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Hydraulic uns
1-D load WK

Monstoning
program GLT

New force messurement device

Small capucity LCM

(h Br7led T4

a9 25 el 5ol 28 T AFAAFEAAA FH (AH)

SIROI A& AUAY t2z0] WAL Fol 3 I 45S 2T ADC(T5
g AUAY) el W ATE FAT ok Ak HPATAAE TEF AUAL 7 o
Mol AreAbE Astel 12 AFUANY s FAE Feje) AP 2WE T
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L= %
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I
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(Dehkhoda and Detournay, 2019)
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o] 54 stz 20 tonf)

« AH 3AE&E 800 RPM
¢+ Maximum testing speed: 100 mm/s
+ Disc cutter size: up to 150 mm

e Cutter depth: up to 50 mm

-
d

2
o
>'11

Zoll o] B Ao

¢ C(learance angle: 0-20°
71eF Al

¢ Thrust force: 200 kN
¢+ Rolling force: 200 kKN
¢ Lateral force: 200 kN
¢+ Torque: 1000 Nm
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A7) A= 2ol A A 7 gbdol HAbS Felst= AAM =T (cutting tooD ol tidF A7
¢ F ok otk AP W2, A A WrtRAd, WEAA 58 71 A= 2] ¢
A2 50 Fag 43S mAn AR & dAFolA e R st AuA” taae] A
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HATH . AT AN E FaAE PR AHR % TRl A dg 750l 7het <
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27 210, 2 AFolA Aze AuAY vxz A (AHY A4 150 mm)

ol AFE YRTE R HES EUE sl Bk 4749 t2a ANE ARt
A 2719 AUAY Y2a AUE ARSI A% AL Qo] NE ARE £8
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30c_

a9 211 2 Al A A" t2a AY (ZIH Y 274 150 mm, 100 mm, 80
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aA shom, Au sl kg e AZAtEAEe Bal BrbEglon, S A

o=z Qs utEAdSs FH7Eetdnh MEAF rtRAIF A= b4 o2 HRC(Rockwell

Hardness C)#k©] 40-42, 54-56= ®<rahe AR 2 A 2E E stylus ping AFE-3E] Al@ S
Tt JA T FAg Ao gt M2 HE 35S o8 AFES FdEE A =

& o] AdA S WirkAg o] vt 7hs stk 2 Al A= F 6718 Aol ﬂ]ﬁ}oi Al = AF
PFEAIE S dEke] 2 Al Azt AUAE Hade] A wEe] Wt & A

2 AT AN A FE AP A A DA o] DA Gl M= F 300 m =] A
g5 Hatsts 5o Ao AT d¥E & ALY AYntEs BAsHA gttt ok
RE o eloll A FF AFA AN = FEY R vpREF 22 GubelA AEvtR e SR <
3 A A e AEtE Bardtar 9 th(Pickering et al., 2006). 3% AFolAE AGARY t]A=
AHY 4, AEsts & AAMAUSTE 185t A2A W Axb Yup RS akak
3 Ao dAS TBM t2a7AE 9 o] npro] §a3 APz Bealr] 93 A7}
298 Zor Addy

a9 212 AUAY d2AAY 249 Uty B4 9% AZArEAE 2 A

¥ 22 AgAE tA2TAEH AFEE A2A9 A EAupRz] S Hrp Ay}

OF A AN EAFAFELA] S
- 71E A 2
B 2.794 2.639
ARt 3.496 3.336
A 0.821 0.713
A 3] 941 1.008 0.798
ARl 2.088 1.749
A1 3] AH#2 1.015 0.824
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obeh 43t 2ol A

_ RPM
o =21t X 60 (1)

=0t (2)

s

AZE oot ty Abolol A AE T o] fAI= ool Zo] uE

zo(t)= (e cosoty, esinoty,+ Viy)

(3)

xa(t): (ecosa)t@ esina)ta—i- Vt?)) (4)

Aol WAS WA AUAY H2AAL S} A Abelo] WEH Rat Fe A 5=
oul ohefe] o] gt

sinf
tanco;i, =

(5)
cosé+ l
ew

coséJr —V
ew

_ 2
\/1 + 2V Vcos@—F (l)
ew ew

CosQz; =

(6)

238 2159 Ve vRe} 7o)

pol L Rib grom e 7t 7Elo] FAlo2EE AiE AL 7k
A Fsod g 22 Ao 31388 5 Ao

. . . . |4 ~
e(sind—sind)+ a(sing; — singz)+ E(G* 9)=0 (9



o714 cos’o, + sin’o, =10 P4 JAFER, 46)% 4 (NS EW 65 6ol vhsh vep
S glon], ABel Aol e o, & AT F A Hk 0,9 ASOIE A AW 343}

SAEA Eolw 4 Atk AFH O AY AHole ok A4S B A

at

L(6:t)=a(o, —0gz) (10)

9 2162 flolA A
ol 5 A W3} dAlE Ho
%, RPM, #4le] wisle]
oltt. ol A& YER = d
BE MR TS T BT A o E 5o AP ols& o] v3 RPMe] & A goll= &
23 AN AS 2 AAS FEsiA Ha, AN Aol rE A4 oin] HlwE 2 AgE 7
o

oA A ASYFoR SHYo] FEANE SHS 2= AL L & vk

JZ2 w7 U o) wpel A2 2 Ag7E t2a7]E e
Atk 71E 9] A Aol 80 mm=E LAY e Ao x&
AAH} AH s4l9 2D A olF AAE YELH oA
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RPM=100,e=5, V=20

