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Abstract

In this study, a machine learning method was proposed to use in predicting optimal
replacement period of shield TBM (Tunnel Boring Machine) disc cutter. To do this,
a large dataset of ground condition, disc cutter replacement records and TBM
excavation-related data, collected from a shield TBM tunnel site in Korea, was built
and they were used to construct a disc cutter replacement period prediction model
using a machine learning algorithm, SVM (Support Vector Machine) and to assess the
performance of the model. The results showed that the performance of RBF (Radial
Basis Function) SVM is the best among a total of three SVM classification functions
(80% accuracy and 10% error rate on average). When compared between ground
types, the more disc cutter replacement data existed, the better prediction results were
obtained. From this results, it is expected that machine learning methods become very
popularly used in practice in near future as more data is accumulated and the machine
learning models continue to be fine-tuned.
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A Z|8kS A, FAlSk= AT, o] 2ol AFAARHA AT AE(F-2 H|E)of| upr skl ui obA|
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oh=Zlo] 5851 (Jeong et al., 2014; Ko et al., 2014; Kim et al., 2017). =, AT #HE=TBMS] 22 5
R et ot AR Az o)7] wizel TBM S| Al d SHollA ule- F-a't FE&olal, A= 7 E o] w4
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Abrasiveness Index, CADE ©l85to] #E +H=2 d&chz Zd2 AStslalal, k=9o] Hetr]styet
(Norwegian University of Science and Technology)©ll4] 7H& = NTNU X 2(Bruland, 2000)-2 &3 H-5A1
(Siever’s J-value test), 513 = A& (Brittleness test)= =36t #E 482 oS0k = BE-S A|QFSHAT) =11 9]
7%, AT L AETetu oA F s AR i KICT-SNU 22 (Yu, 2007)2> =1 87 ¢FA
Z0] gt A dAA R c 2 7 E Y AT AH 1S ollSohe k& AlIKSHAAL Kim et al. (2017)2 HE 2]

642 Journal of Korean Tunnelling and Underground Space Association



Prediction of replacement period of shield TBM disc cutter using SVM

T ASE QRako 2 nhu A7l AP kA AR A7 4ae v Slek. et olelst d T
S sk gPAlo] TieH AAE A St 2 sig7lel] ArE o ?‘Z‘—&é Ao} HA A7}
3] prawis Sejoburare
Q1 mk7h A7) A o] et

)
N
=
39,
o
Am
ol
Hd
=
)
rE
é
-la _La
lol‘

F_Jr

F, o8] 2|5o] 2 S Z[HhojlA= T A= B of] Hutkl e} Zho] B4
S5 AI712] 27 A3 AR E wAsHof shi=dge] b= ARt 3t U] TBM E'3 9] HA|I2FAlE A]
AHHA 0 2 A7k} HIE- 7S foliA] AA| Tl &7 AREe] FAA =l tisl AATAIRE S5l T A E <]
RS o S5hE -7t Ao] 71E AFE0lA AR oS RHle] E-8 7t ER] ¢k oot

weba] 2 ArellA= 2 =UliolA 2-80] S7Fskl 3= A& TBM El'Eol| tishiA] t23 78 o] 21dqt
WARZE AISS=t] ARESE] et A2 1 0 24 mAleY 7] o-85he e A4Skt sheict
H23 A 9] upiof= 24k 2743} TBM 8] T Q4 5 71&E HElEo|A 3okl 9l Q4 o] 2jo&
gt B9 52X HolH et B 8 455 7€ Q450 WS W on Jks nAA "t oS5kt st
=578 tldo] vt JIREol FRS AL 11 RS ] w=2lA] Ak i Ees] miefsty] of e Aol
= WA 7ol uf¢- abQl o= k42 -8 4= Qltt A 3EE HE HAl(Support Vector Machine,
SVM)2 27 0] “d50] Hofd thia] miled dare]Eo= vt dioly Rao e & AEsh= 257
719 & 2de] 7o ® dEA qlek 2 dAtolA= =l 7] AlgE OO~O0 1148% & TBM B'Eo] 4
A D AE Hlo[EE o8l tiAa AE o] At WA A 55| 91t SVM Bells 551 284S
HAESISIT

rr

2. SVM (Support Vector Machine)

SVM 7|52 Vapnik (1995)°] &J5]] Al Shzol2o 2 F 7 o 2220 2 AIE HFe 71%oltt
SVM2 of&] ZoollA 2] &85l 2loH, Fe4] e et dzlo] obd 24 99 HasiE 7|iier
SHAL Q7] wiiell LRlee] @75 AaAZ|E HolM 71Ee SR ¢t e 7RIHAL &4 ot

(Burges, 1998).
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o, pAH Bl A T S LESH= 2] HAHL Fig. 1(a)2} Zo] F425] B 5] 12| 9)(hyperplane)

