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Applicability Analysis of Empirical Methods for the Calculation of
TBM Advance Rate

Man-Sup Cho, Dong-Chan Woo, Kyung-Kon Kim and Jin-Moo Lee

Abstract In order to introduce to engineers the suitable calculation techniques of TBM advance rate (Ad.) and
ultimately promote to understand the designing process, this study was carried out. We analyzed the 17 bored data
of TBM which applied to the roadway and water supply tunnels in Korea. From this analysis, it was able to know
that the average utilization is 30.83% and the correlation equation of Ad and TBM's diameter (D) is
Ad(m|month) = 506.05 - e "% D then the correlation coefficient (R%) is 0.76. In the object of the W tunnel
of Seoul-Busan highspeed railway, the Ad of TBM 5.0m@} was analyzed by the variety of empirical models and
upper correlation equation. Average Ad of the empirical models was calculated to be larger than one of the upper
equations. But considering only the results of 3.0~ 5.0m@ TBM in the 17 bored data, the average Ad by the models
belongs to the similar range of bored data. Therefore, when the reliability and representative of parameters are
decreased, a reliability test should be carried out through the comparison a variety of empirical models with the
upper correlation equation.
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Table 1. A variety of empirical models to calculate the penetration rate.

Parameter Proposer Year Correlation Note
Graham 1976 i, = (3U0XF,) [ oy 140 < O , < 200MPa
) F\Y [ 906
Unconfined Hughes 1986 i, = 1.667<—GC/) (2)
compressive —
strength Tarkoy 1985 Pe = —0.909In(s) + 7.2349
Yuwon O o (kgf/crnz) 1,5000ver |1,300~1,500|1,000~1,300| 700~1,000 | 500~700
Construction Co. io(mm/rev) 23~27 27~32 32~38 3.8~42 42~47
Tensile strength| Farmer & Glossop | 1980 o = (BUF,) | 0. Prefer to soft rock
Korea Instltl}te of 04 < 60MPa
Construction 2002 Pe = 0.0322Hp + 1.549 p REM)
imited by RBM
Rebound Technology
hardness Tarkoy 1973 Pe = 41.245¢ "W 1
Bamford 1984 The correlation was resulted in the negative trend
amior between rebound hardness and Pe
Acberli & Wanner| 1978 The correjla.tion was resulted in the positive trend|It v.vas studied for the just
. X between joint sets and Pe 4 limestones
Joint properties
. It was shown the relation between strike orientations
Sanio 1985 . . .
of joints and tunnel axis
The correlation was resulted in the negative trend
Total hardness Tark 1973
otal har arkoy between the total hardness and the Pe
io : Net penetration rate (mm/rev) 6,y . Tensile strength (MPa)
Pe : Penetration rate (m/hour) D . Disk diameter (m)
Fn : Thrust per cutter (kN) Hz : Average of rebound hardness
Ocr - Unconfined compressive strength (kgf/cm’, MPa) RBM : Raise Boring Machine
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Table 2. Average utilization and TBM diameters of domestic tunnels.

Types Project title TBM diameters | Average utilization(%) Note
6.8m@) 336
H. I
8.0m@ 29.3
Roadway tunnel
4.5m@ 27.9
J. R
5.0m@ 333
JA(A, B, O 3.5m@ 27.4, 37.6, 30.0 1. Total average utilization: 30.83%
U S 3.5m@ 27.1 2. Generally adopted utilization for
B. A. 5.0m@ 31.4 design: 33.0%
Water supply tunnel K. K. 3.0m@ 36.4
S. D. 5.0m@ 26.7
P. H. 3.5m@ 34.0
Y. D. 3.8m@ 26.0
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Fig. 1. Rate of exhausted time.
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Table 3. Laboratory and in-situ test results.
Rock samples Section 1 Section 2
. - Note
Properties Shale (UH) Andesite (UF) | Granite (UB)
Sc (kgfiem?) 680~1,380 240~1,810 920~1,750
St (kgf/em?) 70~130 45~150 110~170
Content of Qz + Fs (%) 56.8 55.0 91.2
Brittleness value (Sa0) 47.0 31.7 14.7
Sievers’ J-value (Sy) 67.4 6.1 24
DRI 57 29 35 see Fig. 6(a)
Strike angle of joint (a,) N76°W Nit°w N54°E
- e of ioi A The tunnel of axis
ip angle of joint () 15 15 3 direction (a,) is N3°E.
Joint spacing 12cm 16cm 65cm
Joint orientation (&) 14.7 3.6 39.0
Joint class [1]- [+ [0-1]~1]
Fracturing factor (Ks) 1.90 1.40 1.20 see Fig. 6(b)
Here, * Sc : Unconfined compressive strength * St : Tensile strength * Qz : Quartz
+ Fs : K-Feldspar
» Drilling Rate Index(DRI) is classified as follows ;
Category Extremely Low |Very Low| Low Medium | High |Very High|Extremely High
DRI <25 26~32 | 33~42 | 43~57 |58~69] 70~82 82 <

