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Abstract: To address large deformation and machine jamming when a TBM tunnel traverses a fault fracture zone, this study
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investigates the reinforcement and deformation control effects of pre—grouting on surrounding rock. Based on composite material

strength theory and the empirical formula for shear strength growth rate of fractured rock masses, a combined method for

estimating mechanical parameters of grouted rock mass is proposed. A mechanical analysis model for TBM tunnel construction is

established with different grouting reinforcement strength growth rates (100% ~ 165%) and thicknesses (2 ~ 6 m). The

deformation characteristics of surrounding rock under various grouting parameters are analyzed. Results indicate that when the

strength growth rate is below 110% , increasing grouting thickness does not significantly improve deformation control. When the

growth rate increases from 155% to 165%, reductions in both deformation and plastic zone volume are less than 5%, showing

limited improvement. Considering stability, constructability, and cost, the recommended strength growth rate is 110% ~ 155%,

with a grouting thickness of approximately 4 m.

Key words: TBM tunnel; fault fracture zone; pre—grouting parameters; surrounding rock deformation
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Table 1 Comparison of rock mass elastic modulus after
grouting reinforcement
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Table 2 Physical and mechanical parameters of surrounding
rock and tunnel primary support parameters

B AE oy  WMEEHE A BRI e EEEE BURIIREE
/(kN/m*) E/GPa  Hpu /MPa ffige/(°) o0,/MPa
SEHE
o 22.0 5.00 0.32 10.0  40.0 1.00
[l A
2% A
W’éjﬁ 18.5 1.59  0.40 1.5 23.5 0.15
[l A
I IR
o 23.0 31.50  0.20
et
R 78.5 206. 00 0.30
I 78.5 206. 00 0.30

3 EBRETELR N E X R R R E Ea R AR

3.1 EEmELK

SHR N PAFEER, WE RN 5 Fid sk
SRR T, R IO [ S A AR 1) S A 1Y
B, i AR R R R A R I A R b
SR TR T IR ARG A AT IR, A5 AR LR 3,
T KR RS G 250 B Z A 2 m, SRICA 1
W, R R ] DX Ay T 2 A Al X, R — K
IR E MRS 10.8 m, A8 3.6 m K XK i
TR —WRER, PHH 230 Wi 20ty . B se
PrFR DL — @AM A AT IR K 4, ERIEE
RRIE ) AS [ A8 B0, B — 08 A 1 3R T 3 1 ok 3 T
Eror Y 5 R o

3 AREFEERMEEEEKEITESE

Table 3 Calculation parameters of different grouting
reinforcement strength growth rate
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TS 165 4.25 0. 395 26.5 0. 360

3.2 ERMEREIGRKENEEEH W

P IET 2 AT, 6 A SR FH B T3 28 hm [T i 175
T, SERERA DX IR LA AR T B AR TE 8 em A2 AT,
TEWTE A PRI 2 3. 6 m A /Mg RS, W28 A
AR R 13.3 em, SEABTZBRA S, WiZm
ety P B AR i K 3 R4, P A ik A

MEM R TET, MW 208 g ar, e JF
P2V B MR B 7 A — AR Y, 4 TBM i
AR I, W s AR R K, M
W 2 B Aty A8 LI 24 D/3 b R TR T R g 4 Ui J2
TR 25 B B KA, VIR R 40.7 em, WiZHERE
WAl BAS I AR, DU 40.2 em, Bl
TERHE SR 2B, FEW 2 oI B2 D/3 BEES
P BL RS AR TE SRR I R G, FEREWTZZC 5 D/3
Ab BT B R v ] L AR R, B TBM 7
LY o DR M AT I, DR A R O T 2 A R
1 D3 5t [l PRI RT A F () Sy il T G B4 il DX 358,

RTINS, O X B AR T 4
RO W2 B R W1 B D/3 X s L AR TR R BR
RER IS AT 2 U] WA, DX e S 60 RS U B
TETFFZ D7 1) B sl A Ol , T A T 2R 4 L T
W s s A AT A = AR B s i 0, 2 T AT
WAFAE—EIMEff, BRI R A, HXK
O R R P X3 T A X A /0N it 3 T 71 i
R RAHE R, A AR R W A, 1T 4 35 [
SRR AR 155% G/ 165% 5}, [l LDP fhkdk
WAL, FAEAHE— S HRCR A 8, I HiE
SN 5 R KRN 165% B T X Y A (20 K
0.8, XVER TAERZLRE R, SCBIMEERR,

