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ABSTRACT

Tunnel Boring Machine (TBM) method is a tunnel excavation method that produces lower
levels of noise and vibration during excavation compared to drilling and blasting methods,
and it offers higher stability. It is increasingly being applied to tunnel projects worldwide. The
disc cutter is an excavation tool mounted on the cutterhead of a TBM, which constantly
interacts with the ground at the tunnel face, inevitably leading to wear. In this study quanti-
tatively predicted disc cutter wear using geological conditions, TBM operational parameters,
and machine learning algorithms. Among the input variables for predicting disc cutter wear,
the Uniaxial Compressive Strength (UCS) is considerably limited compared to machine and
wear data, so the UCS estimation for the entire section was first conducted using TBM
machine data, and then the prediction of the Coefficient of Wearing rate(CW) was performed
with the completed data. Comparing the performance of CW prediction models, the XGBoost
model showed the highest performance, and SHapley Additive exPlanation (SHAP) analysis
was conducted to interpret the complex prediction model.
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1. M2

TBM (Tunnel Boring Machine) 3= Hut o] vlsl| 22 5 4230} 75 4520 Wil ebgAdo] =2 BY 22} FHio|m,
olgfgh A o= qlol A AIAIA C 2 Bd Z2AES| TBM 3'H< 2-85k= A7t 57 Fslk= FAloloh A= #El= TBM 9]
AES =] 2= 2R A= A E =0 S Ofsf] 2|54 0 = uPT ARt} oA sHH, o] WA o 2 npr A
Rti(Fig. 1). Y7 &= oo vt AggE t A3 AE= wA|=|ojop 5t U5 TBM Z2AEojA= #H {2 H4= 2 WA
of| E= ARt Hl-g o] 24| FARRILE FAZ17E] 30 %7FA] AFATSh= 735 QT Wang et al., 2017). 3L, A= AE7F 214
QA7 ol WA =] 2] glot T sHA| rhE - & E7HIAYsH, AES|=rt 42 4= QItk(Su et al., 2020). ©of w2} T A
A Ao up & Ae)5] dl&ok= 212 TBM T2 A Eo| A 71 5-Q37F @4 5 shufo|thMahmoodzadeh et al., 2021).

Disc cutter wear
i 1 i
Geological TBM operational
conditions parameters Cutter layout
C 1 1
* Rock, so!l type e Thrust force . Cutter installation
¢ Rock, soil * Torque :
. radius
parameter » Cutter head rotation .
+ Cutter diameter
(quartz content, speed
UCS, etc.) « Penetration

Fig. 1. Factors affecting disc cutter wear

A= Ao ufHo] kS A= 8952 Fig. 194 2o 21 27, TBM 2% mieta|e], A8 Ale 9 A= AA X
37HA] 9 HER BRE 4= 9l o (Amoun et al., 2017, Frenzel et al., 2008), ©|21%t 37F4] Q9152 R VE5HA] 9k 4%
AE vl o5 Gl rt 2 HAE Ko, ZHHARl o558 o] Wold 4= QItK(Ding et al., 2022).

i EZ9] t] AT 7E] £ ¢fl& Rddlofli= NTNU % 2)(Bruland, 1998), CSM 2 2)(Rostami and Ozdemir, 1993), Gehring &
2l(Gehring, 1995)°] Itk NTNU R oA = ek B2 E Alo| AT iefeh Redo|H, tAF A 8-S dl5517] ol AFEE
+ 71| 57 Z|5(Cutter Life Index, CLI)E Ao | 918t A9lof e A7t Hl-8o] 4 Flrk=eHo] Qlot CSM™ Gehring
Ldlof| A= AR 0 2 M| 2AF R Z]Sx(Cerchar Abrasivity Index, CARF 1120k, 4571 0 2= penetration T 125}
o Ae] 9 dl&52] Aot e 4= vk TRlo] ok

olefgt THe =Esk] Il 1Ak HlolEeolA Bt wigkE skaote] Ai5S 4AY  Ue EAS(Artificial
Intelligence, A2 &-85}o] T~ 7g £ &5 A7} 2|2ol| Wo| 4-3Y%| AP Elbaz et al., 2020, Elbaz et al.,
2021, Kilic et al., 2022, Loy-Benitez et al., 2024, Mahmoodzadeh et al., 2021), T]A= 7] 0ofRE AoF4 0 2 dl=s6h = A+
=/3thA o 2 BEgtAgtolot mebA & dqtollA= A1 2703 TBM 29 oiehr e, bkt mjilefd darejES ol 8ol &
22| TBM 9| HA= A npRE A=A 0 2 o &5t si3ich