2= Q) 2219] slo|mEe9l2 Fig. 1(b)2} 2ol +1 € -12 2|ghe s 2uE 71 Z Bed 4
=24 0 2 LR 4= 9l o1, o]7]A] Z A1 (Boundary)& A5t A 2] A g)(uh)E A olekes M-S
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Fig. 1. Linear SVM
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22 d¥Ho= Bapt E27ks8 SVM

Fig. 29+ 20| HlolElg o] ¥R H9A 1R/ B7RsE A9 ol ek Siol 5 sl8ste
o ¢ g E] B CE s EW, o]2R B 1l w Il 7F AT} = 28t EAk= 4 (6), iZﬂ—S—
2] (7)3} o] HthCortes and Vapnik, 1995; Smola and Scholkopf, 2004; Lee et al., 2018).

Mm— ol %+ 025 (6)
=1
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(8), 702 A (9)<F 2] Hrh
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Fig. 2. Non-linear hyperplane
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Fig. 3. Linear separable in the high dimensional feature space

W g& AAT= Adra2 o2l 77 EA5L 1 S dEA e s
(Radial Basis Function, RBF)7} 7/ @82 AREH, 1 Je= of2 4
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Shat £4 1o Hlgake Al 2 ALk

Kzz,) = (z; « 2,+1)", dEN (12)
|| xl_xs ” ?
K(z;z,)=exp|— ————— (13)
' 20
3. 23 7{E| & A|H o|&E flet SVM 7| A
2 AelA ARtolk= SVM 7S &7t H A3 AE w8 57 ¢lE B o] 755 flol U] 3F €= TBM
g @] glo8E sttt thd @32 OO~-00 1EEE OO-O 32 B4 & A%-23,930m
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o] 0]F 4= TBM 77k 1,160 mo|™, 71 F Bl 150 A& dlolE)7} =345 17k 2220 100 m A]
AEE] 650 m A A7HA] €F 550 mo|ot, melo] 12 34 ST of| 23k 0 2 JLHS 111 5o =
AFo] & ojFo] A & JEF HAT A O upR()of| IS F= e Aol w2 Hlofe
42 AAJstolopgit) 2 Aol i s BElo] Y=t S HSEA AT A S =2 S 2= A
02 WEl= ARt A3 AR 9] 5], A5 TBMO| 21 E=, 31E L (RPM) 5 714 Hlo]H
£ JEHa=, 8|1 g A3 AE 2] A o] HloHE dERSR Aok B S5 4gotdtt. o] o,
SVM EFraA] 71221 Ay SVMIL A& AH8ok= thad](Polynomial) SVM % RBF (Radial
Basis Function) SVM 9] 3375 AR8o3l oW, k55 HES o] 8ol ah5oll ARgoHA] g2 HlofelE 71x] 1
ANE5E 74 & 52l iRt Aot Ad e, @ FR-a-3 4Pgsto] Hallo] A4S Brlstqir.

meo] g Wl 15 3wt Ped s Al AR ohgatt Ak

3.1 A8k =A

T TBM 2277k 2|5t ZARE Qlofl AlF2AF 9 271828 GAP L a8 =gl ™, 71 A3} Table 137}
Fig. 40] LERH v} Zhol, Bl WAl whet 2|52 Foleto] B S5t 295, 18] il Aol 5 ol F
£ A EAT, A 45579 AS508 FEEE A0 UEITE of7|A= 7 A5 2 HVd Ground type
1~4= 37|sk3Ie A|5F 7&?% TH Hop A 82 Laet al. (2019)9] 7]&

Table 1. Ground types of shield TBM excavation site

Classification Specifications
Ground type 1 Weathered rock 45%, Soft rock 21%, Hard rock 34%
Ground type 2 Weathered rock
Ground type 3 Weathered rock 10%, Soft rock 45%, Hard rock 20%, Sedimentary layer 25%
Ground type 4 Sedimentary layer
= Ground condition 1 = Ground condition 2 Ground condition 3 Ground condition 4
Ground
condition
100 150 200 250 300 350 400 450 500 550 600 650
Distace(m)

Fig. 4. Ground types along tunnel excavation distance
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3.2 b|A23 e Y M7=

2 TBM “H|= Y HERRENKNECHTAPOIA] B3t 2|5 tf-8-8-0 & ARt o]471ef4] H|= dE
TBM A S| =ofli= 5 447119 T A= B 2F110702] 2T w7 F 2] = o] Qlok. T4 AE ] 27217 inch
o] HE AE 471, A2 AH 40712 T/ E]e] lem, o] T2 AE 40719 Hlo[eE AT AR WA A5
tlo]E = ARESHIT.