A —
EPM=50,¢=35. V=40
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#9 ATAY 2= Ao WAl FolH Fejeh 1A G AR xlo] v
A AW AUAL uAUZEE Bilo] FolE Aol sjgary. Walo] FojHA
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m, Z A= 1000 tonolth, AGAE HH o=z hib-& Xé’l}’é}ﬂ A UDC7F o2 sl
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skolth ol F %A
142-144 m 7b4 Bg3ate]l HES 24¢ Aoz wusta ok
TBE7} &85 #4& tha2 20 TBE= % 6719 arm= 7%%13 olom, Z7e] arme]
= 67le] AuA" WA gz AEsE R0l vk 5, sl=e F 36709 v AR
St 747 arme alﬁﬂ -10 A W) 97 o2 60-80 cm o] FEWA ALH o
¢

& olFo] 2yl A4zhe] arm< W T Lo
A

=

20 cm(axial displacement) %13} 3k

' 1for 20 cm
Drive /

Radial displacement of each
cutter on a spiral

1% 217. TBE #Av] &8&x7A (WirthAF 4] 7]5)

TBE®| ™3t 7] A}9¥, Technical datay: th2-2
ksl Agr] o] Aleko] 7]AlE o] A Foli] F=H
AN A 7= ol sturt tilt angles A4 sk A

A7 =&

olsfsti= dloll FAZE UAT.

Lol Aefstsiet. shAIRE, o] 7)ol A w7
F4¢ 4 glvh. UDCH
q -

o
=
o1 d), A FaEE FANFC 2= UDC 3



# 23. TBEol tigk 8 Abd AR (WirthAH)

Boring Head

Diameter, nominal DN = 14.00 ~ 1440 m
Boring head drive 10 x 250 = 2,500 kW
Rotating speed of the boring head 0~ 3.7 RPM
Cutting rollers 36 EA

Thrust
Contact pressure of the boring head 15,000 kKN
Boring stroke 1,500 mm
Driving speed 0~ 4 mh
Thrust cylinders 4 EA

Bracing
Bracing force 42500 kN
Bracing plates 12 EA
Cylinders 24 EA

Weight of the TBE and trailer approx. 1,000t

Ha¥s 52 A nje] #A-HAA B FF(thrust force)> Bz vk
(normal vector) 3¢ Aoty g wHAWEF SH(Fs)S HE WA J—‘li TEAow
7}8ll 8F+= 283 (actuating force to the radial direction)©]th. & 714 3] "8 7]& o] v
I sdotth ek FEe Wy AHY FAEE A WFoR @Qé}‘?ﬂ, S| HAES
d Ho7t gloABm gt A 3WEF 3o 847 AT (1), divketd g o] 3uEF

29t A 227} AAE7] G|t

N

Fs= Fradial

1% 218 TBE®] Wt d#3s #Ao|Ae HuE= 4o
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Qﬂu

1% 219 TBES] AAWMSG 3 #1349

AQABAxY)E 7IEom Yo #8E (P, pHEFL oFH, WAAde] Aoz e A

e WA= vs FER ALE

P, X [cos(6,) —sin(8,) 0 }}:hollow
P l=|Y||sin(f,) cos(8y) 0|+ |(—LL).g, (12)
0 0 0 0o 1 271'0

A7, Ry TBE®] Pilot Bl'2 9] W4 ®F7 (inner radius), Ry,
1 5A8E 9ju|gtt}. W7 o] &4 o] (radial cutting length, Z,)v W49 3HF
olmat, 7] A Wdo] A== 9% 9] vk

NAE = 912 2] WA e Aol 5
e £48 BEar

= HOHOW }\]rlljg’] LHl?‘ %%(Rhollow)—



LI = Rfm - Rh,ollow (13)

A% WAL Ry, olBT T3 HAFNAN BYHIAA A AR 0,8 AN

(14)

Ao FAF(N,,)0 2ns F3H HAARE olFate §F xS Fw(s,)7t Ak

(15)

, TRHEER ol gl of=7|vuls e dol(L)= v sz Attd

o fa VP (d LV
L= fo \/(@PI) +(@Py) a0 (16)

oA7IM, el #Fx(p,,p)= 3 A=)z FAH o ofH, A& 73k WAl A=A
(0=0°)0°A HF 4L v Zt= ) o2 3, Ao F ZHol(L,,)5 2 173 22 4
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TBE Cutter Trajectory Calculation(modified)

¥ GUI Screen|

Input Parameters TBE Arm Dimensions and Opterating Conditions
1.Inputthe variables :

Cutter Position X [m] ¥im
[ Cter | 0| 0
[ Cutter 2 |EI ‘ a |

[ Cutter 3 o o] Cutterl Cutter3 Cutter5
[ Cutter 4 0 \ ] |
O Cutter § o n
8-10 Head rotation needed
[ Cutter 6 |EI ‘ ] | ot ;W/
Cutter radial disp! t [mirev] - ey
utter radial displacement [ mirev |n‘m | r,):f ;for o0 it
) i -
Final diameter[m] : a5 | i i Drive /
shot and
Pilot tunnel diameter [ m] ,m 1
80 cm
]

Initial arm angle [degrees] : |
TBE boring head RPM - |
10

2.Click the button :

Radial displacement of each
cutter on a spiral

" Calculate " #AMBERG ENGINNERING, MN4.1.5 Uetliberg Tunnel, pp.1-5, 2003

19 2.20. TBE Cutter Trajectory Calculation % 13
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ShH A ZEAH o A== ADCY A7)+ A7 500-550 mm B Eolu, A