J
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2, tjjoje{ 3, M212]

2 Ao AR A Eﬂ"]‘ﬂ% 7132 TBM El'd Z2AE t|o]e}5 ARESIGITE o] Z2AEo|A=F do] ¢F5.53 km¢!
95314 kme}2.21 km 7102 Whro], ZF RS ST ARES] TBM & T (TBM #1, TBM #2) 2 225131t 5+ TBM
APk Table 19 Q0F=]0f i}, AA| 7R thEE Bukit Timah Granite 2 7350, 5 17F2 Kallang B2, S8HA|Wt
< Fsict fAH ¥ uli glo]e= Fig. 29} 70] Cutterhead Intervention (CHI)S 22t 502 T4 #E| o] vk
HATS SHolo] 71531 A5 ARSIt 2| 2712 CHI 5 5905 2FH 272 ZAL)A| Table 22] BS5930:1990(BS,
1999)E 7|0 72 g F5- 530 AR ZA AL A A2 A=915735 (Uniaxial Compressive Strength, UCS)H|O]E1E AL
B3It J=H 5 UCS HlofE= 24| E7tollA] & 567H Z]’é:qoﬂ et glo[E et 251 20 mm 23 I0F} 715 5= 714 Hlo]
B2} 19171 71l o] T A AE vl o] o] H]sl 6] FZsi. o]2jjt-ZAIE a5t flal, W4 TBM 714 Ho|e|e}
UCS Hlo[8E ol-8ste] 717 Ho[el7} 7155 A 411kl EH?E UCS 8= X885t 3irt.

)

1o

Table 1. Summary of the TBM and disc cutter wear specifications

TBM type Slurry
TBM diameter 6.9m
Torque 0-6,250 kN-m
Thrust force 0-51,200 kN
Cutterhead rotation speed 0-6 rpm
Number of disc cutter 48
Disc cutter diameter 483 mm

Fig. 2. Manual measurement of disc cutter wear(Liu et al., 2017)

Table 2. BS5930:1990 approach 2 weathering classification (BS, 1999)

Geo notation Grade Classifier Typical characteristics
Gl I Fresh Unchanged from original state
G2 I Slightly weathered Slight discoloration, slight weakening
: | e discoloration: 1 :
o I Moderately weathered Considerably weakened, penetrative discoloration; large pieces cannot be

broken by hand

TUNNEL & UNDERGROUND SPACE Vol. 34, No. 2, 2024



146 ° Yunseong Kang and Tae Young Ko

Table 2. BS5930:1990 approach 2 weathering classification (BS, 1999) (continued)

Geo notation Grade Classifier Typical characteristics
L i ki hand; D ily di lak
G4 v Highly weathered arge pieces cann.ot be bro ?n by hand; Does not readily disaggregate (slake)
when dry sample immersed in water
G5 \4 Completely weathered  Considerably weakened; Slakes; Original texture apparent
G6 VI Residual soil Soil derived by in situ weathering but retaining none of original texture or fabric

3. UcCs &4
UCS 5= fIall AlF2Atr3 ARS 5128 9 50 mm 77H UCS glo] dAfstetal 7Hgstal tloefHo] A5 5513t

3.1 glziiie

rx
ox

TBMo]| 22+ Za¥ol= 52t Thrust force, Torque, Cutterhead rotation speed 5= L&M= 2F2000712] Q127 ©F20 mm
=23 F7|2 71590, Wesh| B2 =S AR 7B maleld dalEls 7S ol 8Rt oS melSo] BRtsiA| L, Akt
AR S716F7] dlZe UCS il 5-85H] 92 W5 Al sliof gt A 2 dtoll A= UCS 5782 $150 Thrust Force
(TF), Torque (TQ), Advance Rate (AR), Feed Pressure (FP), Cutterhead Rotation Speed (CHRS), Field Penetration Index
(FPD) 2 Qeiuis st