TR
P

1
i
1
i
I
0.30F ——kik%; :
—-—106%"5 A1
0.35F —110% ;
——130% !
0.40F ——155% !
——165% !
0.45 L L
81 -7

-61 -51 -41 -31 -21 -1l -
A T B S /m

B2 FEERMEREEEKENHTES LDP #%&
Fig.2 LDP curves of vault surrounding rock with different
grouting reinforcement strength growth rate

MR AT Bl A8 TR Ik, 4 DB 7 A I 2
PR 2 D/3 AL TR R REA Hh 8] S TBM o W2 i e
A TR A OGO B, BCE BT R S A D/3 At
O WM IAT 1, RETAR AR ) DAy I BRI IR 2 B 45 T
0T TP A W 0 R T L ) o ARCR RIS [
Ja Bl AR T ol N i 5 R TE S BT ) FE AR, Gnf&l 3



68 KR ER

40 %

TR o AL M BT AT R e 9 8 T X B DI S [ s
A FE R RIROCR, JF B W 1 s RO T
11 2, FESEPRAE T, A5 A R R A, Kt
VA P A0 T L1 T = A AR Y 02, e e T
[l , REAEAT &84 il TBM 4 ik ph 5 5% 25 o U8 )
W7 = R I L R R A S, sl A R AR TR
B TRERE

65
soF = i
551
50+
45t
40} /
351

30t /

25

FIA AR AR %

100 110 130 155 165
TEHNN 158 L 4/9%

B3 BEEZTHESHR

Fig. 3 Control effect of surrounding rock deformation
3.3 RBWERMEREANEZEH YA

ZrA EE AR MR T R = 0 KN, WS AR
AR IR, ol E TR KEKEE 2, 3,
4. 6 m AF THHATBUERL, Jf H &R R
AN]SR [ X 5 B B R A T ER B XS L

FH R 4RI, 2 SR A R G K R 100%
i, REIMERER 3 m )5, BEZEEE—
BORIEAHIE, LDP M AEi o B M E A O,
MM E R B R R 110% 2 5, & E X
JERE B — R, R ERE X N B 3 S [ DX A
WO 3.35 GPa, —EFERE LUt T A e S
X5 ESHGR B — 2 M IEO T, 340 [ X
JEEEA e — 20 A R = W R B A AR e e RZ
VRSN [ DX 5 B RO B — g {EL, RT3 2%
[ X JEE B K AN B 2 g i B SO (VR IR 2 T
A,

SR HRR R 200 [ 15 0t S, A [ [ R R AR A
T RIAASIE AR, SAEXTE 3, 4, 6 m {FEH N
JEE B 6T P e e MR ), 3 B AR iR R - T
36 m Ab, BIWTZM T A A g (WD 2) i
SIATITIAD, X L 32 W T Ak 3 TR X 4k T e {1
NEEWSUER R, E S Fis, G R EE R

Or . .
W 2R ety i
0.05F T X

0.10F

o
o

HETGTLFA/m

1
-81 -71 -61 -51 -41 =31 =21 -I11 -
AT S /m

B4 REE RN E R EE K R B EHTE S LDP Bk
Fig.4 LDP curves of vault surrounding rock with different
grouting reinforcement strength growth rate and thickness

1R, TR R B Ok 1009 X 7 14l £k BT
RERASBE R B GE, HE— 25 10 B Y i 0 [ 58 R 1 K
KRR, RAEREE RS —EEG, B
RO 2B WA S, 2 T I 5 K R KT
110%J5 , Bl i VS 5 i 2 i, A AR TP S 2R
PRV A FA W X R K o T L
AT s

018r —*—100%

—o—110%

——130% =
0.20F  —~—155% i
. ——165% e
£ 022}
ey}
&
2024
::E‘\,
<0.26f
0.28}
0430 1 1 1 1 ]
2 3 4 5 6
I X R fm
(a) T
0.24p —=—100%
—e—110%
——130%
g 0221 ——155%
= ——165%
=
B 0.20
B
%0.18
—E_LE
=
0.16F
0147 3 4 5 6
I X R /m
(b) BEYE

Es5 BEETHERIRMNEREEZH
Fig. 5 The deformation of surrounding rock changes
with the grouting thickness