« Joint orientation () is the angle between tunnel axis and the planes of joint and calculated by follows equation;

@ = arcsin(sine;, - sin(a;— ay))

= Joint class is divided from the joint spacing as follows;

Joint Spacing 160cm

80cm 40cm 20cm 10cm

0-1

[

Joint Class 0
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The NTS TBM Performance Prediction Methodology

Intact rock tests Joint or Fissure Machine Charateristics
* Britfeness west(Sy) * Fracture class (Sp)(S) * Gross Average Thiust per Cutter (Mg)
* Severs J vatue(S;) * Angle Betwesn tumnel axis and * Correlation factor for cutter diameter
weakness planes (o) (Mg
* Correlation factor for avg cutler
spacing (M,

\ \
Driling Rate Index (DRI) II Fracturing Factor(K,)

[ |
Y

Correction Factor for DRI(Kpr1)

Y \

Equivalent Fracturing Factor(Ke) i
Keav = Kotot X Kpmi Equivalent Thrust (M)
l ]
Y
Net Penetration Rate (i) (mm/frev)
Penetration Rate (Pe)

Pe(m/hr) = i, x RPMx(60/1000)

Fig. 4. Flowchart to calculate the penetration rate by NTS model.

90~ 181MPa = 3.27~6.50mm/rev
» Hughes(1986):
i, = 1.667(Fn /09" x (2/D)"*
1.667x(150 / 90~181)"? x (2 / 0.483)"°
= 3.56~5.05mm/rev
+ Tarkoy(1985):
Pe = -0.909In(g) + 7.2349
-0.909 In(90~181MPa) + 7.2349
= 2.51~3.14m/hour (i, = 5.23 ~6.54mm/rev)
« FHAMd(Table 1 =)
i = 2.5~4.0mm/rev

() FEAF}E 95 FYE A3

« Farmer & Glossop(1980):

ioc = (624/Fn) /ox = (624 x 150kPa) / 9~15MPa
= 6.24~10.4mm/rev

@ HA= ¢ YL 4F
» Tarkoy(1973):
Pe = -0.066Ht + 12.316 = -0.066 x (120~140) + 12.316
= 3.08 ~4.4ft/hour(1.93 ~2.75mm/rev)
(& HAT BPdete] AEUSHAEE o83t &
AEE AMYEIEa, 120~14008 2%)

(b) Sievers’ Miniature drill Test (S;)

Fig. 5. Tests to induce DRI (after Norwegian
Tunnelling Society, 1998).
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(c) Net penetration rate (i)

lling Society(1998))

Fig. 6. Diagram for calculation of penetration rate (i,) of W tunnel. The characters of UH, UF, UB and black points were

plotted from the test result of specimens in Table 3.

Table 4. Calculated results of penetration rate by NTS
model for the samples.

Shale (UH) |Andesite (UF)| Granite (UB)
io (mm/rev) 72 5.7 5.4
Pe (m/hr) 3.46 2.74 2.59
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Table 5. Summary of calculated results of the average penetration rate by the models.

Unconfined compressive strength 4]
NTS Tensile strength| Total hardness
Graham Hughes Tarkoy Yuw?n ¢
Construction Co.
io (mm/rev) 54~57 3.27~6.5 | 3.56~5.05 | 5.23~6.54 2.5~40 6.24~10.4 1.93~2.75
Average 5.55 49 43 59 325 8.32 2.34

Note: Average net penetration rate which was excepted for the minimum and maximum values of empirical models is about

4.59mm/rev.

Table 6. Summary of calculated results of the average advance rate by the models.

io (mm/rev) RPM Pe (m/hour) Utilization (%) Ad (m/month)
30.83 360.7
@ NTS model 5.55 2.6
2 33.0 386.1
30.83 305.2
@ Empirical models 4.59 2.2
33.0 326.7
@ Average Ad (m) per month by TBM diameter at domestic (see Fig. 2) 283.1

% It was supposed that the working time is respectively 18hr/day and 25days/month.
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