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Abstract

Underground excavation using TBM machines has been increasing to reduce
complaints caused by noise, vibration, and traffic congestion resulted from the
urban underground construction in Korea. However, TBM excavation design and
construction still need improvement because those are based on standards of the
technologically advanced countries (e.g., Japan, Germany) that do not consider
geological environment in Korea at all. Above all, although TBM performance is a
main factor determining the TBM machine type, duration and cost of the construction,
it is estimated by only using UCS (uniaxial compressive strength) as the ground
parameters and it often does not match the actual field conditions. This study was
carried out as part of efforts to predict penetration rate suitable for Korean ground
conditions. The effective parameters were defined through the correlation analysis
between the penetration rate and the geotechnical parameters or TBM performance
parameters. The effective parameters were then used as variables of the multiple
regression analysis to derive a regression model for predicting TBM penetration rate.
As aresult, the regression model was estimated by UCS and joint spacing and showed
a good agreement with field penetration rate measured during TBM excavation.
However, when this model was applied to another site in Korea, the prediction accuracy
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was slightly reduced. Therefore, in order to overcome the limitation of the regression model, further studies are
required to obtain a generalized prediction model which is not restricted by the field conditions.

Keywords: TBM performance, Penetration rate, Uniaxial compressive strength, Rock mass properties, Regression
analysis
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Table 1. Review of various performance prediction models

Predicted parameter Researchers Ground factors Machine factors
PR Graham (1976) UCS Cutter force
PR Farmer and Glossop (1980) Tensile strength Cutter force
PR Tarkoy (1986) ucCs -
PR Hughes (1986) ucs %ﬁiiﬁi;;
Cutter spacing,
PR (Rostamiceil(\i/[(;nz(c)lifrllir, 1993) UGS, Tensile strength Cuttef?z:zizpcvﬁgil ’force,
TBM diameter, RPM
UCS, Drilling rate index (DRI), Cutter force, RPM,
PR NTNU (Bruland, 1998) Joint ﬁeI:]Ill;::llzjlra(r)liij;:ilritsgséntation, Cuttcel;t:;esgifilrsllipe,
Porosity Installed cutterhead power
RQDy, In, Jr, Ja, Jw, SRF,
Rock mass strength,
PR QTBM (Barton, 1999) Cungugrf:’zlg:s;ﬁfLI)’ Cutter force
Induced biaxial stress at the face,
Porosity
RME UCS, Abrasivity, TBM diameter,
PR or SE (Bieniawski von Preinl et al., Rock mass jointing at the face, Cutter thrust,
2006) Stand-up time, Water flows RPM and torque
Peak slope index (PSI),
PR Yagiz (2008) a angle, UCS, -
Distance between plane of weakness
FPI Hassanpour et al. (2011) UCS and RQD Cutter force, RPM
FPI Hamidi et al. (2010) UCS, RQD, Joint condition, @ angle Cutter force, RPM
Friction force,
FPI or Pe Delisio and Zhao (2014) Jy, UCS Applied thrust force,
Diameter of TBM
Pe Benato and Oreste (2015) UCS, GSI Fn

FPI: field penetration index (kN/mm/rev)
PR: penetration rate (m/hr)

Pe: penetration depth (mm/rev)

SE: specific energy (kJ/m’)

J,: the volumetric joint count
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Table 2. Properties of the rock located in the site passing through the tunnel

Unit weight Elastic modulus o
Rock type (kN/m?) UCS (MPa) (GPa) RQD (%) RMR
Soft rock 23 14.7~95.3 30.3
36.9 48.5
Hard rock 26 20.1~97.3 39.1
2.2 Q|

Vd@7gol FAE d= TBM FHl= @78 AA oA a6k 71A12] @700f 5H ZH=et AAkE- AH]olH
3.4 mo] EgAgte] 28 7153k o|EQFA](Earth pressure balance, EPB) ] 0|t}, o|EQFAS =2} A
S| =0 oJsf] HAtE EAPFHHE Aol d=Ao] ofsl 71t o] 2P Bttt g2 o F A Bh qF
g FAISh= A1 9] | ol H. Table 32> F % H] 2] Al ¢S QoFt olt}. = TBM HHl= 2 800 kN
o] F& 7Iok= 1271] A=EAo] 2f 1,750 mm 2] AE & F(stroke)2} 9,600 kN 9| 5528 71l 4= Qlet. 7
B =0 2|t 2134 9.0 RPMO] L, 2|t EF4= 1,250 kN - mo|th. AES=ofli= ot Hake 9] 273
350 mm ] 3= BQ(face cutter 71%) 2] HI2T7E7} 262 2= o] Ak ABSI=2] Tle2 18%°]H-

Table 3. Specification of EPB shield TBM

Item Description
TBM type EPB
Excavation diameter (mm) 3,410
Length of the machine (mm) 8,600
Max. thrust force (kN) 9,600
Shield jack stroke (mm) 1,750
Max. cutterhead torque (kN - m) 1,250
Max. RPM 9
Number of disc cutters (EA) 26
Disc cutter diameter (mm) 350
Opening ratio (%) 18

3. HlojE] 5

SRS flell @3 ARt = ot =2 ] B2 H A (blackbox)of| 7155 = 7| At o6& 4513 4]
HIo1Z1= Table 19]] A2]H A8} dj=melo] . olA2 Hlelo & o} AAo|| A 427 71sot A=k by
Al RQD, RMR B! H27HA ()& o] 85131t 2H|o|el= 558, Sd&:, B 5ol 9lom =%l X
El= BeHH oA A5 0 & AE 7155 = HlolEE fFAITTHE § 40](2F 1,200 mm) {FH o= J?i’fﬁ}oq
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Table 4. List of a database for statistical analysis

Geological and ground properties TBM operational parameter

Uniaxial compression strength, UCS (MPa)
Elastic modulus, E (MPa)
RQD (%)
RMR
Joint spacing, J; (cm)

Penetration rate, PR (mm/rev)
Thrust force, TF (kN)
Rotation speed, RPM (rev/min)
Averaged torque, 7q (kN - m)
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Fig. 2. Variation of the penetration rate with the geological strata
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Table 5. Empirical models for predicting TBM performance based on UCS
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Fig. 3. Comparison between measured and calculated penetration rate
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Table 6. Prediction models estimated by regression analysis

Parameter Model 1 Model 2
In(log(J,)) -25.4 -25.7
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Y-intercept 31.32 34.68
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Predicted R 50.0 61.3
Residual error 27.1 18.9
100 100
80 ° 80 S
= °pg Do =
£ ° m %m% E ot
£ 60 %ﬂm;@%m Ee{ m
14 A Oog a o o o [v4 a
a Mo, DA o [9[&
o A A °
% 40 20 o AZO % 40 1 A o Thit
= A A . = o This paper
k3 . o§¢ J o This paper K 8 %ﬁ o Gramham(1976)
o e o 2 o °
| R o Gramham(1976) i M
20 °n’ o o 20 AHughes(1986)
AHughes(1986) g
®e o 0 Tarkoy(1986)
O Tarkoy(1986)
0 : : : : 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Measured PR [mm/min] Measured PR [mm/min]
(a) Target site (b) OO site

Fig. 8. Comparison of the linear relation between predicted and measured penetration rate
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