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Abstract: The dynamic derivation of dense core at the cutter bottom seriously affects the rock-breaking mechanism of disc
cutter (hereinafter referred to as cutter), and then affects the tunneling efficiency of full face rock tunnel boring machine (TBM)
to a certain extent. Referring to the H. Alehossein blunt wedge indenter rock penetration model, the derivation phenomenon of
dense core and the complex stress field around the dense core area is investigted, and a constant cross-section flat edge disc
cutter (hereinafter referred to as cutter) rock penetration model is established based on the cavity expansion theory and discrete
modeling idea. Then, taking the vertical force and dimensionless average contact stress as the performance evaluation indices,
and selecting the geometric dimension parameters of the blade section of the cutter ring and the physical and mechanical
property parameters of the rock as the variables, the ten-factor and two-level Li2 (2!') orthogonal tests are carried out. It is
found that the blade width and penetration depth are the most sensitive factors. After that, the change characteristics of

dimensionless contact stress at the cutter ring bottom are analyzed. It is found that because the dense core phenomenon is

considered in the model, the stress of the rock under the
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engineering practice. Finally, two kinds of rock samples with
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different particle sizes are selected, four kinds of indenters are prepared, and the verification experiment of the theoretical

model is carried out using the TRW-3000 rock breaking tester. The results show that both the cutter width and the penetration

depth are sensitive factors for vertical force and dimensionless average contact stress. Because the dense core phenomenon is

included in the assessment, the rock stress level at the cutter bottom is obviously greater than the uniaxial compressive strength

under the intrusion of indenter. The maximum prediction error of the proposed model is less than 10%, which shows that it has

good accuracy.

Key words: dense core; TBM disc cutter; orthogonal test; cutter-rock contact stress; cavity expansion theory
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Table 1 List of Li2(2"") orthogonal level
KT (EaE 17w J170f RLERIGE @RIk WEEEM B BURSRE PuiaRiE sUUIshRE
A/mm B/mm C/I(° ) & D/mm E/mm FI(° ) G/I(° ) H/MPa I/MPa J/MPa

1 1.0 4.5 5 2.3 108 45 15 97 7.2 15

2 1.6 8.5 10 6.9 216 55 25 137 8.2 25
%2 MESHE (EENF)

Table 2 Range analysis table (normal force F )

T H A B C D E F G H I J 5
Ki 496.59 609.07  676.11 65722 54792  697.65  602.71 63123 65054  661.67 67391
K 824.04 711.56  644.51 663.40 772770 62297 71791 870.77  670.09 65896  646.71
ki 82.76 101.51 112.69 109.54 91.32 116.27 100.45 105.21 108.42 110.28 112.32
ko 137.34 118.59 107.42 110.57 128.78 103.83 119.65 145.13 111.68 109.83 107.79
Rj 327.45 102.49 31.60 6.18 22478 74.68 11520 58.16 19.55 2.71 27.20

H: A>E>G>B>F>H>C>I>D>J,
xR 3 MESHR (TRRERES 0 )
Table 3 Range analysis table (dimensionless contact stress Gr'n )

TiH A B C D E F G H 1 J 5
Ki 7.82 10.36 8.89 9.59 8.88 9.23 8.06 9.96 9.32 9.17 8.97
Ko 10.27 7.74 9.2 8.50 9.22 8.87 10.04 9.99 8.78 8.93 9.13
ki 1.30 1.73 1.48 1.60 1.48 1.54 1.34 1.66 1.55 1.53 1.49
ko 1.71 1.29 1.54 1.42 1.54 1.48 1.67 1.66 1.46 1.49 1.52
Rj 2.45 2.62 0.33 1.09 0.34 0.35 1.98 1.83 0.53 0.24 0.16

1¥: B>A>G>H>D>I>F>E>C>J,
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Fig. 6 TRW-3000 rock-breaking test machine
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Table 4 Cross-sectional size parameters of indenters

s 2a, /mm 26,/(° ) 7, /mm r /mm
Cl1 6.5 20 1.75 108
C2 11.3 13 2.80 216
C3 11.7 18 5.70 216
C4 13.0 20 3.50 216

7 RIGFT AR EEEE
Fig. 7 Sections of columnar granite used in tests
*5 0.5 MPa BE TAAREYIENFHRESH R

Table 5 Mechanical property parameters of rock samples under 0.5

MPa confining pressure

o4 wpE A PiE bl BE AR K
B HE PR GRS VA A bid
/GPa H  /MPa  /MPa /MPa /(°) /()
Rl 4194 018 13681 819 2225 52.73 20.08
R2 4174 0.5 9743 725 1659 5412 2175
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Fig. 8 Dense core morphology of brittle section of rock sample
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Fig. 9 Measured and theoretical curves of each indenter under
confining pressure of 0.5 MPa
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Table 6 Slope error analysis of cutting load curves

e S PRAE FHXS IR ZE

- /(KN*mm ) /(KN*mm ) /%
CI-R1 126.6 119 6
C2-R1 212.6 200 6
C3-R1 257.4 239 7
C4-R1 231.3 219 5
CI-R2 115.1 107 7
C2-R2 215.3 201 7
C3-R2 197.2 192 3
C4-R2 214.9 203 6

5 &

ANEET BRI, KA S8,
VR TIZ A SRR B I R INFE S, A 7 nf
S5 Bl S DX B A2 24 I8 ) 9% 2R R A T 1R T AR
AT IR, I DL B A e PR IR ST 3 B ks 7
NEERR, A3 AR TR BT R T R P KT IEAS 4
MrAIe g iE, 1524 Sg5.