A AEfel Ble] SaE 2719 A1HE ARESAT Al 284 Y

A9 AL 60, 80, 100, 150 mm= A Ao H]3] 3.3 ~ 880 AAUE F4E A7]o

A 271 500 mm 71). AHAI7F Sl we A gde] des A
 ATFANAE A E 20 MPas 2te SAYER A SAAE RS A&kl dat

ANde s Al mel 2 AlFHe A2AL G40 1/7.7D00A4 F 155 MPa)

ekel sidett & 4ol= Adsl A o] AaE g okstdlon, A4 OH“ Al ZAaES] s

2

21 g/em’ 02 =AY, oo WU

e

rr

E 24, B AT AFAAAGe] AR FauE

Physical parameter Dimension Scale
Length [L] 0.16
Gravity acceleration (LT 1
Time [T] 0.4
Density” [ML ] 0.808
Mass [M] 0.003
Strength / Stress [ML T 0.129

2 el s melw ABEAe ABHZ60, 8, 100 mm), A o BN E,
16, 11, 8), RPM(70, 100, 125), A a4 2el(2, 3, 4, 5 mm), A9 o]+ =(20, 30, 40, 50, 60
mm/s)el, NP2AE] 2l wek 3 70 of 39 NRE ST B AT = 24
25l Wstel BhE s WS ek Aol BHoly) el darnEe 44
@ AU Ao el 2otk 1Y 2238 B ATAA THD A

F 25 & Aol AT AUAY AAAE =4

Ao 5 7 E A7 HA HAgdzol ESE =
e (mm) (mm) RPM (mm) (mm/s)
1 60 75 70 3 20
2 60 7.5 70 3 30
3 60 75 70 3 40
4 60 75 70 4 20
5 60 75 70 4 30
6 60 75 70 4 40
7 60 75 70 5 20
8 60 7.5 70 5 30
9 60 75 70 5 40
10 60 5.6 70 4 20
11 60 5.6 70 4 30




12 60 5.6 70 4 40
13 60 3.75 70 4 20
14 60 3.75 70 4 30
15 60 3.75 70 4 40
16 30 5 100 3 20
17 30 5 100 3 30
18 30 5 100 3 40
19 30 5 100 4 20
20 30 5 100 4 30
21 30 5 100 4 40
22 80 5 100 5 20
23 30 5 100 5 30
24 30 5 100 5 40
25 30 7.5 100 3 20
26 30 7.5 100 3 30
27 30 7.5 100 3 40
28 30 7.5 70 4 20
29 30 7.5 70 4 30
30 30 7.5 70 4 40
31 30 7.5 70 5 20
32 30 7.5 70 5 30
33 30 7.5 70 5 40
34 30 10 70 3 20
35 30 10 70 3 30
36 30 10 70 3 40
37 30 10 70 4 20
38 30 10 70 4 30
39 30 10 70 4 40
40 30 10 70 5 20
41 30 10 70 5 30
42 30 10 70 5 40
43 30 5 100 3 20
44 30 5 100 3 30
45 30 5 100 3 40
46 30 7.5 100 3 20
47 30 7.5 100 3 30
48 30 7.5 100 3 40
49 30 10 70 3 20
50 30 10 70 3 30
ol 30 10 70 3 40
52 60 3.75 70 3 20
53 60 3.75 70 3 30
o4 60 3.75 70 3 40
55 60 5.6 70 3 20
56 60 5.6 70 3 30
o7 60 5.6 70 3 40
58 60 7.5 70 3 20
59 60 7.5 70 3 30
60 60 7.5 70 3 40




AT ol AYAY f2=9 AH

3 o] shotEl Q. Al whake] e
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26, % AFNA FAR AWAY A4 AHLEY 23

A A3 AE A8 (ton) A A48 (tonf)
W &9 SRk ek &9 SR ek
1 0.523 0.696 -0.616 2.012 2.367 -2.162
2 0.520 0.738 -0.666 1.947 2.014 -1.837
3 0.581 0.974 -0.879 1.795 3.229 -2.68
4 0.490 0.713 -0.535 2.311 2.486 -1.925
o 0.564 0.851 -0.658 2.148 2.7119 -2.059
6 0.752 1.064 -1.091 2.221 3.933 -3.944
7 0.495 0.804 -0.676 1.408 2.1777 -2.208
8 0.830 1.294 -1.481 2.585 3.754 -4.062
9 0.906 1.522 -1.822 2.499 4.451 -4.946
10 0.279 0.501 -0.358 1.52 1.958 -1.36
11 0.394 0.621 -0.521 1.699 2.507 -2.314
12 0477 0.808 -0.724 1.506 3.124 2411
13 0.312 0.515 -0.445 1.336 2.297 -1.76
14 0.439 0.818 -0.751 1.219 291 -2.419
15 0.565 1.081 -0.992 2.215 3.453 -3.221
16 0.613 0.823 -0.645 1.412 1.996 -1.295
17 0.632 0.802 -0.617 2.53 3.332 -1.928
18 0.911 1.117 -1.063 2.966 3.495 -2.562
19 0.615 0.876 -0.697 2.268 2.698 -1.817
20 0.862 1.496 -1.147 291 4.463 -3.309
21 0.811 1.421 -0.995 3.145 4.656 -3.109
22 0.686 0.914 -0.747 2.779 3.637 -2.409
23 0.771 1.218 -0.919 2.268 4.365 -2.993
24 0.893 1.596 -1.255 3.142 0.573 -4.007
25 0.512 0.857 -0.621 2.407 2.311 -1.549
26 0.658 1.144 -0.794 3.303 3.04 -2.321
27 0.691 1.330 -0.796 3.451 3.919 -2.713
28 0.431 0.697 -0.492 1.474 2471 -1.317
29 0.451 0.610 -0.483 1.759 2.203 -1.257
30 0.716 1.040 -0.827 2.923 2.959 -2.086
31 0.787 1.111 -0.828 4.289 3.463 -2.754
32 0.823 1.197 -0.939 3.343 4.486 -3.127
33 1.202 1.573 -1.308 4.349 0.374 -3.699
34 0.655 1.048 -0.750 3.006 2.656 -1.676
35 0.833 1.203 -0.975 3.695 3.621 -2.711
36 1.065 1.516 -1.177 3.989 5.722 -4.617
37 0.478 0.544 -0.419 1.88 2.371 -1.298
38 0.639 0.879 -0.708 2.399 2.758 -2.182
39 0.686 0.956 -0.795 2.514 3.05 -1.856
40 0.412 0.534 -0.404 2.082 2.96 -1.331
41 0.617 0.844 -0.639 2.425 3.97 -1.968
42 0.892 1.140 -0.918 3.866 4.293 -3.264
43 0.613 0.823 -0.645 1.412 1.996 -1.295
44 0.632 0.802 -0.617 2.530 3.332 -1.928
45 0.911 1.117 -1.063 2.566 3.495 -2.562




