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Abstract

The use of shield TBM is gradually increasing due to the urbanization of social
infrastructures. Reliable estimation of advance rate is very important for accurate
construction period and cost. For this purpose, it is required to develop the prediction
model of advance rate that can consider the ground properties reasonably. Based on the
database collected from field, statistical prediction procedure for field penetration
index (FPI) was modularized in this study to calculate penetration rate of shield TBM.
As output parameter, FPI was selected and various systems were included in this
module such as, procedure of eliminating abnormal dataset, preprocessing of dataset
and ridge regression with best subset selection. And it was finally validated by using
field dataset.

Keywords: Field penetration index, Statistical prediction procedure, Prediction
model, Best subset selection, Ridge regression
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PAF2] FAA ASEAE BES} ot} okl E5], M= o
o =2S Kt A 7]7] YallA] FAFEEATHS 1815 53 5] 7 (Ridge regression) S Aot E5h 1%

Table 1. Summary of TBM performance prediction models

Model Predicted value Machine parameters Rock mass parameters
F d . .
Glozrsr;l;r( ?38 0) Penetration rate (m/h) Cutter force Tensile strength
Hughes (1986) | Penetration rate (m/h) Cutter force Uniaxial compressive strength
NTINU Penetration rate (m/h), Cutter force, R'PM, Cutter spacing, | Uniaxial C(?n%pressive s.trength, DRI,
Cutter size and shape, Number of joint sets, Joint frequency,
(Bruland, 1998) Advance rate (m/h) . . . .
Cutterhead power Joint orientation, Porosity
Chae et al. . Number of cutting per revolution
Penetrat te (m/h . . ’ -
(2005) enetration rate (m/h) Penetration per revolution, RPM

Uniaxial compressive strength,
Cutter force, RPM Volumetric joint count,
Brittleness index, Joint orientation

Gong and Zhao Bore-ability index
(2009) (kN/cutter/mm/rev)

Hassanpour Field penetration index Uniaxial compressive strength,
Cutter fi RPM . .
et al. (2010) (kN/cutter/mm/rev) utter foree, Joint spacing

Uniaxial compressive strength,
Satar Mahdevari Penetration rate (m/h) Specific energy, Thrust force, Brazili?n tensil§ strength,

et al. (2014) Cutterhead power and torque Brittleness index,
Joint spacing and orientation

O]"ﬂ}«] Bore- ab111ty— TBMJJr O]"ﬂ}ﬂr«] ATZ —8-_4 731—}‘ T 0 2 Yehf= A Bt & 4= 9t 71E

FPI =

AZVA, F,(EN/ cutter)y 8 2F88, P, (mm/rev)i= FEISI=7F 9HA Sdsh=t]] #lH Zo], = ¥zl
olo|H, FPI(kN/cutter/mm/rev)= QAU G =, 2719 Holld-S oJns}) =
A7 S 7oA @9l o] G AdtHE o2 =& 7E 2gElo] Q4% uf2e] AH|e] =%lo] oA

_— —
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l50] 7Hssital &4 2lch(Hamidi et al., 2010). 12t A =2] B3 Rt #{E] 2182 B RPM
T} Zo] 4= TBM O] 27180 T3 FoFa n|Al= a4-0)7] "ol EF0] Foke et 7t 57k o=
Pasiha g 4 9k
AT HE TBM9J 718 2F-8-2 3 RPMo] A A0l A7 o] = oS TGS AF8-st
of th&9] A (2)°F Zol 2Xle M= 7Fs e 4= k.
F, « RPM
) — 2
R TP 2
Table 2. Results of statistical analysis and R squared (R?) suggested by Hassanpour et al. (2009)
R squared (R?) R .
Characteristics of rockmass Parameters PR EPI ceression
P, (mm/rev) type
(m/h) ' (kN cutter/mm/rev)
Uniaxial compressive strength 0.634 0.445 0.697 Log
Spacing (m) 0.533 0.342 0.639 Linear
Joint frequency RQD (%) 0.431 0.277 0.636 Linear
K, tot 0.381 0.280 0.344 Log
Basic RMR 0.377 0.172 0.571 Linear
o RMR 89 0.550 0.311 0.688 Linear
Rock mass classification systems ;
GST 0.506 0.300 0.669 Linear
Q 0.394 0.263 0.624 Linear
Q. 0.563 0.417 0.718 Linear
0, (MPa) 0.550 0.339 0.718 Linear
Rock mass strength parameters
UCs,,, (MPa) 0.559 0.423 0.709 Log
RMCT 0.621 0.447 0.748 Linear
Mean 0.508 0.335 0.647
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Table 3. Summary of statistical indicators