<t TBM H# l | 215 AA 2t 221 eggtel whet 2H2ke] Tt A AE = Fig. 5ollA] Kol 50|
tj2= AE o] A = AFe] f1x]of whbA] ﬂEiHﬂ 27 A7t 27 =, el @572 9130l 81
=Ha= ﬂEH WA 7|7 A 0 2 FHA Hok tﬂﬁw ZF A A= Ha3 A wek 7o
S A= Q351 Q1AL F shiio|B R SVM RElo] ¢ewsg2 A Asigirt.

& ARM 15
2 \Nge

8 (2, Y y 2 '
e ).v, 30 < f'{}» N i A 2 % \ ARM 14
20 g e i
Ahﬁma’: Y s
e

s gk E e I

| 38 '-32 =26

ARM 13

ARM 6

ARM 8 b ARM 10

Fig. 5. Configuration of shield TBM disc cutters on cutter head

3.3 4= TBM 7|7 tlo|E{

© TBM 717 Blo|eot pigt nel Qleiist & Felv 3, sii4ng A4kt TBMe] %2
(Thrust force) T2 ABo] 7HlAl 2-g2int e o] 52 Qatolm, Qb o2 ol A7} ass
2he Zejol ) B4Jo] 7Rsata ol AT} 24 2 88 Ag sl ek B
3 522 Fig, 60 B 1jo} o] oF 15.0-36.5 MN] H9lo] QIglom, Bd 23 Ate] 2% wiabrt Aok
T0] ZJito] B3} Ak FAwlo] glon, Hlid Ayte] et At Eet] el F2le] 277k A3
Biabh 418 2102 et & 3(Torque) 9] tl2aL B ] Aot Bido] 8 aat & @elie
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2F0.5~4.0 MN - m 2] H|Z vpd7Ix]| 2 W3} 2o 2 710 2 YepstthFig. 7 7). 7 & s=9] 8734w Tt
OA3 7H 2ol G v A= 5o AR F Aol A Bd ZHA] AHSH 74 EE Fig. 80f LAl
et £8 2)50] WAl 2|5 st 37] whEe] 1.0~2.5 RPM—J Lo HQJof|A] 2351 Al ErfEo] dAgst

oF Z}FO 2150 E] o kel E O 715 O O OF A0
2| = =S Xl om, Hlw A 4t 372 S E FAS S-S ¢ o urh
40.0
35.0
30.0
Zz
E 25.0
1]
2
= 20.0
=
15.0
100 50 100 150 200 250 300 350 400 450 500 550 600 650
Distance(m)

Torque(MN - m)

RPM(rev/min)

45

4.0

3.5

3.0

25

20

15

1.0

05

0.0

25
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Fig. 6. Thrust force along excavation distance

50 100 150 200 250 300 350 400 450 500 550 600 650

Distance(m)

Fig. 7. Torque along excavation distance

50 100 150 200 250 300 350 400 450 500 550 600 650

Distance(m)

Fig. 8. RPM along excavation distance
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SVM 5 ¢=2 A3 SVM, tha] SVM, 9 RBF SVM 9] 3E57-2 A}8519] 0 A4 tjo]
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Table 2. SVM variables

Input variables (data set) Output (classification)

Disc cutter revolution distance
TBM thrust force, Cutterhead torque, and RPM Replacement and non-replacement of disc cutter
Disc cutter replacement (record)

Table 3. Statistics of data set and disc cutter replacement condition

Ground types Number of data set Number of replacement Replacement rate
Ground type 1 1,000 19 1.9%
Ground type 2 4,080 49 1.2%
Ground type 3 4,200 75 1.8%
Ground type 4 3,800 67 1.75%
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4, SVM 6|5 Zzt2| A== Yot

SVM <5 Ao A= =S 7157 915 SVM 3l Foll t 2 718E wAllRt 2ot A el o
23 AHE 2AE AE Hlwstl, Rl WIS Adl SVM o= 2ol e (Accuracy) 2t HEE
(Precision), 2-F-&(Error rate)= APg5I3ITE Table 4= 19} 242 A2 H7HE Qo) 2+ S dlo]g o] 4=
£ TP (True Positive), FP (False Positive), FN (False Negative), “L2]11 TN (True Negative) 4572 273 &
gljojet. o] wf, TP= AA] @7golA H22 ABE AISIAAL, oIS Aol A= ARt 2 o & yehd 739, 71e]
I FP= A @olMs wAlsHA] 2kont dlEolM= ARt -7, FNS AA|2 wAflsl ot ofiSoflk=
WASHA] b2 A 02, mi|ufo 2 TN AA| WASHA] §iXal A5l = wAISHA] b2 2l o= Uehd 495
2zt ofmlgiet.

