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Abstract

Tunnel Boring Machines (TBM) use multiple disc cutters to excavate tunnels through
rock. These cutters wear out due to continuous contact and friction with the rock,
leading to decreased cutting efficiency and reduced excavation performance. The
rock’s abrasivity significantly affects cutter wear, with highly abrasive rocks causing
more wear and reducing the cutter’s lifespan. The Cerchar Abrasivity Index (CAI) is
a key indicator for assessing rock abrasivity, essential for predicting disc cutter life
and performance. This study aims to develop a new method for effectively estimating
CAI using rock strength, petrological characteristics, linear regression, and machine
learning. A database including CAl, uniaxial compressive strength, Brazilian tensile
strength, and equivalent quartz content was created, with additional derived variables.
Variables for multiple linear regression were selected considering statistical signifi-
cance and multicollinearity, while machine learning model inputs were chosen based
on variable importance. Among the machine learning prediction models, the Gradient
Boosting model showed the highest predictive performance. Finally, the predictive
performance of the multiple linear regression analysis and the Gradient Boosting model
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derived in this study were compared with the CAI prediction models of previous studies to validate the results of this
research.

Keywords: Disc cutter wear, Cerchar abrasivity index, TBM, Regression analysis, Machine learning

z 5

TBM (Tunnel boring machine)< E]'d =2+ 7740l o8] |23 7 E o] 85o] A& AARMI) AT 7E =<
A}o] 2)45209) bk Qe nhaick, oA Aeo] Evo] shmry Bt selo] sk 24 go] Hol
et Ao niAd2 s 71E viio]| 2 P2 v, 2 vHREE 7R P42 7o B 2 i E 4o,
ol g2 A O] 153 THEARITE A|2AFuREL R4~ (Cerchar abrasivity index, CAT)= 441 2] oAl H7tol=
o 2] AR X EE CALE A MHEEARS Lteho), T2 AE|] £33 s 5] B2l 242 914
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TBM (Tunnel boring machine)-= E1'd =2} 7ol A| of 2] AT AHAEIE o] &

A AEEE 3PcPHA HA 2] Il S 7iekl, (A& =R BdS 22 T AT AEl= oA
21E2 Q1 HET npE = Qlsf np T} Tl A= 78 o] FHo| np e At Feo] Z4skal 22 a-ao] Hof
Zlek obA o) mprtAd-e t AT AE| upiof 2 ks nldth 2 vt EE 7 oM A B R E Y
07|11, o] g AT AE 9] £ TH=EAFITE A 2AF ufR Z]4x(Cerchar abrasivity index, CAI+= 4] 2] op
& B7Isks ol 2] ARSEE AR CAl= (A9 rREAS UeRfiH, T 23 7§ 9] 13t A5 oS50l

W20l QA4S owgi on:}.
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F

2 o] FAL bAoA of (PASH B4 o-85to] CAIE Bt 02 45l A= WS /i
= Zloltt. o] 98l A 9] A== (uniaxial compressive strength, UCS)2} Y& A7 = (Brazilian
tensile strength, BTS) S AF8-51aL 0] T 7}A] 38 55| i == of 2] FAd K (brittleness), P44 B o2
571 K equivalent quartz content, EQC)= 22|53t o] M5 -85t A3 74lx Eg|7|gt
HAEY 7S 55l CAIE TRt A@ el Ho 1He] 712411 A S EAsH= Hl -85, E=j7]qt
O] 72 BRIl S BHAIRH Ak 2Asl= H ARde 7. Jelgi/?_ TS F3l A CAI9]

NS} 1 Al A A HEks AR Hlo]E Alof| 2-8-5to] At vl Alste] /e REle] 944
= B7felalz ek
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Capik and Yilmaz (2017)%= Cankurtaran®} Salmankas E'd A5 H|o|EE 7[9FC 2 5] CAI} Y=U=74
I, 57 AQ & Holks A, FE S, LY 470 E 7 (Schmidt hardness L type) U N& 177 E 7}
(Schmidt hardness N type) 2} A1 S] 7242 Fol AHAIE E4519 1 o] A E 2RIttt th53]
THEAE A At AEQFE7 et 57 A gko] fEisd o ZHAGR7H0.76 22 7MY A k&
glom A ()= vepdtt,

