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Similarity analysis and verification of slurry fracturing on shield tunnel face
using centrifuge modeling
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Abstract: The geotechnical centrifuge test can restore the real stress field in the small-scale model, and provides an effective
research method for investigating the slurry fracturing phenomenon of the shield tunnel face. There are several factors involved
in the shield slurry fracturing, including the interaction between soil, slurry and tunnel, especially the existence of various fluids
makes the dimensional analysis, test parameter scaling and data interpretation more complicated in the model tests. How to
determine a reasonable similarity ratio is the key prerequisite for the success of the centrifuge modelling. On the basis of
elucidating the basic physical process of slurry fracturing of shield tunnel face, a model test similarity analysis method based on
dimensionless numbers is proposed. The similarity test design system of "tunnel-soil-slurry" based on the Butterfield
dimensional analysis method is established to apply to geotechnical centrifuges for simulating the shield slurry fracturing. This
system guarantees the similarity between the model system and the prototype system in terms of size, material, dimensionless
number, time, etc., so that the real physical process of shield slurry fracturing can be accurately restored. Finally, the proposed
similarity criterion is further verified by carrying out the slurry fracturing centrifuge modelling of the shield excavation face.
The research results are of certain reference significance for the similarity analysis of the physical simulation of slurry
fracturing.
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Table 2 Mechanical parameters of Malaysia kaolin clay
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Fig. 4 Morphology of slurry fracturing cracks
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Fig. 5 Variation of soil and pore pressures during tests

T2 BRI AL K s 3 B e 7K 7 R B 1
i EBARLYEIE Yy, JF BAAE R Rk,
HBETHIAL AL S 1 1 EU 472 18 v 0 v 2 A ) LS 8
BOR, JFHAEVK S I R A A /MR SR B, U9
BRI T A2 0 R 48 B — 2/ NRATK R 2, HTRK
JEJEA R ASCEER K — DA o 248 KBS RREL
FAERS, SLISUKE T RO B R ARG, FRAE R 2R
IBFNEAE, TSR B A B Rk AE A S
B RE.

R b A R SR T2 T L A YR K 120
400 kPa, 1056 1A% I 27K - s Ty Bl K s 77 A2 4k
B35 5 LI ) SR 5 DRI U 2 B AR — 30> > 260, 33 1
AR S ST R RE AL I e 0 A 200 i ) Y 7K B 2R
RiFjsg. BeAb, REAE R RN WA EIRS R, 2L



1926 "+ T OB % M

2024 4E

M5 BT AT OREE — 27 IR AR, #H0
USSR IR IR AE S5 20t e hidt— DI

5 &

(1) [ T JEMIFFZ T e KBS 2L i g -k
PIFEAY B AR, e TR TR L
— AT E 5 VA — AN ) 45 TG B A0 BORH A5 R AR B4
Jiike

(2) 2T Butterfield BNk TR HT
LB NS M KBS R “BEE- ek &
GRS TR R, 2 RSE ME TTEN
. WIS Z O HRIE TR R g5 R A R 4 AH AL,
8

(3) JEMYe/KES R B O ALRLS H , AR CEEY)
PSR PeKEE . HARAHK BB 5E
SERIEBII A 1 1 PeKEBE RS KESSHON
FMRE, ML N 10 N, TR, FKARSSE
NRORRSE, AL T 1.

(4) JEE TR e KBS R B O AR, , 38
UE 7 ASCEE ST AR HE I, D9 AH ST 7K B R A B AR
PRI ATt — 2 2%

SE -

(1] ZRZE, L A, X2, 5 JeKE I FZES E T
(M. P E AW, 2017, 30(8): 24-37. (YUAN Dajun,
SHEN Xiang, LIU Xueyan, et al. Research on excavation
face stability of slurry shield tunneling[J]. China Journal of
Highway and Transport, 2017, 30(8): 24-37. (in Chinese))

[2] BEZULEN A, BRASSINGA H E. Blow-out pressures
measured in a centrifuge model and in the field[J]. Tunnelling
A Decade of Progress GeoDelft 1995-2005, 2005: 143-150.