Table 4. Classification of predicted results

Replaced (predicted) Not replaced (predicted)
Replaced (measured) TP FN
Not replaced (measured) FP TN

4.1 A&k (Accuracy)

el 2] (14)2} o] 7] Hlo]e] % ofzo] LujA| 1 glolele] vlg-g ejujgi), Z, A2 t]231 7
BE WAl ¢ SVME WA= G535 -2, A= wAGHR] 2 AJEE SVME FUeHJHI = A5t 45
o] vl &-2 Slulgiey
B TP+ TN

Accuracy(%) = TP TN+ FP+ FNX 100 (14)

45-70] A0t 27 0f uf2t 4=38% A3 SVM, tFa2l(Polynomial) SVM, RBF (Radial Basis Function) SVM
Al5e] e 7S Fig. 9°1 UrEHHO*E} ?9} 01 -2 23F3(Ground type 1)°f] toliAl= Fig. 9(a)oll H=
H}2} o] RBF SVMO] 85% 2 714 -8 ol & Aehe2 B, Thal] SVMO] 84%, A3 SVMo] 82%2]

L5 UERRIE. B315(Ground type 2)°l rﬂﬁﬂ/ﬂ—t— Fig. 9(b)2} 70| RBF SVMO| 77%= 7} =2 A& A
S S BT, TR SVMO] 75%, A% SVMO] 74%2] AsteE Bt Eok ¢I¢to] the 538k&(Ground
type 3)]| thallAl= Fig. 9(c)2} 0] RBF SVM©] 81% & 7 =2 of| = A2 1911, T}l SVMo] 79%,
A SVM©O] 76%2] AE=E YeRIeh niEo 2 E]2Z(Ground type 4)°ll HiiAl= Fig. 9(d)e} Zo]
RBF SVM©| 80%& 714 =2 o= At 2 1, TFHA] SVM©] 78%, A& SVMP©] 73%2] A8t 2 e}
Uidet. g2Isk, SVME olS A= A4 0 2 RBF SVMO| 7MY =2 21 0= LR, 71 thd oA
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SVM, A1 SVME| A2 352 210 2 Lyt 123 A 22310]| wiet Hlwghs wf 23 718 wAleo]

o .~
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Fig. 9. Results of SVM accuracy

4.2 M9l (Precision)

R 4] (15)9} 2o A 23 7 wA] S dolelrt dSois Feks A
glolelo] B &g ofnlgic,

Precision(%) = %X 100 (15)

652 Journal of Korean Tunnelling and Underground Space Association



Prediction of replacement period of shield TBM disc cutter using SVM

4850 ARt 220f| wiet -3 A3 SVM, tat4] SVM, RBF SVM R A7LE Fig. 100 YR I

Fo}eo] B2 E335(Ground type 1)°]l HiSiA+= Fig. 10(a)@F #©] RBF SVM©] 64%= 7V &2 AU=E
R, oF] SVMO] 52%, 418 SVMo] 41%2] AE =5 LRIt E81(Ground type 2)°l| A=
Fig. 10(b)2} 2] RBF SVM 2] FUET7T62% 2 71 52 2 0 2 LR, T4 SVM©] 48%, A% SVMO]
46%= HeRTh Aol B2 235(Ground type 3)°ll tHoliAl= Fig. 10(c)2}F Z©] RBF SVM©] 63%= 7Fg
L2 AUEE BT, A SVMIF A SVMo] Z42F 45%91 43% 2] - TS vepfQlct. ufx|ehe 2 g
Z(Ground type 4)°]| IS4 Fig. 10(d)2} 2] RBF SVMO] 63%= 7} =2 of|& A2 11, ThiA]
SVMPO]| 59%, 413 SVM©] 48%2] JU =5 LRSI}, e (Accuracy) AX}2}t nEE7 A 2 U & (Precision)
NN = 57 3+ 5 RBF SVME] AT} 7Pg 945 1 0 2 Uehsh o st o Hsf) Z5Ha o & 4-2]7F b

< W92 bl 2285l 2 20 me vl w e mi e e et Aol AsHA| Had 71E wAlEo] =

s

2 44?1 Ground type 1, Ground type 3, Ground type 4, Ground type 22| <oA1 2 U7} =7 eI

100%

80%

62%

@
3
R

6%

Precision(%)
Precision(%)

=
]
®

20%

0%

0%

Linear Polynomial RBF Linear Polynomial RBF

SVMm SVM
(a) Ground type 1 (b) Ground type 2
100% 100%
80% 80%
63% 63%
§ oo% T 60% 9%
E -3 48%
3 45% 43% 3
5 2
& 40% & 40%
20% 20%
0% 0%
Linear Polynomial RBF Linear Polynomial RBF
SVM SVMm
(c) Ground type 3 (d) Ground type 4

Fig. 10. Results of SVM precision
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Fig. 11. Results of SVM error rate
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