CAT=0.243+0.16 UCS+ 0.007T EQC ()

Ozdogan et al. (2018) CAIRt AE5UZ73E, -5—=-E(Porosity, PR), £:©] 74 &=(Shore hardness index, SH)Q]
HTAE 55| SlsiA 30719] o8-S B-8oto] T 9 vl ha A= R8skl CAZ & =k
i} mlgtd whE FHEste] AHIAE A5 CAZE 12 2He o ¥ =2 AUPHAIE Bt %54?4
EXoA CAZF 12 2348 1 R?7}0.946 02 7F =7 vhom 4] 2)2 FAHL

CAI=—1.803+0.07303SH— 0.790 PR — 0.00834 UCS Q)

Altindag et al. 2009)2 CAIS} 94| B4 719] JBAZ 75317] 916) 54573, FLIAIE 2L A
HEE Fast] DATTEA S 55190, A brittlenessyis 9410] T4 ol 0] HEg S
A E2A QU0 QAR TS HFo] glo] Aulet Haat W02 Folslo] $riMeng etal.
2021). FAEEE AU} YL AT 2] Sk AR Hucka and Das (1974), Ozfirat et al. (2016)

of e} 4] (3)-4] (5)9} 2o ARr=|ick

o g _l_|>i

%

Journal of Korean Tunnelling and Underground Space Association 41



Ju-Pyo Hong - Yun Seong Kang - Tae Young Ko

Bl:o'_t 3)

_ U( Ut 4

2 o, to,; “4)
o.+t o,

CAIS} Y 279 ZFe] 29124 b thadh 22 4 (6~ (12 =250, CAIRF U504 B B,
R o JHBAE T Al A

UCS=31.43CAI+25.84 (6)
BTS=5.887CAI"*" (7
CAI=1.786In(B;)—2.285 (8)
CAI=12.07B,— 7.954 )
CAI=0.104B,+0.257 (10)

Lee et al. (2012)-2 CAI°| 3RS 1A= RS 2AI5H] lste] CAILE=H] 19 41 9] ASUFA L,
AE N, B, oS H(Poission’s ratio), =g, 40| 45, 57FAY T, A et 394
& SO RS I T AT, 4] %, 57141 Slea CATe) o] AiAS Slelelel e, 571

2 QJeiisez 419, MY RSN S AR AT 22 R7H0.75, 08002 1}

CAI=0.03257TEQC+ 0.00524 UCS+ 0.07186 (11)

CAI=0.25739 x EQC 49 ycg" ™! (12)
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Sun et al. (2019)2 27712 S=2] =4-E'd Ho[|E| & HIF 02 Ay T AY uiE A2 & HA L Al
ZF5F3al, CAIL} 9FA vk Z]9(Rock Abrasivity Index, RAI) 9] 2] 72442 S8t A 2422 2] (13)
= EEO}' E]—

CAI=0.996In(RAI) — 0.656 (13)
Jeong et al. (2019)2 = U] 4] F-3= o= FAJEt CAILES] T TAE 2T F/d%(B1~B;3)

=2 (34 (5)E A=A, 571 A "?; Yk 4w (B~Bs)= 94 A Hiole] 2 oA R R thed] e
2 SR A (14)-4] (16)2 EESIATE.