3.2 G|o]&{ 24212

TBMO] 9} 1.4 m 72012 8111 ring & BS54t Wi 02 71) clofel A wistaicy, ofzleh wish 2 A2 2
(Start-up phase), g @|(Stable phase), &= T|(End phase) 2 Uz 4= ITHFig. 3). 5P ring®]] theH TBM 74 tllo]Ele]|
A Al e ARE TBMO| 29Pdet JHl 2 25517 ] miizell Al7sIaL, TBMO] @2k 54| ebe AEi)l = Tl A7 15t it
(Xu et al., 2023). 22t Alo]Z0] ARFER= 2|3 © 27E] 20 mm 2X10] o7 7S AR THA| 2 Aslglom, 2 ¥

%% Shfee 0 ofote] g THIAL AEE A5 o1 A2 =g Ak
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(=]
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Fig. 3. Variations in Torgue during tunneling
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UCS 4ol Ak W52 715 AR Table 301 8oF=|0] glom, Hlole] ke S0l A%V e B2 s B7He

L1al A4 Hlo[8E 72 5710] ERVEIAE ME R Uro] 53 WAF5(5-fold cross validation)2 285131

Table 3. Descriptive statistics summary of variables in UCS prediction model

Variables Mean Std Min Max Count
TF (kN) 22795.6 31253 6208.0 13541.0 267
TQ (KN'm) 1005.6 215.7 447.0 1780.0 267
AR (mm/min) 8.99 3.85 2.08 2333 267
FP (kPa) 384.2 71.2 213.0 545.0 267
CHRS (rpm) 3.12 0.59 0.83 3.99 267
FPI ((kN/cutter)/(mm/rev)) 84.78 50.88 8.48 307.68 267
UCS (MPa) 77.79 32.18 17.00 144.00 267

X Std : Standard deviation, Min : Minimum value, Max : Maximum value

33UCS FHUHE

B A= UCS 482 Jall K-Nearest Neighbors (KNN), Support Vector Machine (SVM), Random Forest (RF)
eXtreme Gradient Boosting (XGBoost), Categorical Boosting (CatBoost), Light Gradient Boosting Machine (LGBM) ¥} -2
A=51 7 olAlel STelES AFgSIOn, o] F KNNT SVME 7] 7t ShuelZo 2 Wl 719] A7) Zfol] §lzt
5}7] wl2o] MinMaxScaling 2 2-8510] Q43 =50 M9l (0, 112 A

T3 WAy darelEe] e FA1717] 916l Tree-structured Parazen Estimator (TPE) @al2]5-2 AF85}o] olo]wut
ehie 222lE e8sl L, A2t Bgola] dalelke WIshr | 916l 54 wAbHE-2 5-85HItt TPE dalef&-2 Hlo]z|et &
Zoto] Mg darelFo g g84 o7 2|40 slo|uultuly oS 27| flof o ¢t0] s 7 H-ES 8ok daElE
o|th(Bergstra et al., 2011). &3P} gz RdE2 3]9] Hdofo] A5 F7R|HE 2 ARSE= Bt Al 22k (Root
Mean Squared Error, RMSE)2} 27 A4 (Coefficient of determination, R?)E AR5 A%5-2 H|w, 7513t RMSE+= <
Z9] QA5 Hehl] diiell T 3to] 2EE o5 A 0] =2 2 oufolH, RP= 19 7S5 oS B AgEo] =&
= ojugith

o 0

3.4 UCS &4 Axt

UCS 374 dlo] 52 vluwal] 2 A}, HIAE dlo]e] AEo]| it CatBoost &2 H# RMSE7}F12.272 7P Wi, R7}
0.852 7P =7 Rt tH(Fig. 4). wW2bA] 5712 CatBoost REE2] Bt UCS &g 2 717 glo|el7} 7125 A 417k
UCSE 57453t
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Fig. 4. (a) Mean test RMSE and (b) Mean test R? of the UCS estimation models

4. C|A3 7{E| 013 Ofj&

tA5 AE vl 52 Hlo|A AE| o] AdmtR kS 12513 0™, 1919 2] CHIOA S7% T4 AE O ¥ Ak glo]
B2 A1g5}0] 4] (1)3} o] T4 AE] v 7A2kS s 78] 9] o5 7]2] & Ui uha-8 AR (Coefficient of Wearing rate,
CW)E Aliloto] TE5HFE ARGSHIT

