o dhst] AAAZE 4
A @
@ R A 40 F Y23 AHE AL £ A4S FYP@
(5) A2t 3o AFHY FHo dgtd ANAZE AT,
6) M)~ FAE NG casedZ WHES JAZT

2.3 HA 21| HEAHE B AXIASIY

A" ARAZ/IHE AA H22 LCM Aol H&ste A8 A, 3o AP ZHE 334
OAd fassty d4 g FAFssiua s

A" ARAZIIYA A AaAE] A 98 AR A9 BAEY 244 ouAE AF
Hog AAHT FEAS = vl A (marking), M2 T A Aol Yeds 543 EAY ofv]
AE FY8 o2 AAANAFE 3 A (referencing) #FA 183 7 51'719] 32k #HE7L A
g e Z2AMA(processing) FAH o2 FERATHIY 8). ol T HAHEL EOS systemAlol A
713 PhotoModeler Pro 528 o|-&3lo] o] Zoj A},

Photograph 1 Photograph 2 Photograph 3

Targeting &
Referencing

3 8. Targeting, referencing and processing

ze shige 24 3A2 Ags] B2l 33 Zdol 2A v B 24 %
Yol BEFoln. & AFAAE B4 ARE vl ¥1 F 12709 HZ OE AN Y
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o 24 FY4& FPsH.

Pro-Spotoll 23} A @A #HolA BAELE FAANZ H UANE AL 29T o, & A
H&F 6719 A= BHAE0 BAEE Fstd HAaF 3% o4& AUY. #HolA EBAEY
AHER AHEE Eol7] A3 o3 G AAE F93H0 4~88E 28 AP FHo)
A AHESE T =8 AP Yo dxd Z= BAEY F4 1 AYE A FAHsY 2AY
ve] %S gjal .

gt dad P HES RS st HHPA g vlA(sub-pixel target marker)
T AH8std 9% Ble uAsgd. MEgd g nANE F4 WH(centroid method)T
LSM(least-squares matching)*l ¥ o] 9}‘:} FA YHE g 7 FeE HEA nAol e
T, LSM 3H & Bdolu 9 29 Blldw Agdn LsM e £ o 2Usty a2
< BgAAE 7ty 4 BHET ° AFAT MY $E= =W EA0| Qo

o2l Ao Az FHIA 22149 onjA & 3299 d2 $E7] dHME J]EHo] "
sttt & FFAE AEHE el 228 3= BAES JIFHOE AT viAE 4 HEA o
& AHANE & F Z2ANE st FivEe A HME FRFA

do

LCM A A, 39 A¥d 249 P48 34480z 2933y HsiMe 2 8BS 71FEL
2 PR FAE 948 BAES vy gHAAE soF o o] o B AAEE wol7]
Al AR HEE 2HA gAlol BHEA HolE2 2AIPYHY 9). 2 FFoy F
[ Ax=o wet dRdo] old B BYoE Hole AL npREy] A odES 072 2
dtod opHEG L, olHT HAAENE E7et vpHo] HA e YF BAL 502 nAsY
om HA7F 2R 4" BAL A AY A Y

4 . iiii_u .~
e % —\ :
3 8 | /) GRS
¥ Contrast :
o : adjustment

I 9. AlFE FAAZ 20lH EFUS0l ThEt HYxFEe of

MNE g8 ALE nAdd 3
AH 1 34Y HEE 27 A8
= 7l%EE ol &3 BH%%
AAd ZE B fdete
dlolB & AAstAh

€2 AF JHEA A AT L3 AYe FH 4
JS FRAT. ZE2AA A, 458 1]01151?— gelst
AARAY FAES 34U REdF S GEF F, AFEH
of daf A3t Fof WmwA ASHE M F, AdE d¥dyn

mlomm

2 mn K oﬁL

ﬂ-un__
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33 10. AIgH B2HO 3xHd 22d Hnt9| of

NPR HA A3 A Fof B AL Golden Softwarerte] Surfer 8.0& ©]£43t4 A=
Atk o] W A By HA A H2 Fo] AYH HF Alo|9 FU P FI AT
2t} PhotoModelerdl Al dojAE A8 FdHe 33 2d YU raw FYL o} AFI(ASCI)
Ao HdZ Wt A4 A Fo A8 4L Sufer2 AHEEH 18 11 ¥ 18 129
Zig=

(unit : mm) (unit : mm)

I

tE R NS EEEE LR

(b) R4t A

S
-

a2 1, AT B Ao of

2.4 3 sZeol gt ML Ha}

N

HYAAAYY AHE T2 Slo] A4 27 BB A4 FR LEL AKAR A7) 0
2ol A4 9T MAKLA AP &, ARAA 22 30 em AN FFY 50 em G
Aol doin AH A8HEF AUV Aol AsHAT 2D HUA 4Fo o §HE
A% 2IE o] G AT 4, BHRAT EF, 2 B4 2A% A A DY cutting
lineye 2HE B4 E(goove)® FEAGol BE 2D A L FW FHo| o] FojAH 7]
W2o) A4 FHNN PAHA