CAI=0.41 x B)""x EQC"** (R*=10.78) (14)
CAI=0.51 % BY*x EQC"** (R*=0.77) (15)
CAI=0.37x B{" < EQC"** (R*=0.77) (16)

Tripathy et al. (2015) CAIE 95517] $l5t] CAL A2H, B3 Al (Elastic Modulus, E), 7k Al4(Shear
modulus, G), A EdA55(Bulk modulus, K) PI} &(P wave velocity, V,), 1% @73 =(Double shear
strength), T AT (Single shear strength), ZAA} 7 ‘:1r7¢]'E(Inchned shear strength), LMY, L=
Sk 9 ol A=E Adske HelBAIES F55181nh B THITAIS 48 F06l vl A o
P, ASUSA L, put &I Gl e AIE A6, %ﬂ:ﬂ—#‘q A1} R*=0.63.02 UL, 4]
(17)= &5 QI5AEY 712 &1 g AP, ok5 &= LEARNGDM2 28513107 2w

T EEUFALE, Hots A, Put S W eAI= 105719] TlolEE o5 HiolH 857, A5 HlolH 2071
=

_

CAI=—0.05+0.03UCS—8 - 10 'V, +0.08E (17)

Kwak and Ko (2022)%= CAIS HH19] S42 4aig 24151 911l o, Q%A% Gaoliy
=, 49 e, 57419 A 5 MBI, th 419, WA S| AR HE s, H2 o]

LAIEE, o2 B, Y 2 AE B ISR 7HE ol8 3}04 CAIE =o9lal 2l ZF 352 vl
]
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=2 nd2 BArelrt

Kadkhodaei and Ghasemi (2019)+= Gene Expression Programming (GEP) 7|52 €-8-5}04 RAILH FE 1%+
LR CAIE 50k A5 75 =3 AR &3l 4 1067119] Hlo[e] 5 9071 H|E:
B2, Y] 167]] A Ex= HIAE H|o]E] 2 &85l GEP RE v} the A 3] HhiA W o5 Bl 2] 7hiA
O] R*=2170.895, 0.567, 0.785 2 A= ATt tha A 247t tha v 224 9] 3142 A1 (18),
2] (19)2} 2t

rlr
Mol
re
in)
K

CAI=1.030+0.027RAI+0.034UCS (18)
CAI=0.623RAI’**x UCs* " (19)

Ko etal. (2016)2 CAIST Y 9, ASUFAE, AEIPE 2 S 2 H sol7E4 S &3l
SHUAE ZABIAH. 2 ZARE S0l dlofeH|o]| 28 551, F=(B~Bs)= A (3)~4 (5) = ARt
Sto] glofEjHjo] o] Wz Frlekltt. oA MR FEote] T B ol e AsAAL, o
S 271 2= A 2 el = A 20)=, HAUeIME A 2D =Eskln.

CAI=5.6738—0.0257QC+ 0.0495 UCS— 0.1299B, — 0.2858, (R>=0.70) (20)
CAT=1.636—0.0009 QC+0.0167 UCS+0.1958 BTS—0.089B, (R*=0.73) 1)

3. GIOIE| £, B4 ¥ Y4

3.1 Gj|ojg{ =2

H ATof| ARRE HolH+= B9 2ARE Bl HE S H(Alber, 2008; Rostami et al., 2014; Menschik,
2015; Abu Bakar et al., 2016; He et al., 2016; Undiil and Er, 2017; Hamzaban et al., 2018; Comakli, 2019;
Jeong et al., 2019; Majeed and Abu Bakar, 2019; Torrijo et al., 2019; Majeed et al., 2020), CAI, UCS, BTS,
EQC7} ZgtE]o] Qlt}. ERL, 7]E o] ori %= F14 5% Bi~Bs, F2H=](Cohesion, C,), 44401 A]
“(Rock Abrasivity Index, RAI)E IMYHZ do|EH|o]Aof] 7SIt

FA=BI~Bs)= A 3)~4 (5), B«2FBs= 4] (22), A (23)3 & TH(Altindag, 2003; 2010).

foiop
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0.0y
By =15 (23)
714, o= EUASAE, 0, = FEIE S HERTh