[3] LUO W, YUAN D, JIN D, et al. Optimal control of slurry
pressure during shield tunnelling based on random forest and
particle swarm optimization[J].
Engineering \& Sciences, 2021, 128(1): 109-135.

[4] YUAN D J, LUO W P, JIN D L, et al. Hydraulic fracturing

Computer Modeling in

pressure of concentric double-layered cylinder in cohesive
soil[J]. Frontiers of Structural and Civil Engineering, 2021,
15(4): 937-947.

[5] JIN D, NG Y C H, HAN B, et al. Modeling hydraulic
fracturing and blow-out failure of tunnel face during shield
tunneling in soft soils[J]. Int J Geomech, 2022, 22(3):
06021041.

[6] GOODINGS D. Relationships for centrifugal modelling of

seepage and surface flow effects on embankment dams[J].
Géotechnique, 1982, 32(2): 149-152.

[7] CARGILL K W, KO H Y. Centrifugal modeling of transient
water flow[J]. Journal of Geotechnical Engineering, 1983,
109(4): 536-555.

[8] DE PATER C, CLEARY M, QUINN T, et al. Experimental
verification of dimensional analysis for hydraulic fracturing
[J]. SPE Prod Facil, 1994, 9(4): 230-238.

[9] KR4EHr. HEOBMTHE L AILOEEREED]. & LT
i, 1994, 16(6): 82-95. (ZHU Weixin. Research on cracks of
earth-rock dam core wall using centrifugal modeling[J].
Chinese Journal of Geotechnical Engineering, 1994, 16(6):
82-95. (in Chinese))

[10] BUNGER A P, JEFFREY R G, DETOURNAY E. Application
of scaling laws to laboratory-scale hydraulic fractures[C]/
ARMA US Rock Mechanics/Geomechanics Symposium.
ARMA, 2005.

[11] CULLIGAN P J, BARRY D A. Similitude requirements for
modelling napl movement with a geotechnical centrifuge[J].
Proceedings of the Institution of Civil

Geotechnical Engineering, 1998, 131(3): 180-186.

Engineers

[12] HENSLEY P J, SCHOFIELD A N. Accelerated physical
modelling of hazardous-waste transport[J]. Géotechnique,
1991, 41(3): 447-466.

[13] REH, FZAH, CHOI C E, %% + T8 LA A T
] AR AL R D). A TR SR, 2019, 41(12):
2262-2271. (SONG Dongri, ZHOU Gongdan, CHOI C E, et
al. Scaling principles of debris flow modeling using
geotechnical centrifuge[J]. Chinese Journal of Geotechnical
Engineering, 2019, 41(12): 2262-2271. (in Chinese))

[14] ANTONIOU M, NIKITAS N, ANASTASOPOULOS 1, et al.
Scaling laws for shaking table testing of reinforced concrete
tunnels accounting for post-cracking lining response[J].
Tunnelling and Underground Space Technology, 2020, 101:
103353.

[15] LEE F H, LEE C H, DASARI G R. Centrifuge modelling of
wet deep mixing processes in soft clays[J]. Géotechnique,
2006, 56(10): 677-691.

[16] BAZANT Z P, RAJAPAKSE Y. Fracture Scaling[M].
Springer Science & Business Media, 2012.

(171 £ J, 2KR%E, &R, 5. JKE PSR E J152m
HEM 7). AR TEZEH, 2020, S3(HEF] 1): 31-36.
(WANG Teng, YUAN Dajun, JIN Dalong et al, Influence



9

DYEN-, FE JE T EZIYE KBS 2RO UISAR Uk 20 A S 0IE 1927

factors of fracturing pressure during slurry shield
tunnelling[J]. China Civil Engineering Journal, 2020, 53(S1):
31-36. (in Chinese))

[18] ANDERSEN K H, RAWLINGS C G, LUNNE T A, et al.
Estimation of hydraulic fracture pressure in clay[J]. Can
Geotech J, 1994, 31(6): 817-828.

[19] ALFARO M C, WONG R C K. Laboratory studies on
fracturing of low-permeability soils[J]. Can Geotech J, 2001,
38(2): 303-315.