241 =N HMxZH R
Zzte] A4 zAol GE A4 Eae vy 2HAFE E 29 20 Bl AEH §E
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€ 2 A4 23 M2 $Y9 A4 AR J@gsolnh HguAE AdAZoRRH £3d
A4 RoE ALY A 4 (D9 A WA Ao o AT, AR 4R A48T
AgolEe A WA Ao o AdEA

S4AT, APA ARG A2t oo T WA %m(ﬁ%ax@_& AolxAAA)G A
AZo2RH dojy A numaid A4d HduAEs 2 ol Holx $oy BHEFT
A 8 "ae 3o 237t g ade As ¢ 7 AE}. E3 A4 ®3E B 6.03x10-5
m39 AolF Holn FULAE 7330%E & AolE HEd

B 2 A Ao g EA 2O Hojdx] &3 2o
Cutting volume Relative Specific energy
Cutti.n_g /P (107°m?) {Ai;?la error of (>10%oni/m?)
Condition Setting Photo (>*107°m") volume _
(A) (8) (%) Setting Photo
Case 1 20 336 31.61 1.99 592 4.33 4.55
Case 2 15 10.8 2627 14.47 133.98 6.53 2.79
Case 3 10 7.2 2527 18.07 250.97 4.29 27
Case 4 7 56 5.79 0.19 3.39 3.27 3.25
Case 5 15 27.0 35.50 8.50 31.48 318 367
Case 6 10 _ 180 3045 12.45 69.17 - 245 1.73
Case 7 7 12.6 19.61 7.01 55.63 2.95 2.35
Case 8 5 9.0 10.38 1.38 15.33 331 2.90
Case 9 20 4.0 1.49 251 62.75 4.50 11.70
Case 10 15 3.0 6.48 3.48 116.00 1.33 063
Case 11 10 2.0 34 1.40 70.00 2.40 1.78
Case 12 7 1.4 2.31 0.91 65.00 264 1.85
Average 6.03 73.30 343 3.33

TBM U3 A o@ Ao Aae Hae JUAR A BAEIE A & dE 2
A Z, Ao A4 $318 b BHRANA ol Toidth. AHe Bazde 1Y 129 Bo| A
ABAS)T B Zol@)el ¥l o WA BANA Hask HE AYel ot

Specific Energy

Optimum

S/P Ratio

a7 12, MYl HAZEZ(S)at HAL Ho|(P)e Bl f HIGIHX|S] A
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B4e] ¥ AadzAe 19 13904 BE ure Zo] vyt a7t HE SPIL 10~12
d ASE dEtgt B4 Fol7k 6 mm A$d HlAUAL 20 A, F HH 24L S/PYL
% 102 Aol AZstATt. 22n A4 Folrt 2 mm F-o HAH A4=2HL P 11~12
4 W2 et 24 dort 4 mmd A4odE ALY AN R HE vgUAT A
A AW AEarlrt BibsEAT, 4 sPRAWE dojR wAyA WAE A dego
Ca2HY ARAZCE2REH oA HduiA AFME sp7t & 129 W A ANzdge @
+ 3t ;

ojgt Zo] AJAZZRE Fojxl A Xug ALY Atole APEAY AAET 33
Beh opyzh, A A% 3349 AAuAYZ o PR3 AFAHY HWA}L E Bes A
A spzE Adsted #8% ALE wddn.

14

Volume measured by the photogrammetry

12 1 P=2mm

® P=4mm
A P=6mm

Specific Energy ( x 10° tonf/m® )

Volume calculated by the setting value

7 8 P=2mm
¢ P=4mm »
6 4 A P=6mm

Specific Energy ( x 10° tonfim®)

(b) ZIAXQ AFgtol 2l AlLtE HARDE 0|8

e

Zut

a3 13, EAx=dE Hlou x|t s/Pe) A

AAAZL2REH ZHE H4 Bolo YAGOR A Ha oo AolE Sp wlgol wat
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=5