= o
Bli= 2 Aol A RHlo] AglRt ols Ale2 ffdl 2 Aol M Aofdt FAd e FE5HR1 CAIST S
= o] =E5I3ITh

y=a-o.* 0y (24)
A71A, a= Aotk A (24)2 7Pdsla oFe]l 215 2|5 T A8 RS Salste] 4] (25), 4] (261
GrEsirt,

log(y) = Alog(o,)+ Blog(o,) +a (25)

y=ol-of e (26)

of714, ASHBE Z2ke] sliARRolek SIAEA F 4 26)00 A4 HERS Hg5to] 7129 AU ekt
o} olefeh 232 Fol M TAL EAT S Gl WS ALk 4 26)9] F4- Alek 4 @7yt

o] BIE =&313(th

7228 Piratheepan et al. (2012)°] A|215}17, Moon and Yang (2020)0] 2|3t A&E73 w9 QF 17}

=2 F5Re 4] (282 o) Aptote] shgsE b5tk

C = 0.50.0, (28)
o \/ot (O'C_ 30t)

apR[ErO 2 RAIE 4 (29)25E Alitste] Hjo]efHo] Ao F715t3 ek Plinninger, 2010).

RAI=FEQCX UCS (29)
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3.2 £ GloJE] £

CAI Flo]eluo] 0] Hloleli= 302780] P2 Bh4ek, MASE, Bl2igt Al 72 Fsto] 217} 15871, 60
0, 84712 G5 Aol Slsly] Slsto] AEHE A5 BRS FESGI. CAL Hlolelo] o thel 5]2=
T Fig. 191 UERRSLOR, CAISHEQCE Alolet 4 5o] Ml o] Qpahe 1 elct,

(b) UCS (c) BTS (d) EQC

100

50

1000 2000
(h) Ba
RAIL
100-
50,
3 ‘ 0% 100 200 300
(j) BI (k) Co () RAI

Fig. 1. Histogram of features

H4E Afo] A S E451] Fig. 29} o] s|EW o2 Yepf ot A7 13 -19] 7Ph&SE A
A FAPL e 2 olnjotal AAFAIGT} 00l 717k 79 AFTAT 2FstAY gitks A olngict B
A A3} CAI=RAL EQC, Bl, 18|11 Bs =0 2 A¥HAlG7H A UER T CAISH 4= By, BE Al2fotal= &
o] ATHAIE Ho|r BIJ—}BZ% AL oS- oFet A 0 & YRtk A2 0 2 E s 7o el ARt
AZF e, o] 7|E §i40] g2 BAR= mpAl H4o]7] fiE o2 Btk

J
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05 045 051 0.056 0053 0.5 045 052 054 044 063 0
UCS- 05 0.61 0.081 036 043 0.89 0.92 092 Gk 0.8
BTS- 045 061 (7] -0.38 -0.29 [UGEN 0.81 0.86 |0.76 0.89
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B2-0.053 0.43 BOREY o0 S0 I 039 0.18 0.16 0.24 P -0.4
B3- 05 0.65 0.083 0.32 0. 1 09 094 093 .
-0.2
B4 - 0.45 [} .81 [ . REN 09 1 096 083 0.76
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Fig. 3:& 207 @1 the CAIS} 2 145 Ajo] AL 2 Lhebe] CATS} 4 710) Tl i 1
o} w19 T} bt B 3} B FStel A0S Sl 4 gict
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(d) By (e) B,

Fig. 3. Relationships between CAl and rock properties in all rock types
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CAI ThE2l 7] RHlO] i o= F-Esto] A 74| Hig= AE] .
T4/ A s ask] flste] YREA O & VIFZF10 odR] Ha= thE Ao A7 skl dre] s
7] 2ol VIFZF10 oV o] Hi-5 52 50 & A|ASIAL VIFS HHA] ERIsto] A4 H4=0] VIFZF 10 o5k 2
m7EA] REESHSITE Table 1= 4178 Q¥ 5 VIFZF10 oVdel f-E AR A fieE3 RS HERHS
ok Wm0 R*E Hlwsto] 2F4] 02 74| ollA EQCeL BI, 3MdtolA UCSeHEQC, /el BTS®t
RAL EJZ{9tollA] BTS, EQC, B, # RAIE 4753t