46 0.512 0.857 -0.621 2.407 2.311 -1.549
47 0.658 1.144 -0.794 3.303 3.040 -2.321
48 0.691 1.330 -0.796 3.451 3.919 -2.713
49 0.655 1.048 -0.750 3.006 2.696 -1.676
o0 0.833 1.203 -0.975 3.695 3.621 -2.711
ol 1.065 1.516 -1.177 3.989 5.722 -4.617
52 0.464 0.883 -0.720 1.520 2.989 -1.973
53 0.671 1.122 -1.121 1.921 3.386 -3.144
o4 0.720 0.750 -0.905 2.688 2.826 -2.261
20 0.495 0.769 -0.667 1.358 2.900 -2.488
o6 0.814 1.081 -1.128 2.521 3.062 -2.902
o7 0.706 0.762 -0.887 2.825 3.069 -2.617
98 0.523 0.696 -0.616 2.012 2.367 -2.162
39 0.520 0.738 -0.666 1.947 2.514 -1.837
60 0.581 0.974 -0.879 1.795 3.229 -2.680

T3 AUAY taIAE ] Zgde] Edoz TBM t] =3 AE(1/10 ~ 1/20)9 & (Cho
et al., 2010; Jeong et al, 2011) == &l thst A28} =g o] v §o| FUS F=F9 e

M= AE G 5 Ak AdAEEe] A5 gl ugh 3| dE, S| njEe FrHoR
107 %, 137 % o™, FaaA829 A$ 82 %, 122 %= Vel A wake] Aatey ARo)
A o] date] BT FofEE S & AT E 272 F AFxAAA G5E A HEF
Aarg g ie] v&S vebd Aot
3E 27 FAE g sdE 9 S v
o i A 282 (tonf) o) A 282 (tonf)
Al s
=g 3] 42 =9 3] A 2
1 84.8% 113.0% 93.1% 109.5%
2 78.2% 110.8% 106.0% 136.9%
3 66.1% 110.7% 67.0% 120.5%
4 91.4% 133.3% 120.1% 129.1%
5 85.7% 129.3% 104.3% 132.1%
6 68.9% 97.4% 56.5% 99.7%
7 73.3% 119.0% 63.8% 125.8%
8 56.0% 87.4% 63.6% 92.4%
9 49.7% 83.6% 50.5% 90.0%
10 77.9% 140.0% 111.8% 144.0%
11 75.7% 119.3% 73.4% 108.3%
12 65.9% 111.6% 62.5% 129.6%
13 70.1% 115.8% 75.9% 130.5%
14 58.4% 109.0% 50.4% 120.3%
15 56.9% 108.9% 68.8% 107.2%
16 95.0% 127.5% 109.0% 154.1%
17 102.3% 130.0% 131.2% 172.8%
18 85.7% 105.0% 100.2% 136.4%
19 88.2% 125.7% 124.8% 148.5%




20 75.2% 130.5% 87.9% 134.9%
21 81.5% 142.8% 101.2% 149.8%
22 91.9% 122.3% 115.4% 151.0%
23 83.8% 132.5% 75.8% 145.8%
24 71.2% 127.2% 78.4% 139.1%
25 82.5% 138.0% 155.4% 149.2%
26 82.9% 144.1% 142.3% 131.0%
27 86.7% 167.0% 127.2% 144.5%
28 87.6% 141.8% 111.9% 187.6%
29 93.3% 126.3% 139.9% 175.3%
30 86.6% 125.7% 140.1% 141.9%
31 95.1% 134.3% 155.7% 125.7%
32 87.7% 127.5% 106.9% 143.5%
33 91.9% 120.3% 118.9% 146.9%
34 87.4% 139.7% 179.4% 158.5%
35 85.4% 123.4% 136.3% 133.6%
36 90.5% 128.8% 86.4% 123.9%
37 113.9% 129.8% 144.8% 182.7%
38 90.2% 124.1% 109.9% 126.4%
39 86.3% 120.3% 135.5% 164.3%
40 101.9% 132.1% 156.4% 192.3%
41 96.6% 132.1% 123.2% 181.4%
42 97.1% 124.2% 118.8% 131.9%
43 95.0% 127.5% 109.0% 154.1%
44 102.3% 130.0% 131.2% 172.8%
45 85.7% 105.0% 100.2% 136.4%
46 82.5% 138.0% 155.4% 149.2%
47 82.9% 144.1% 142.3% 131.0%
48 86.7% 167.0% 127.2% 144.5%
49 87.4% 139.7% 179.4% 158.5%
50 85.4% 123.4% 136.3% 133.6%
ol 90.5% 128.8% 86.4% 123.9%
52 64.5% 122.7% 77.0% 151.5%
53 99.9% 100.1% 61.1% 107.7%
o4 79.6% 82.8% 118.9% 125.0%
90 74.3% 115.3% 54.6% 116.6%
o6 72.1% 95.8% 86.9% 105.5%
o7 79.5% 85.9% 107.9% 117.3%
58 84.8% 113.0% 93.1% 109.5%
99 18.2% 110.8% 106.0% 136.9%
60 66.1% 110.7% 67.0% 120.5%