Applicable condition Evaluation method Indicators
. Indirect R?
The same number of input parameters -
Direct Train RSS
' . Indirect C,, AIC, R,
The different number of input parameters
Direct CV MSE

3.2 A2 5 714

olgdQlzte] HEAFES Mefshe thilof p7ie] QJ2RIALE ik ALsto] |28 el o2 L3
3]¥(Hoerl and Kennard, 1970)7} 2It}. o] 7' AE-0] 72| SK(Regularization)2h= WH-& AR&-oto] o5
O] APFAHAE 0.0 & F-H5H 0}‘11 ol B RIS ARESHHA thsaAld B HEo] dfjAeto s
At A4 H to] AR BRI 2 As] 29 2= 9l A1 0 & oA THJames et al., 2014). =, Tlo]E]H]
o|A7} ZaRt WAEE L A4S 2)7F Wi v @742 WAIste] =2 A58 Aok A
(Robust)et &g 75 = Sl
S8 A FHRSS)S FAsohe H ARGl Lambda(\)2He Zdnten|e 2 $71510] theo)

_ISEO

A (32 WEShe 202 SHE | ApFR) 5 S AR 4 ol
~ridge . S ~\2 2 2 . S 2
B = Argmin Z (yz- — yl;) + A 2 B = Argmzn(/j) RSS + )\ Z f3; 3)
i=1 j=1 j=1
SA71A, y,, g 717 EEIAYS] T2 3, o2 GES BEalo, n T} p 27} lolE] 4, delelafe] 42 ofn]
Slek, 220 A2 AR e Adkelate] 54 HRAsle] thslo] CV MSEZ} 47} 5l gho @ 28 5

e of= 4.3 A ZHA8] A=]skrt.

4. HIHA A L O)2EY 72
4.1 HIEHZ| HIA

FRollM g5t HloleAl o] G2 B G ek & Qi o= Tes] JEAE AR dET 7
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FRol2E 2etoh= 97491 a1t SR o] o] 2= HolHE BT ofud 4= Qlrk. Tes] 9
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Zrof| A 253t glo|ejAl o] B Q 9t =418 F0]| 172} Cousineau and Chartier (2010)E FFalsto] Eo
AGFA2e &= = FF(Influential point)= HI/GA| 2 IHEsp7| 2 A9 o7]&
2 Foi7l 22Hd S| AR HO] B, y 5 WS o] v 02 oA Al HE oJnlshH, Al
=7 J5HA REE= o] BAlLS deFidolet A ofeitt. 2 Aol ARt iy o] efo . migkE e H] A
Wdet BHAE Ag] K-Bt SEAEE 52 E-85to] HIEAIE e 5 ol A 0= d2lA Qltk(James
et al., 2014).
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BAFAE AR BEeRIALE QB2 RIA e} 61, DFFITS & FEEsiiafet 2 22il& T2
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Table 4. Summary of three indices for diagnosing abnormal data in this study

Applied indices Symbol Thresholds
Outlier Externally studentized residual r |rf| > 2.0
. . . 2
High leverage point Hat matrix value hy; hi; L
Influential point DFFITS DFFITS, | DFFIT,| > 24/ 2
) n

4.2 Ho[e] 2|

ST HH] AL @71 Sl A PRIl et Aalolof Sict. QIR ARG A
Hrelzte] Bole 717] thz ] el 2ei9lxete] kol AR Hlulg Q1RiQIAr et Alrao 2 A
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out cross validation (Loocv)S 2-85}%tt.