Table 1. Variables selected by the variable selection method along with VIF and R

Forward selection Backward elimination Stepwise selection
Variable EQC BI RAI ucCs BTS EQC EQC BI
All rock types VIF 4.95 5.54 3.93 5.04 5.52 2.78 4.44 4.44
R’ 0.47 0.50 0.50
Variable UCS EQC UCS EQC UCs EQC
Igneous VIF 3.43 3.43 3.43 343 3.43 3.43
R’ 0.44 0.44 0.44
Variable BTS RAI BI RAI RAI
Metamorphic VIF 2.83 2.83 2.81 2.81 -
1§ 0.38 0.32
Variable | BTS | EQC B, RAI | UCS | BTS | EQC B, RAI
Sedimentary VIF 426 | 474 | 5.02 | 405 | 7.56 | 5.85 | 237 | 526 -
R’ 0.64 0.63

332 wHAeEd nd
Ao MAleY REEL En] ke ndER A}O] Z12(Scikit-learn) 2}o|H 22| of| 4] A1 551= “feature

1mportances 715 59l o] ndl o= 5 240 2 Lepd 4= QJtt. “feature_importances ’ 7|

== 71046} AeE Hrtohe | /\]“Q“Q =t Eg]o] 2t EdollA] sfig 7t 7ok &
<5 (Impurity) A4S 7] 0 2 At Ews 2 e EoflA Hlofe o] F A4S Ul A3 E, =T
o] s Eole Yo R o|Folf o 2H, M40l S w5 Xttt

EERESER DS DEBERLEECREEE H] T ASRGE TS | 4R, 29 2
oA BAPL s EFHA] GFS FTAOE & e A0 o AR, B AT vlAleld 2d 717}
o W4 FRES Selely Bk ANSl] FEAR AT e 142 shelstdrkFig 4). W47} o}

70 7 dAlsl= mdl o] HxbA.S 1fsio] AFQ] 471 2] M-S mley o] Ql2wMag AASHIct 254
02 CAI YIEEE2 A =54 BTS, EQC, B; & RAIE SHIll4+=UCS, EQC, B; 2 RAIE A
A= BTS, EQC, C, ¥ RAIE E|Z]Yol| A= EQC, B, B, ¥ RAI W2 A1A51ck
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Average Feature Importances
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Fig. 4. Variable importance in the CAl prediction model in all rock types

o5 RHle] s ERIsh7] flsto] WA HlolelE oka-83 A58 829 vla = Wit Rdle] 45 3
7} 2| 3= AAAGR) 2t AlE 22K Root-mean-square error, RMSE) S A8 R*= Elo] Ay
2o = siAE, oS o] A gks dvit & A 4= Q=AlE LRIt dubs o g RP= 00114 1410]
O Zh& 7AW, o] gro] 19 2 T5 o] A eo] w2 EE U= Sfnfeitt. RMSE= S22 9] o5 2k
T AA| 7] 2ol 5 0] 83 A& A2 Tekshs 2| HolH, Aut 0 7 2|7} 2 o] sl T
TRt} melo] og dvt dlolE o] sfiElofut Aol ke Hake 2|4elslr] el 53 wAbHSS aste] 570
7R 20| Hatghe 21E WA 2 L85

T @ 3|4 9] A3H= Table 22} Fig. 501l YFERH ST

Table 2. Summary of cross-validated results from multiple linear regression analysis for CAl