A A A Aoy = AatzAo
E AYzgdo] Frtete IS
Bl 282 o] Wtk = A A4 8

Atk & 4

Fa ) ,
WA BEAGHEY oo 2AH A gJeAe] Zrhe] BE MRHI 27} AGS
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St dnbx o2 7| A F 2ol o3k bAle] Aty &8 HUbsle A v &9 iy A4S
=23t=d AH 7 gt d(work)® Aol H = H] oY X (specific energy, SE)o| ™, 2](18)3}

F.x1

SE= (18)

cut

o]71M, SEx vl U A, Fi= A2 (cutting force), 1= A21AE, v, A2ty o] B
vlo|tt. 7]&e] TBM H =789 3 7 g o] drloA= A
WA A o] ALEE Aghe]l A Bk ofyet HAF =F P
Hlol g #]o] Axto] vl A Fheksieh, v ADCOlA &= A 2 AE o] HEH o] AE < 3|70
mpel A& o7 v AR ] AA Eg 7]Ee] A AA o] ofd FH@DAEE) Al A 0] 7]
ol Bl u A& Axtstr] fleid s AEA o Wstele A3 A HE53 3 o] w

A& ALke] Fojok ghrh ek A& 0w Watetes HE A AY

W Aror Fashe Bgel Wasth X Aol #4H A

[}

icmiag

E 28 B AFNA £AT AUAY AAAGE] vuA WE A3t

AlE 7AE 27 HA HA e HAAarE e H] o] 4 A]
H3S (mm) (mm) RPM Zl o] (mm) (mm/s) (MJ/m®)
1 60 75 70 3 20 35.98
2 60 75 70 3 30 36.74
3 60 75 70 3 40 46.43
4 60 75 70 4 20 27.33
5 60 75 70 4 30 32.26
6 60 75 70 4 40 41.07
7 60 75 70 5 20 24.39
8 60 75 70 5 30 42.34
9 60 75 70 5 40 44.45
10 60 5.6 70 4 20 1991
11 60 5.6 70 4 30 24.45
12 60 5.6 70 4 40 29.59
13 60 3.75 70 4 20 20.42
14 60 3.75 70 4 30 32.09
15 60 3.75 70 4 40 41.65
16 80 5 100 3 20 33.86
17 30 5 100 3 30 34.77
18 80 5 100 3 40 47.07
19 30 5 100 4 20 30.14
20 80 5 100 4 30 45.33




21 30 5 100 4 40 43.7
22 30 5 100 5 20 23.96
23 30 5 100 5) 30 28.98
24 30 5 100 5 40 38.39
25 30 7.5 100 3 20 36.08
26 30 7.5 100 3 30 49.74
27 30 7.5 100 3 40 52.9
28 30 75 70 4 20 19.28
29 30 7.5 70 4 30 19.41
30 30 7.5 70 4 40 30.83
31 30 7.5 70 5) 20 25.12
32 30 7.5 70 5} 30 30.63
33 30 7.5 70 5 40 38.9
34 80 10 70 3 20 43.51
35 30 10 70 3 30 46.41
36 30 10 70 3 40 59.29
37 30 10 70 4 20 20.56
38 30 10 70 4 30 26.32
39 30 10 70 4 40 21.23
40 30 10 70 5} 20 14.91
41 30 10 70 5 30 21.62
42 80 10 70 5 40 29.25
43 30 5 100 3 20 33.86
44 30 5 100 3 30 34.77
45 30 5 100 3 40 47.07
46 30 7.5 100 3 20 36.08
47 30 7.5 100 3 30 49.74
48 30 7.5 100 3 40 52.9
49 30 10 70 3 20 43.51
50 30 10 70 3 30 46.41
5l 80 10 70 3 40 59.29
52 60 3.75 70 3 20 45.86
53 60 3.75 70 3 30 59.63
54 60 3.75 70 3 40 41.49
55 60 5.6 70 3 20 39.61
56 60 0.6 70 3 30 57.09
o7 60 0.6 70 3 40 39.49
o8 60 7.5 70 3 20 35.98
59 60 75 70 3 30 36.74
60 60 7.5 70 3 40 46.43
o) 2R A AL vl AA 2 ArA Dol A Ao AN WAAN ], At
G2, Aol B WU wal Fe BASL 1Y 2288 AWAYY Fawso
W] wa welue] W FolE molF vk
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At & Aol M= FaAdddolo MAdAzIole] HlEo] 24 757 o w o] vy
_‘|