Fig. 1= mto]4d = 27 1o](Sanner, 1999)5 AH83F @ATUR|FO] FAH dSHxE dgjEoe =z
LERH Zolt}, W] Ao A 53t HloJeHlo|AE A=ishH SA1Z] dajo] wet H[gd2] o F-& st
Ho} 1 o0 & 24 2)(Preprocessing) & &2 12t HIo[ElE o]-85to] Y= E71(80%) E HIAE(20%)
Hloel 2 Uheth 8 Hlo|H= 2V/F-EHEAAHS 112t 53 2] Fh Aol ARG o] E] AJ A of wet ARE-
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Input data obtained from field

|

Diagnosis of abnormal data

|

Data preprocessing

I Training datal I Testing data l—

b= ~, Ridge regression analysis
________ - with best subset

|

Establishment of best model

|

Evaluation of best model —

Fig. 1. Statistical procedure for the prediction of field penetration index
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7} S0l S FAO TS oM ol oA}l FRELE Aol 7|Q1sk= A o & THE|QIt 109
tlofEl= 2 22 FFloll= SokA|T BolHofl= s ] 7] whzol 240l 1oi= 2-8% it
Table 5. Summary of dataset obtained from field
Parameters N Minimum Maximum Mean Std.deviation
UCS (MPa) 25 20.15 95.26 51.81 21.06
TCR (%) 25 94 100 99.56 1.53
RQD (%) 25 47 100 77.16 18.28
RMR (%) 25 54 84 68.6 8.78
Lv 25 0.01 15.89 1.95 3.37
Ar (%) 25 0.12 291 0.54 0.66
Ev (m/sec) 25 3,748 5,252 4,629 456
Dm (MPa) 25 14,821 77,036 41,445 17,852
Thrust (kN) 25 1,532 3,454 2,718 528
RPM (rev/min) 25 7.07 7.26 7.17 0.04
FPI (kN/cutter/mm/rev) 25 12.47 68.74 33.38 15.49

Lv = Lugeon value; Ar = Absorption ratio; Ev = Elastic wave velocity; Dm = Deformation modulus

Table 6. Specification of shield TBM applied to field

Specification of TBM
Type EPB shield TBM (upgrade)
Machine diameter (mm) 3,330
Cutter diameter (mm) 350 mm
Number of disc cutter 26
Total thrust (kN) 9,600
RPM (rev/min) 9

qh, VAT TR SRS AAISH] 18 A oF0-3 HSIelM 307 2O de A
etlom, v A7 A7 25719 Hlo B E B2 FAEA}] the 241& AASIITE 1 27 RMR, ©
Aut & Fol5)4g, FAZro] ARkIALe] Fte] HEFlo 2 BAR|g) o o]59] 3o 2 \o| = CV
MSE?| H#2}5015 Fig. 30 HEFHIE. A7F0ollA AA 8] 5715 CV MSEZHH #451tt710.204 < f
422 e, o]2 7]Z0 2 thA] Z7lsl= 43RS Btk OV MSEZF ke 771l tisiie ok
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Table 7. Results of model testing with arbitrary partitioning of dataset for Case (1~5)

MAPE (%)
Case Best subset Best subset + Best subset CV MSE A
Least squares . .
selection Ridge
1 24.7 18.95 13.309 TCR, RMR, Lv, Ev 0.037 0.204
2 35.645 23.943 23.737 TCR, RMR, Ev 0.029 0.06
3 35.069 27.826 27.232 TCR, RMR, Lv, Ev 0.036 0.168
4 14.279 14.659 14.32 TCR, RMR, Lv, Ev 0.040 0.206
5 9.263 7.73 7.957 TCR, RMR, Lv, Ev 0.040 0.168
Mean 23.791 18.622 17.311
Std.dev 11.938 7.866 7.94
g 1 Aol A PR RS Tejet5R e AR DS vlis)] Hls) H4AlE TE T ARy a
ENkS 2839t ATE oA UYEUigit B YRR JaAlwEE A-83S w o] Bk MAPE=23.971%
O] RAFE eI 2Rt ® e 2P dRER S et 52 E oA = B MAPEY}
2ol 21 BeIgH 5 I Z, PR Tt 587t 2B R 6.48% H 219k, 2
FEAGAEECR= 1.311% B W2 B MAPES H9-2 SR1E 4= QIG1Tt:
7. g %
2 A7 AE TBM O o238 AP 915l @74 TlloleHo| A5 7|Hhe 2 il x|4-2] SAIA di54
A5 BEHo 2 At 4 Qg BES) skl BARAIE Solol BYTUASE FUUAR AHoIST,
HIZd2] AlA 2 A 2] 122 2FR-Ezdete] a2 H 5327 52 Haol Zgselth T3t HIAE Hlolg

1. = 4=+ dloTef o] vl gA] Aol 75 ARt 23, 52771 5 7 71l HloH (21 9 26 )0l A S0l
T FFE S TSR oM o= FHl 9] oAl 2EE ghaol] 7|15k A C = I .
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