) Train data Test data
Rock type Input variables 5 3
RMSE R RMSE R
All EQC, BI 0.72 0.50 0.73 0.48
Igneous UCS, EQC 0.68 0.45 0.70 0.37
Metamorphic BTS, RAI 0.63 0.38 0.65 0.24
Sedimentary BTS, EQC, B,, RAI 0.54 0.64 0.59 0.53
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6 Linear Regression 6 Linear Regression
« training data, R? = 0.50 « training data, R? = 0.47
A testdata, R2 = 0.47 o 4 test data, R2 = 023
4 a L A 4 IR
—_ - - )
5 Se e ; . A e ‘j DY Jrod & g A
= ERNL, s P SRR T s AT I
g3 g W gs R LA
g P TP Y1) A IO g *a o’ W 4
o - e S NP ) u". o 0,
& a oy o Fisiw B = o WAh. N g
2 L waTEie 4 2 N
e "l e e ®e . o
- . LYY * -
1 . 1
o ‘it
00 1 2 3 4 5 6 0II 1 2 3 4 5 6
Measured CAI Measured CAI
(a) All rock types (b) Igneous rocks
6 Linear Regression 6 Linear Regression
+ training data, R? = 0.41 « training data, R? = 0.64
5| 4 testdata, R?=0.30 5 5| | W oSt date RP=0BS
oy ) 4 . ’
2 o :
3 TN i E Lo
g3 b oo gt gt a g3 fulh .
-“'E 4 oy ! [ ‘ (] F“-E i P
=¥ 2 ol 2 - .': . v
xR %
vy . ..
1 Le, A &
0
0 1 3 3 1 5 6 % 1 2 3 VR T
Measured CAI Measured CAI
() Metamorphic rock (d) Sedimentary rock

Fig. 5. CAl multiple linear regression analysis based on rock types
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CAI=0.09B75+0.01EQC+2.46 B, + 0.006 RAI— 1.49 (R?=0.64) for sedimentary rocks
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Fig. 6. Results of comparison between measured and predicted CAl for machine learning models in all rock
types
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Fig. 6. Results of comparison between measured and predicted CAl for machine learning models in all rock
types (continued)
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Table 3. Performance evaluation of all CAl machine learning models

Train data Test data
Rock type Model 3 3
RMSE R RMSE R
Decision Tree 0.62 0.62 0.74 0.45
Random Forest 0.37 0.87 0.71 0.50
Al Extra Tree 0.65 0.59 0.72 0.48
XGBoost 0.59 0.66 0.71 0.50
Gradient Boosting 0.55 0.71 0.70 0.51
AdaBoost 0.60 0.65 0.71 0.50
Decision Tree 0.63 0.53 0.71 0.35
Random Forest 0.26 0.92 0.67 0.43
Extra Tree 0.59 0.59 0.68 0.41
Igneous
XGBoost 027 0.91 0.66 0.45
Gradient Boosting 0.38 0.82 0.68 0.42
AdaBoost 0.37 0.84 0.67 0.44
Decision Tree 0.62 0.41 0.67 0.20
Random Forest 0.48 0.65 0.66 0.25
. Extra Tree 0.62 0.41 0.68 0.20
Metamorphic
XGBoost 0.33 0.83 0.69 0.19
Gradient Boosting 0.23 0.92 0.69 0.17
AdaBoost 0.39 0.77 0.64 0.29
Decision Tree 0.21 0.95 0.63 0.45
Random Forest 0.23 0.93 0.59 0.53
. Extra Tree 0.50 0.70 0.63 0.47
Sedimentary
XGBoost 041 0.79 0.60 0.52
Gradient Boosting 0.38 0.82 0.65 0.43
AdaBoost 0.21 0.94 0.56 0.57
4.3 M3H A9} s Hlud

2 Aol =5 CAI A3 2 AEA Ry} 24 9] Rl 2 A% Gradient Boosting X2} 4138

A7
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6Performance Comparison of CAI Prediction Models
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Fig. 7. Performance comparison of CAl prediction models

Table 4, Summary of CAl prediction models

Reference

Model equation

RMSE

Sun et al. (2019)

CAI=0.9961n(RAI) —0.656

0.99

Undiil and Er (2017)

CAI=1.659+0.000546 UCS+0.0991BTS

0.90

Kadkhodaei and Ghasemi (2019)

CAI=0.623RAI™** < UCS™™

0.79

Jeong et al. (2019)

CAI=0.6 EQC"* < BJ"®

0.87

This study LR model

CAI=0.02EQC+0.68B1—0.58

0.72

This study ML model
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