(1) IEAZRIG 45 R R B, XT3 B A B RSP
PR T, HEURB R KONANE],  J# UK
IR JI7) AR SIS JI7056 . R
MGTEIRIE ;s JaH NI T FEAUZIR -

(2) REFRBF TR, TR TC RT3 il 3
FIFEAE— AW e, T bE A SRS g0
NEZERE, HTRELRIRAANE, ERT)E
SLARAEER LT )R A A B 7KF B B K Tl
PUEMSE . 1X5 Evans I, Roxborough F F Z545 Hi 1)
“ONE IR IR RN o, 7 R A SA R, T
BTG Rostami J & “ 7) R EEA0 R 1) 2 = B A+
AR IR .

(3) fEAR ARG S FE, WS R| T 78 8
FR IO B SR IX, HER SEWRR DL HiAth 2
HRBIWEREE RIEAMRE, HAHKE BT ARE
SR

(D RAIIERI R Y], FE4E KM, P
BT TAE 55— IR BRI 2 11T R4S 5 8t a2 26 (1) ]
WKL 10%. X35 Pra A et R 47

SE -

(1] /T, & . A ABEEsA M. dEst: SRR Tl ikt
1984. (XU Xiao-he, YU Jing. Rock Fragmentation[M].
Beijing: China Coal Industry Publishing House, 1984. (in
Chinese))

[2] EVANS I, POMEROY C D. The Strength, Fracture and

Workability of Coal[M]. London: Pergamon Press, 1966.

[3] ROXBOROUGH F F, PHILLIPS H R. Rock excavation by
disc cutter[J]. International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts,, 1975, 12(12):
361 - 366.

[4] ROSTAMI J. Design Optimization, Performance Predictions,
and Economic Analysis of TBM Application in the Proposed
Yucca Mountain Nuclear Waste Repository[D]. Golden:
Colorado School of Mines, 1991.

[5] ROSTAMI J. Development of a Force Estimation Model for
Rock Fragmentation With Disc Cutters Through Theoretical
Modeling and Physical Measurement of Crushed Zone
Pressure [D]. Golden: Colorado School of Mines, 1997.

[6] FhiYE, WRfdoc, Br W SEBENLERIR TR J) Rt 5
AT FE[I]. TREHLME, 1980, 8: 1 - 7. (SUN Hong-fan,
CHEN lJian-yuan, CHEN Gang. Research on rock-breaking
force and calculated load of disc cutter of cutterhead[J].
Construction Machinery and Equipment, 1980, 8: 1 - 7. (in
Chinese))

(71 & & A AU DCE U], R 4R,
1982, 3: 10 - 18. (YU Jing. Rules of rock fragmentation with
mechanical methods and model of rock failure mechanism[J].
Journal of China Coal Society, 1982, 3: 10 - 18.(in Chinese))

[S] XIAY M, TAO OY, ZHANG X M, et al. Mechanical model of
breaking rock and force characteristic of disc cutter[J].
Journal of Central South University, 2012, 19(7): 1846-1852.

[91 XSRS, XIEF, i Hl, 5 PEE AR bR R T
ERCRINEM]. A 5 TR, 2016, 35(3): 498
- 510. (LIU Quan-sheng, LIU Jian-ping, SHI Kai, et al.
Evaluation of rock brittleness indexes on rock fragmentation
efficiency by disc cutter[J]. Chinese Journal of Rock
Mechanics and Engineering, 2016, 35(3): 498 - 510. (in
Chinese))

[10] Eiki, P&, SR, &S R RS )RR 5T
[7]. BEm2EdR, 2011, 36(7): 1232-1236. (XIA Yi-min, LUO
De-zhi, ZHOU Xi-wen. Study on the law of geology
adaptability cutter selection for shield[J]. Journal of China
Coal Society, 2011, 36(7): 1232-1236. (in Chinese))

[11] ZHAO J, GONG Q M, EISENSTEN Z. Tunnelling through a
frequently changing and mixed ground: a case history in
Singapore[J]. Tunnelling and Underground Space Technology,
2007, 22(4): 388 - 400.