1288 313 149 2o S/P7F 5~159 HSldA 238 A4 F9E ALd A R9RY o
Ro g2 Yegth ol daxo) wet 44 e Zo| B HAAZ o ZA FAe] HA
< ouig. webx SP7F 5~15¢0 HWHAM He HAEES F& F e HF Az
TFEHAGE AL & & AUk
A S/P7F 2090 Afole ARAZOENE EFE A4 Rt ALERED © AA dEs
. ole A" ztFol Y7l dEo] AT A4t Aol N Hazt LAy AfHNE © £ AH
g5 YR 39 Halo] o]FojAo} 3ly] W& AR HAT. F, S/P7F 20 ER
AY Aol & Afdv HARAE ¢ Hojgde & & U
SR8 A4 g Addd A 2o ot Huivl HE AHE SPIE % 109 BFEA
A SPS A Atol] BAZRE FEE HF AARAQA SP=10~129% A= A& ¢
Utk @EH LCM A E 23y HA HAzAL 5T Ao S/P nlddA Atelo] At
BART et st AA A Rujste] FAZRY Hyo HAELES & F v FA=E
AL FESe Aol g§ed Aoz #gdn,

o, 1:||o rlu

20

@
E
3
Q T T
> 186 . ‘\\.
g e
[
‘_‘." //' * \\
a2 12
AN
3 /
o / \
§ 08 \
3 o\
> 04 \
H esares ! Vosouung = 0-0099 (S/P - 9.9948)” + 1.7006
2 (R* = 0.8765)
©
@ 00 T T T T T T T T T T
= 0 2 4 8 8 10 12 14 16 18 20 2
SIP
33 14, S/PO| ME ARRIZIZCoZ SHE A Bujot MHAOR ANt BA 219 0|

ol Zo] AdASLE A4 A4 RIo de AND A Bojste] FLY Aol Hol
A2 Zol7h 4 mm?l Aol g Adtd A4 EuE AT 9 HloﬂLixm H&7b He A
= AEII7F 27M5(2E 13, ()7 A TSt ANAZOERH dojz A FyE A
T AEds NEATS AHETE T4 e okye A % 334 AAHAYSS WY
=8 o FgsHe, AgARe WAt 2 Fols HY spRde A¥8scd 78% AR
THEG. WA ol Fole AAZORRY SHE A FAE AHEsted dojAl wuA TS
ol &3ted APARE FASHA

R

oo mx
ol

i

ol

)

242 HA Zolel P
A4 gold] hE weuAe e e EAF AHIY 15), B4 Fol7t 371852 wd

WAZ dashe A%E Bed A4 Zol7t F74¥el met ARGl FABTE AL ¢ 4 3
o a2t B4 207 4 mm ol dol AL HUAe FaZel Ax gu B Zol7t o= o
H AAA B Azt NaH QFAAE YA HeUAT EAT AR FE
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~e—8§ = 80 and 80 mm
A ~—e—§ =60 mm

< &
E \ 5
c \ o an § = 40 and 42 mm c
8 104 . —v—§=30and 28 mm 2
= N - § =20 and 14 mm °©
- 8 ¥
» N x
< o \ < 41 s =6.86577 PO (R? = 0.9836)
> e
8 e
0 44 wi 34 »
(3]
[23 [
$ @
& 0 T T . . . & 2 . : . . T
4 2 3 4 13 -] 7 i 2 3 4 5 1 7
Penetration depth, P (mm) Penetration depth, P (mm)

33 15, Hlou x| HAMZHO|9 2A|

A4 Qo7 AASE AY A8 F0] 27457 Aol (2F 16) BY Polol Mz *4,
£3, 59 5 TBM $% E¢ 271500k @, webd AHS TBM 3H9 Ho) §3¢ 94
dowA Hulo BAEES e & Ak AW A4 Yol AWHE ol W Fasnn ¥
% i

#  Normal force .

104 *® Rolingforce //
e
-
= ¥ 7
] Foumq = 1-9831 P - 010332 (R*=0.9715)
s .
£ 5 el )
0
Q
2 44
° 2,
e 2 F aarg = 0:2140 P - 0.1424 (R'=0.8749)
%1 \_,

1 2 3 4r 8 é 7
Penetration depth, P (mm)

T8 16, HAT} Matzojo] B

A2t oo W& HF 42 Y(normal force) ¥ FF 3 A (rolling force)® Hl &S 19 1754
2ol A4t Zol7} F/1EFE A% E AFS BYU. F, 37 3 A HES AH
A0 EYRHoZ A4 Qoo wE FPAT A ol FEFE HF A v Fo| A
Atk weA "B Zolg F/AAG & Ao JAYol YHAAERE AHEEHE TBM ZH 9
B39 59 £%F A% st HAT ot A& Aot
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80 + 4 F__/F_ =758598 P (R=0.9433)

notmat ©  relling

-

. }\
L]

204

0 1 é 3 4 5 5 7
Penetration depth, P (mm)
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{1) Penetration: 0.0 mm

(2) Penetration: 1.0 mm
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(1) Penetration: 0.0 mm (2) Penetration: 2,0 mm

L (3) Penetration: 4,0 mm (4) Penetration: 6,0 mm
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