718 o] A&l =2pzlol o] vj&s Hdsti Al

20 B ATA £ AGAY DA HArzA 2o
Agazy | BEHE L gaee | 7 AT wloll 4
(mm) del, by (mm/s) Ph Pr/Pu (MJ/m)
i (mm) s (mm/rev) m
mim
60 3 20 17 5.7 35.98
60 4 20 17 4.2 27.33
60 5 20 17 34 24.39
60 4 20 17 4.2 19.91
60 4 20 17 4.2 20.42
&80 3 20 12 4.0 33.86
80 4 20 12 3.0 30.14
&80 5 20 12 2.4 23.96
&0 3 20 12 4.0 36.08
&0 4 20 17 4.2 19.28
80 5 20 17 34 25.12
&0 3 20 17 5.7 4351
80 4 20 17 4.2 20.56
&80 5 20 17 34 14.91
80 3 20 12 4.0 33.86
&0 3 20 12 4.0 36.08
&80 3 20 17 5.7 4351
60 3 40 17 5.7 41.49
60 3 40 17 5.7 39.49
60 3 40 17 5.7 46.43
WA o ste] 3uS AY LA voux|d] M= AAEsE] FowE P}
stom, I Ad= ¥ 2109 2o AR 3dY e R AFEETke] AddAE
ojul gty Alge] Auzto] HesE A3 AAUAZ e AL oJudt) dW 1Y 229%
Ae zhg 23} vo|x9 BAZ EAG Aol BE AazAA HAAH L H Y P77

e H] o] 14 4] =9 dahe T4
71¥ 2] 73 -0.037 (5) 0.392 (2) 0.377 (2) 0.062 (2)
HA Y o] -0.622 (1) 0.026 (5) 0.065 (5) 0.054 (3)
A4 -0.041 (4) 0.115 (4) 0.104 (4) -0.044 (4)
RPM 0.191 (3) 0.214 (3) 0.279 (3) 0.035 (5)
Agols&e 0.465 (2) 0.589 (1) 0.541 (1) 0.683 (1)




Cutter forces (tonf)

= Fsﬁpeak A A
G = » Fr_peak
A F
n_peak
-8 T T T T T T T T T T T T 7
0 10 20 30 40 50 60 70

Specific energy (MT/m’)

(@) Ao AE 289

[y
c
L
3
s %7
L
[3]
=
s
(@]
-1
= Fsﬁmean L'
¢ Fr_mean A
A Fnﬁmean A
-2 T T T T g T - T T T " T "
0 10 20 30 40 50 60 70

Specific energy (MJ/ma)
(b) B+ Ag=e

a9 229 AUAY A el A B 5d vely A ek A S ke A

AW BE ANZAL Bate] Al <@ wduAe] ZHH I 1491-49.74 MJ/m3
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T 215 3 A2 AGAY Ao A] FEH

E 28 (T4

Ucs MPa) | Py mm) | Pr (mm) Max. Force (kgf) Average Force (kgf) Peak/Mean Force
X N z X N z X v z
2 6 103.0 36.0 981.0 34.0 28.1 742.2 3.029412 | 1.281139 | 1.321746
2 8 149.0 50.0 1286.0 66.4 31.0 917.6 2.243976 | 1.612903 | 1.401482
2 10 154.0 61.2 13176 72.3 36.3 932.6 2.130014 | 1.68595 | 1.412824
2 14 167.0 83.0 1601.0 7.8 48.0 12235 2.14653 | 1.729167 | 1.308541
13 3 6 152.0 55.0 1206.0 89.2 44.4 1017.7 1.704036 | 1.238739 | 1.185025
(Intermediate 3 9 222.0 67.0 1540.0 131.8 53.1 12134 1.68437 1.26177 | 1.269161
3 12 246.0 84.0 1652.0 133.3 64.0 1301.7 1.845461 1.3125 1.26911
rock) 3 15 267.0 104.0 1833.0 147.3 78.0 1438.4 1.812627 | 1.333333 | 1.274333
4 8 283.0 78.0 1760.0 168.0 62.0 13479 1.684524 | 1.258065 | 1.305735
4 12 315.0 101.0 2051.0 172.0 74.3 1599.0 1.831395 | 1.359354 | 1.282677
4 14 378.0 140.0 2334.0 206.3 79.8 1789.1 1.832283 | 1.754386 | 1.304567
4 16 411.0 165.0 2671.0 263.0 35.4 1914.3 1.562738 | 1.932084 | 1.395288




E 216, 44 AAY AGN F5H A LEH

oF

=

ucs Max. Force (kgf) Average Force (kgf) Peak/Mean Force
Pv (mm) Pr
(MPa) X y z X v z X v z
1 3 40.0 15.0 513.0 28.0 8.0 312.0 1.428571 1.875 1.644231
1 4 41.0 16.0 524.0 30.0 85 325.0 1.366666 | 1.882352 | 1.612308
1 5 63.0 19.0 568.0 385 105 373.0 1.636363 | 1.809523 | 1.522788
1 7 78.0 21.0 583.0 415 17.0 398.0 1.879518 | 1.235294 | 1.464824
2 6 153.0 42.0 1300.0 107.0 26.0 1172.0 1.429906 | 1.615384 | 1.109215
20 2 8 196.0 68.0 1625.0 119.0 30.0 1362.0 1.647058 | 2.266666 | 1.193098
(Hard 2 10 215.0 79.0 1718.0 125.0 35.0 1459.0 1.72 2.257142 | 1.177519
2 14 235.0 107.0 1857.0 134.0 55.0 1689.0 1753731 | 1.945454 | 1.099467
Rock) 3 6 257.0 62.0 1704.0 180.5 43.0 1302.0 1.423822 | 1.441860 | 1.308756
3 9 272.0 78.0 2228.0 197.0 53.0 1544.0 1.380710 | 1.344827 | 1.443005
3 12 316.0 99.0 2378.0 223.0 65.0 19735 1.417040 | 1.523076 | 1.204966
3 15 328.0 136.0 2563.0 2375 75.0 2319.0 1.381052 | 1.813333 | 1.105218
4 8 302.0 82.0 1887.0 202.0 455 1436.0 1.495049 | 1.802197 | 1.314067
4 12 323.0 100.0 2448.0 245.0 76.0 1982.0 1.318367 | 1.315789 | 1.235116