_ Cutterwear (mm)
OW (mm/km) = Cutterrolling distance (km) @

4.1 Y2 MY

—

A3 Ae afi dl5-2 2Ial 2F2000712] TBM =% m2i1|g 5 TF, TQ, AR, FP, t3 #E] & 282 (Normal force per
disc cutter, Fn)& QHFE Ao, A 240 2= UCS, 53} -58(Weathering Grade)=, 7E] A€ 2 AHEJS|= A4
A= AT A7 AFH o= sttty 71gstal o 4] (2)E &l 7iE dAA AE O] 2155 (Disc cutter rotation

speed, CRS)E Aklolo] J=lH4=2 A8t

“u, @)

4714, v = T AE 2RSS (rpm), = FA AT A O] A2 W (m), d= i WA 122 AE 9] 217%(m), o= 7E 5]
T P& (rppm) ok

TUNNEL & UNDERGROUND SPACE Vol. 34, No. 2, 2024



Prediction of Disk Cutter Wear Considering Ground Conditions and TBM Operation Parameters * 149

4.2 O[] Z4x{2|

TBM 7 1A tlofejofli= 24417 744, Al @7, Hlol8 A @7 5l &fsf] oVdAl7FEAE 4= th(Yu et al., 2021). 2 ]l
A= 0 oJ51%] Hlole EIES oA 2 wds}] 0™, Isolation forest Y1 2|E-S o] g5lo] oAE BAI5ILE ©AIH oA}
A= 9 -fagt golelE olgsto] dixlske A e w-¥stith(Fig. 5).

x Zero or Negative Anomalies
(a) A Isolation Forest Outliers

15000

THRUST FORCE
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2 % Contamination :0.001
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Data Point Index

(b) % Replaced Outliers
[ g Www I =/t ¥ Sl g Ny e U W%WWJ“”

15000

10000

THRUST FORCE

5000
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Data Point Index

Fig. 5. (a) Detection of outliers, (b) Replacement of outliers in TBM #2 No. 1043-1065 ring
T2 78] vhR HloHollte -5 57, 57 Wof| tiet nie S, AAkE 718 FH w250 ol o Vg7 A 4= QUch
b CWZH0.1 oFdR] Hlofel= AR miiL glo|ej7F ofu2tal Teksto] A AL, 78 14kl 71 nitg ArE
Isolation forest &1 8]F- 07 EAoo] ©2|H o x| A A5t
A7 B RSl iRt 71 SRS Table 401 R2F=]0] lom, niit S Hlo|B|7hEAISH= 1917] 7 tell dhis 1t
' 71A| HlolE] o] Ht kS Atsto] ntiL Hlolej et 7| A Hlo|8E uiAsteint. 4| Hloleh= 729 E 5710 SRVHIAE AlER
L=0] 548 WAFES(5-fold cross validation)2 5~o85}3ATt.

Table 4. Descriptive statistics summary of variables in CW prediction model

Variables Mean Std Min Max Count

TF (kN) 22827.5 2947.9 12637.5 29356.0 1545

) TQ (kN'm) 1007.4 107.8 643.3 1503.1 1545

TBM operational AR (mm/min) 9.7 297 275 19.75 1545
parameters

FP (kPa) 371.8 73.0 209.1 546.1 1545

Fn (kN/cutter) 209.1 45.0 84.8 319.4 1545
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Table 4. Descriptive statistics summary of variables in CW prediction model (continued)

Variables Mean Std Min Max Count

Geological UCS (MPa) 80.8 14.3 40.8 104.9 1545

conditions Weathering grade - - - - 1545

Cutter layout CRS (rpm) 26.9 7.2 5.0 46.6 1545

Cutter wear CW (mm/km) 0.0209 0.0138 0.0022 0.0887 1545
43 CWOIE W=

CW 952 9Jal] 3.3732] UCS dI&at o] KNN, SVM, RF, XGBoost, CatBoost, LGBM &1l8}5-& AMEs.0mH
MinMaxScaling 2 & H=0] IS [0, 112 kst 3t OMHMEMH 2A43k=TPE G |5t 53 wAba5-& &l 5-a¥ot
Tt 710 2 BryehuiAleid ehatelsel S 91 54 S el A AN IZS Ul Ste] et wistE At
421 Shapely valueE 7|§H0 2 HiS= F-Q =5 B7I51= SHapley Additive exPlanation (SHAP) #-43-2- %1345t Lundberg
and Lee, 2017).