[20] FINNEMORE E J F J B. Fluid Mechanics with Engineering
Applications[M]. 10th ed. New York: McGraw-Hill
Companies Inc, 2002.

[21] FINNIE I, RANDOLPH M. Punch-through and liquefaction
induced failure of shallow foundations on calcareous
sediments; proceedings of the Punch-through and
liquefaction induced failure of shallow foundations on
calcareous sediments, F, 1994[C]// Punch-Through and
Liquefaction Induced Failure of Shallow Foundations on
Calcareous Sediments, Pergamon, 1994: 217-230.

[22] BUCKINGHAM E. On physically similar systems;

illustrations of the use of dimensional equations[J]. Physical

Review, 1914, 4(4): 345-376.

[23] BUTTERFIELD R. Dimensional analysis for geotechnical
engineers[J]. Géotechnique, 1999, 49(3): 357-66.

[24] BUTTERFIELD R. Scale-modelling of fluid flow in
geotechnical centrifuges[J]. Soils and Foundations, 2000,
40(6): 39-45.

[25] BARRY D, LISLE I, LI L, et al. Similitude applied to
centrifugal scaling of unsaturated flow[J]. Water Resour Res,
2001, 37(10): 2471-2479.

[26] JONES B R, BROUWERS L B, VAN TONDER W D, et al.
Assessing geotechnical centrifuge modelling in addressing
variably saturated flow in soil and fractured rock[J].
Environmental Science and Pollution Research, 2017, 24(15):
13203-13223.

[27] K%, B K, M, 5. EALER )= e KBS
NP RILRAF T[T, & TR, 2010, 32(5): 712-717.
(YUAN Dajun, HUANG Qingfei, LI Xinggao, et al.
Hydraulic fracture extending during slurry shield tunneling in

soil[J].

Engineering, 2010, 32(5): 712-717. (in Chinese))

cohesive Chinese Journal of Geotechnical

2024 FEBESH T IREASBEFELIARIEZSHERMTIEZESSE 24 BESIBH
(FhE-2E 2024 10 8 18 H)

2024 HhIEBEIE ST TR S B E ok TR Sk iE
JH R TAR 4356 24 JmeES, 24 WTC2024 2 J5, AR
A NIEH AT, T 2024 4E 10 A 18—21 HAE 4Bk
1 E Fras e LA AT o BB BIE AR IR 23 (7K I3 S A
JREBAAT, TP IR, WO REE SR TR G AL
RIIFAUAE Fe AN 7 HL IR N X 37545 % 2 R Wi AT 31 o

KRR FR N Wk H bR — i — B 5N B
WHM T TRER” , BIEMS) X" B —m— i
NBEIE Fe 3 R TAERLR . Bt ML BE SRR S S,
TEREREIE fo 3t R AR BT & . W Ee . R, e, W
R R T 2 38 e

FERAL: pE R TR SR A N LR 2 il
K.

SWRER: BRE ST TREWECEE. (E B,
R 50T TR S S TAEN A BRI S AR
Redi R I MEIRTHB T i “HWE-H T S M-3655 7 A4
HRAGIEHIRR; BT/ G/ R S RS S R T

FRBT eI WO EE N RE SH T DA 5009 B4
B2 A B L Nl 1 DA & 7 ) ARG TR 3 o W 7 R S T 6 S
AP QUF: KR BEE TR s R PR S G P EER,
KPR REIE S0 R LRGBSk H AR5 — i — B 5 R B
SN TR, “—r—B” 1 T PR E S5
AR BRIt o

WIAERR: AR SR 1 3 AN AT 18 SCHERA,
TR TN BRER AR, ET5 0 SO A WL AE S A1
MAFIIER AR . BAREHEHE:  suidaonianhui2024@Outlook.
com, A CHERZEIEHM: 2024 428 30 H.

bR 7R SCAESE, W & SN LR 2 S R AT AL
Mo WA BIERS LAEIRE, 157 B WM $A8 1 1 H &
HRAZ R . RRR B HL TR, FERRETTT
A RS, WIS AR IR S S AR . 2
SRR BRSO, S RRIR T 2/MH 13902287097,
B S 13416152095,

(ZWHEE D