# 217 3 AuAY AlgelA A58 AHAEH (A

oF
=

ucs Max. Force (kgf) Average Force (kgf) Peak/Mean Force
Pv (mm) Pr

(MPa) X y z X v z X y z
1 3 49.0 22.0 560.0 30.0 12.0 360.0 1.633333 | 1.833333 | 1.555556
1 4 58.0 23.0 572.0 32.0 12.5 365.0 1.8125 1.84 1.567123
1 5 72.0 25.0 598.0 37.7 19.0 372.0 1.909814 | 1.315789 | 1.607527
33 1 7 79.0 29.0 672.0 39.0 27.0 421.0 2.025641 | 1.074074 1.5962
(Extremely 2 6 214.0 52.0 1563.0 122.0 36.0 1240.0 1.754098 | 1.444444 | 1.260484
2 8 216.0 55.0 1753.0 123.0 36.5 1398.0 1.756098 | 1.506849 | 1.253934
Hard Rock) 2 10 239.0 91.0 1844.0 134.5 57.0 1496.0 1.776952 | 1.596491 | 1.23262
2 14 258.0 135.0 2229.0 1415 87.0 1732.0 1.823322 | 1.551724 | 1.286952
3 6 312.0 91.0 1987.0 192.0 54.0 1452.0 1.625 1.685185 | 1.368457
3 9 360.0 107.0 2456.0 207.0 62.0 1736.0 1.73913 | 1.725806 | 1.414747




# 218 A AYAYE Aol H5H vy (57 <)

UCS (MPa) Pv (mm) Pr Pr/Pv Specific energy (M]/m3)
2 6 3 30.8
2 8 4 25.6
2 10 5 24.0
2 14 7 22.8
3 6 2 32.5
13 3 9 3 26.1
3 12 4 23.7
3 15 5 23.1
4 8 2 25.8
4 12 3 20.7
4 14 35 19.2
4 16 4 18.1

F 219, 34 AYAL Aol H5E vy A (d )

UCS (MPa) Pv (mm) Pr Pr/Pv Specific energy (M]/m3)
1 3 3 35.1
1 4 4 28.0
1 5 5 207
1 7 7 32.0
2 6 3 28.8
2 8 4 25.0
% 2 10 5 234
2 14 7 26.3
3 6 2 31.8
3 9 3 28.7
3 12 4 24.3
3 15 5 22.5
4 8 2 19.1
4 12 3 21.3




F 220 3H4 AGAH Aol F5- HAUA(SAE D)

UCS (MPa) Pv (mm) Pr Pr/Pv Specific energy (M]/m3)
1 3 3 52.5
1 4 4 41.1
1 5 5 49.9
1 7 7 50.7
2 6 3 39.7
30
2 8 4 30.3
2 10 5 37.8
2 14 7 41.2
3 6 2 39.8
3 9 3 30.6
19 2362 A4 AlH e gallE Fdaty g zolnt. 2 dA o)(Py)+
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Mean cutter force (Hard rock, Pv=1 mm)
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Specific energy (Hard rock, Pv=1mm)

Specific energy (Hardrock, Pv=2 mm)
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Test No. Fx (%) Fy (%) Fz (%) Ex (%) Ey (%) Ez (%)
1 4.6% 3.8% 99.8% 0.4% 99.4% 0.2%
2 7.2% 3.4% 99.7% 0.9% 98.8% 0.3%
3 7.7% 3.9% 99.6% 1.09%6 98.7% 0.3%
4 6.3% 3.9% 99.7% 1.2% 98.4% 0.4%
5 8.7% 4.3% 99.5% 0.6% 99.1% 0.3%
6 10.8% 4.3% 99.3% 1.2% 98.4% 0.4%
7 10.2% 4.9% 99.4% 1.3% 98.2% 0.5%
3 10.2% 5.4% 99.3% 1.5% 97.9% 0.6%
9 12.4% 4.6% 99.1% 1.2% 98.3% 0.5%
10 10.7% 4.6% 99.3% 1.5% 97.71% 0.8%
11 11.4% 4.4% 99.2% 2.0% 97.1% 1.0%
12 13.6% 4.4% 99.0% 2.6% 96.3% 1.1%
13 8.9% 2.6% 99.6% 0.5% 99.4% 0.1%
14 9.2% 2.6% 99.5% 0.7% 99.2% 0.1%
15 10.3% 2.8% 99.4% 0.9% 99.0% 0.1%
16 10.4% 4.2% 99.4% 0.9% 99.0% 0.1%
17 9.1% 2.2% 99.6% 1.3% 98.4% 0.3%
18 8.7% 2.2% 99.6% 1.6% 97.9% 0.4%
19 8.5% 2.4% 99.6% 1.9% 97.71% 0.5%
20 7.9% 3.2% 99.6% 1.8% 97.71% 0.5%
21 13.7% 3.3% 99.0% 1.3% 98.3% 0.4%
22 12.6% 3.7% 99.1% 1.6% 97.9% 0.5%
23 11.2% 3.3% 99.3% 2.2% 97.1% 0.7%
24 10.2% 3.2% 99.4% 2.5% 96.6% 0.9%
25 13.9% 3.1% 99.0% 1.9% 97.3% 0.8%
26 12.3% 3.8% 99.2% 2.1% 97.0% 1.096
27 8.3% 3.3% 99.6% 0.4% 99.6% 0.0%
28 8.7% 3.4% 99.6% 0.5% 99.4% 0.1%
29 10.1% 5.1% 99.4% 0.5% 99.4% 0.1%
30 9.2% 6.4% 99.4% 0.5% 99.4% 0.1%
31 9.8% 2.9% 99.5% 1.1% 98.7% 0.2%
32 8.8% 2.6% 99.6% 1.4% 98.2% 0.4%
33 8.9% 3.8% 99.5% 1.2% 98.5% 0.3%
34 8.1% 5.0% 99.5% 1.2% 98.5% 0.3%
35 13.1% 3.7% 99.1% 1.1% 98.5% 0.3%
36 11.8% 3.5% 99.2% 1.6% 97.9% 0.5%