4.4 CW Oll% Zat

CW 95 REd=0] A5 7 2] 25 H|wel 2 2yl HFE ¢a12]52] RF, XGBoost, CatBoost, LGBM ¥a8|E=2] 9=
Sl KNN A E Hlo|e] A Eo] thet XGBoost 22 2] H++RMSEZ}0.0091 2
VJ S, %& R27} 0.564% 7}1} =0, o5 5ol 7HE et Ao 2 HERdTHFig. 6).

E
T
_SL
t\}r
Tj;:
Q_EL o
2-4,
>
m

R e — 1.0

(a) RMSE (b)

0.025
0.8

0.020

w
(2} o
= [
Z 0015 w
@ 0.01179 e
2

0.557 0.551

LGBM

0.6

0.4
0.00968 0.00924 0.00910 0.00918 0.00924

. . )
0.0

cB LGBM

0.010

0.005

0.000

Fig. 6. (a) Mean test RMSE and (b) Mean test R? of the CW prediction models

Fig. 727V =& lé— 455 H XGBoost ZEENA 5T CW oA CW-E HER= AR k0T, Fig. 82 XGBoost
dl=o] tfet SHAP 2492 55l -2 Mean absolute SHAP value S WERH “12 0]t} Mean absolut SHAP value”} 52
= Lo Cw Oﬂl%Oﬂ TAETHe2 Hi5S ofnlgit. Wb XGBoost ZEef| gt SHAP +4] A} AR, TQ, TF, CRS,
FP, Fn, UCS £ & CW 5] F8 57}t =2 B2 ekt
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A 71A| glo[EE o851 UCS 52 X13sI 3t UCS F+782 55l @V A HloTef AIEE o851 CW 5= =285t

1) UCS 5745 I TF, TQ, AR, FP, CHRS, FPIE =42 Aok, QFYAYH] &, MinMaxScaling& 5-351%1.0™, 67}
2] A sk 71HE HAlR Y 272]ZKNN, SVM, RF, XGBoost, CatBoost, LGBM)1} TPE sto]mulzta|g 2|25t re)=
= o5t UCS 54 Heda THEa1 o590 et A5 B7F A5 Hl st 71 A} H|IAE dlolE o]l tigt CatBoost T2
o] BHF RMSEZ} 2,272 7F W11, W7 R?71H0.852 7 =7 JER} CatBoost ZHE-S AL-2510] 714 glo|el7} 7125
Eg A 0ol it UCSE 4ot

2) CW AI&2 $J8ll TF, TQ, AR, FP, Fn, UCS, Weathering grade, CRSE Y2¥<=2 AA5ta1, o4k*] A7, MinMaxScaling
= a8slgl.om, UCS 47 2ol 671 mi4le]d €are|E} TPE stowulein]e] 2|A2kE o]-85lo] CW & Rd& k=
31 o 59 Bt oS A5 st 1 A & S ERT FdE dEEEY] A5 el A vk,
XGBoost L] it Test RMSEZ}0.0091 2 7P W41, Bt Test R*7H0.564 2 7H =0, o5 A0l 7Hg et Aoz
Lehgttt 37140 2 XGBoost REE0] g SHAP #4] 2} Rdlof| A4 AR, TQ, TF, CRS, FP, Fn, UCS =02 H4& 59
Tt =2 2102 Uit

3) ¥4 Golk= TR TBM ZRAE HloHE F7kskal, AIAIE Hlold 227} 7Hsst darelES E-85te] HiolH o] W

32 355 TRk U AAE nhm ol st e} Aol e 4 9le A0E Az

O] =2 2024 35 HHR(AIRIE A O] Al o = SR g 2] o] A194(2021060003, 20HE nlolid ZE Q1 )
202435 R e EEAT o Aldo =z S arAde] Aleke fot 3 1719 (No.NRF-2022R 1F1A1063228)
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