[12] SANIO H P. Prediction of the performance of disc cutters in

anisotropic rock[J]. International Journal of Rock Mechanics



128

i, SF R TAEIEIKELG I TBM SRR TR B B R AR ) St ek 2271

and Mining Sciences & Geomechanics Abstracts, 1985, 22(3):
153 - 161.

[13] ALEHOSSEIN H, DETOURNAY E, HUANG H. An
analytical model for the indentation of rocks by blunt tools[J].
Rock Mechanics and Rock Engineering, 2000, 33(4): 267 -
284.

(14] kI, FREEL FEPEA, 5. A4 bl M4 2 T R
PR DA RE A NI A A s TR,
2011, 30(9): 1772 - 1781. (ZHANG Xiao-ping, WANG
Si-jing, HAN Geng-you, et al. Crack propagation study of
rock based on uniaxial compressive test—a case study of
schistose rock[J]. Chinese Journal of Rock Mechanics and
Engineering, 2011, 30(9): 1772 - 1781. (in Chinese))

[15] LIU J, CAO P. Study on rock fracture with TBM cutter under
different confining stresses[J]. Indian Geotechnical Journal,
2016, 46(1): 104 - 114.

[16] LIU J, CAO P, HAN D Y. Sequential indentation tests to
investigate the influence of confining stress on rock breakage
by tunnel boring machine cutter in a biaxial state[J]. Rock
Mechanics and Rock Engineering, 2016, 49(4): 1479 - 1495.

[17]LIU Q, LIU Q S, PAN Y C, et al. Experimental study on rock
indentation using infrared thermography and acoustic
emission techniques[J]. Journal of Geophysics and
Engineering, 2018, 15(5): 1864 - 1877.

(18] Frw, 2 3¢, WK, 55 ETHEPIKEIEN TBM
WA BTIRT LT BBOR 4 (T4 RR), 2020, 53(7):
583 - 590. (LI Ke-jin, LI Wen, ZHANG De-wen, et al. Study
on rock breakage model of TBM disc cutter based on cavity
expansion theory[J]. of Wuhan
University, 2020, 53(7): 583 - 590. (in Chinese))

[19] #h 16, 5k 8, Bl BT R R BRI ZH0
Besz B e AL (0], AL 5 &, 2015(6): 9 - 12.
(SUN Wei, ZHANG Xu, ZHAO Kui-shan. Multi-stage force

Engineering Journal

prediction model of single disc cutter based on the dense
nuclear theory[J]. Machinery Design & Manufacture,
2015(6): 9 - 12. (in Chinese))

[20] HUO J Z, WANG W Z, SUN W, et al. The multi-stage rock

fragmentation load prediction model of tunnel boring
machine cutter group based on dense core theory[J]. The
International Journal of Advanced Manufacturing Technology,
2017, 90(1/2/3/4): 277 - 289.

[21] #hEIRE, B, HIEF, 55 BT IEASRIRVE A ML
TR T] BE B K R WL [0). h E R 3, 2018,
13(10): 1158 - 1163. (SUN Jian-ping, HU Yu-tao, TANG
Zhao-ping, et al. Influences on wear of disc cutter in the
shield machine based on orthogonal test method[J]. China
Sciencepaper, 2018, 13(10): 1158 - 1163. (in Chinese))

[22] PR3RIDL, RBds, SUEEME, 5. RSH SIS HRR
JIWCE PR AT [J]. WK SR (LA3ERR), 2018, 52(6):
1209 - 1215. (LIN Lai-kuang, XIA Yi-min, JIA Lian-hui, et
al. Influence of installation and tunnelling parameters on
rock-breaking resistance of disc cutter[J]. Journal of Zhejiang
University (Engineering Science), 2018, 52(6): 1209 - 1215.
(in Chinese))

[23] A%, BHR, & 3 4 20 A AR
J&: 424 Mohr-Coulomb #EEEEIE 100 FF[]. HA 114
5T, 2000, 19(5): 545 - 550. (YU Mao-hong, ZAN
Yue-wen, FAN Wen, et al. Advances in strength theory of
rock in 20 century—100 years in memory of the Mohr-
coulomb strength theory[J]. Chinese Journal of Rock
Mechanics and Engineering, 2000, 19(5): 545 - 550. (in
Chinese))

4] &, HER, ERE, 55 TBM RIIBCEshARES
AR JIEEERAL[T). B A %S TSR, 2012, 31(12):
2453 -2464. (TAN Qing, YI Nian-en, XIA Yi-min, et al.
Research on rock dynamic fragmentation characteristics by
TBM cutters and cutter spacing optimization[J]. Chinese
Journal of Rock Mechanics and Engineering, 2012, 31(12):
2453 - 2464. (in Chinese))

[25] YIN L J, GONG QM, MA H §, et al. Use of indentation tests
to study the influence of confining stress on rock
fragmentation by a TBM cutter[J]. International Journal of

Rock Mechanics and Mining Sciences, 2014, 72: 261 - 276.