Mean 9.9% 3.7% 99.4% 1.3% 98.3% 0.4%
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Angular velocity

Clearance angle

Linear velocity

Roller boundary

Free boundary
Penetration

depth ¢

& Distance from free surface

(or adjacent cutter) 30 mm
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Aol A AREE s Rde] M ARE AYst=d Zad Y AEe £ 2230 A
gletgoh. AdAF (=4S, 201005 FHast
linear equation of state(EOS)E A-&3tdow, AHetd E(bulk modulus)et ATGEAE
(shear modulus)= ¥4 &l <7ske] 48ttt AUTODYNOlA = 2= w}E‘r A=
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F 224, Al AbEE dHEEARS] =AA
o= E’—J_ES DE ol YA E | A= Q14
(g/cm”) (GPa) (MPa) (MPa) (MPa+/m)
DS A 2.65 42.3 0.18 209 9.2 0.99
uhzd sh7 oF 2.85 71.0 0.17 108 7.4 1.33
R R s 2.94 47.3 0.26 91.3 10.1 1.13
Aot 2.67 44.4 0.21 12.4 11.2 1.1
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e 9% A4 A

o}e] 71 o] AE| 74 A=Atz (kN) 31 dsks (kN)
(mm) (mm) 5284 LCM S (%) 5784 LCM S (%)

6 30 137.2 7.5

6 45 160.29 159.1 0.75 10.48 10.7 2.06
6 60 175.04 184.2 497 10.85 10.1 743
6 75 175.19 11.78 -

6 90 162.74 172.9 5.88 11.25 10.6

8 40 209.82 167.2 25.49 15.07 13.2 14.17
8 60 236.1 2125 11.11 16.45 17.2 4.36
8 80 22891 219.3 4.38 17.63 17.3 191
8 100 223.39 17.46 -

8 120 234.6 17.6 6.13
4 40 80.57 90.8 11.27 4.04 5.1 20.78
4 48 84.14 91.7 8.24 478 5.6 14.64
4 60 94.47 107.1 11.79 6.42 7.8 17.69
4 72 96.77 6.5 9 27.78
4 40 68.82 70.4 2.24 4.61 5.1 9.61
4 48 68.88 74 6.92 4.64 5.6 17.14
4 60 82.75 96.4 11.05 6.37 1.8 18.33
4 72 104.69 106.1 1.33 9.1 9 1.11
4 40 49.6 52.2 2.24 491 4.5 9.11
4 48 59.04 49.9 6.92 5.69 4.6 23.70
4 60 56.39 63.2 11.05 5.15 55 6.36
4 72 63.66 67.7 1.33 5.41 8.1 33.21
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o (mm) (mm) REE LM
6 30 - 52.1
6 45 59.37 453
6 60 48.62 376
6 75 38.93 -
o 6 90 30.14 53.1
ARG 8 40 65.57 44.8
8 60 49.19 35.0
8 80 35.77 479
8 100 27.92 -
8 120 - 740
4 40 95.25 394
L 4 48 24.90 447
R 4 60 26.75 410
4 72 22,57 -
4 40 2881 493
ae 4 48 2447 416
4 60 26.54 437
4 72 31.60 456
4 40 30.69 36.2
S 4 48 29.64 30.8
4 60 21.43 29.2
4 72 1878 35.8
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. Aker Wirth, Designing Mobile Tunnel Miner for Chilean Copper Mine,

http://www.oemoffhighway.com/press_release/10874235/ Aker Wirth designing mobile
tunnel miner for Chilean copper mine (2. 9. 2016)

Aker Wirth and Rio Tinto - Mobile Tunnel Miner (MTM) Full Version, 2013.06.14.
http://www.youtube.com/watch?v=u6AJ-YvjbiA

Caterpillar, 2016, Website:
(https://www.cat.com/en_US/campaigns/awareness/rock-straight-system.html)

CSIRO, 2019, Rock cutting equipment, Website:
(https://research.csiro.au/hardrockcutting/facilities).

Cho, J., Jeon, S, Yu, S., and Chang, S., 2010, Optimum spacing of TBM disc cutter: A
numerical simulation using the three—-dimensional dynamic fracturing method. Tunnelling
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Jung-Woo Cho, Seokwon Jeon, Ho-young Jeong, Soo-Ho Chang, 2013, Evaluation of
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ENGINEERING, 2003
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