519 EMEASE . TBM FEIE 55 W2 30 o AT 2O [ 75 69

TEWFSE & B R 2 R I, R XA S i3
JEREEN 2 TR ER, B3N 1 m FEIRJRE ) HERIX
PR AR FRURR B R, T 3 S DX AR B AN ) B 5 il 2
IR KNS A DL SR [ X AR AR A 3Rt T
A, ArHTRE IR B K AF Y LA R e R RO N A
PRI 0 [ DX AR R, A [R) 3 5 RS B o) o 1Y) R Uk
S X LA AR LR 4,

x4 FEREE R MNERXER

Table 4 The volume of the reinforcement area corresponding
to the grouting thickness
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6 3.76x10°

A 6 TTAT, SO R 3G K R 100% T30
T, FEAAR IR S B A S [T DX A 1% 348 i %) il 26 AT
B RE AR BE A B0, 4TI R R R K
100% , TERIEREIRS] 6 m T, HxF AR e s
) BE5C R AR Y 3 2R [ e B 1A KR 1109 B 1422
JEREN 2 m (9 T00, T S AT 2 [ ) L R
RN T 1,25 £, R, B 2 (45 1 5 o i 52
JERIKSR KT 100%, 5 W F5 B2 A K 19t Tl A
SR ARUERT il 5 A8 T2 00 A e il 25 3 D [ o 3 1
KRIRH] 110% S5, BLBF, in i DX p A i 5 2 3. 35
GPa, HENNAEZRNE XA, Bl sz, i
¥R SUSUI N Ui S S R

B R T3 AR 1. 67x103 m® HE /%) 2. 47x
103 m’, XFREFME X EER 2 m % 4 m, &
R X AR 2. 47x103 m® 350 %) 3. 76x103m’,
o N7 VRS XL 4 m B HNE] 6 m 4> KR4 K
BB T FnB B 1T, JH5 45 20 A B B 38 R R 4
BT 1 000 m® B FELA AR P AR, T 2RO [ i
KA 100% 1 T-00 T BEA AR Hl RO 522,
S TERE I ROCR b B 3K T R G 5, 7E 155%
Ik BB, ARLE RN 2= 165% J5 808 A - 50k
L AR BERCRIT, BB 1 A0 B AR T 5 4l
RORWIR AL T B Be 1, 7675 JE it TOEBE, it T B[]
ERE, 456 AT O [ DX GT FBLA AR T 45
BORIEE W, ATR0 28 W, 2% T KRS B A ‘3
El 6 m, BAE4 m A7, HEIONE 5 K R A

110% ~155% 2. [a]

0.18; ——100%
——110%
——130%
0.200 1559 _——
—165%
£0.22 P

Y

0.30
1500 2000 2500 3000 3500 4000
BRI XA Y m?

(a) BTRITRE

0.241

o

)

%)
T

=

[\

=
T

(=}

[

oo
T

kY SR es ]

0.16
=
0.14 ' : : ‘ :
1500 2000 2500 3000 3500 4000
BYTEH KR m?
(b) BIEFHSH

6 BEETHEMIRXERET
Fig. 6 The deformation of surrounding rock changes with

the volume of grouting area
3.4 B EEMEMNEZEBER YW

H L7 WTL, CYASRBGHE AT En E R e,
R BIAVEAS AR A 34 555.5 m®, W EBEREAT
T JE P-4 IR PE AR R R 610. 48 m®, WAk HEIR I 45
BT AR AT LUE SR B AN [ 732
Jei, SR DR AR /N B S, T g R K
RIS, IR T 35.54% . 40.46% . 43.38% .

D

[=3

(=]
T

400+

200+

TR R I DX A

(=}

0 100 110 130 155 165
RSN [T 568 EEHE K 4/9%

B 7 AEERMESEEEKENMHESESBEXEEXER
Fig.7 Different grouting reinforcement strength growth rate
corresponds to the plastic zone volume per meter of
the surrounding rock of the fracture zone



70 IR ZEA R

40 %

47.68% . 49.02% , ¥AVEDXURFTE 7 28 Jn [ i 2 4 K
BR/NTF 155% AR A0 R B 82, T 224 3 2% o [ 56k 5 1
KRKT 155% Ja B HA

H L 8 TR, B XA R A 2 R 1 5
JEEE AR N, B R AR 4 m f5,
1o A T T 0 S OGT 9 P XA R A 4 o S B
A TOL T e AR R = = A TR IS, b
F 14 I I R B AN e A 8 o L S M XY L 4
B ECER S RN E R AR 4 m JE, dRELH N
INE X2 6 m, Frds e TSAS KIRHE &, 256
M EE AL R R RIROR , DA AR iy il e 2
PEX R RAIVERT, 5 ESEPR T RE A T X B A AR 4
PRSI, R 5 B K R A 110% ~ 155% 2
(), X R 5 o i DX i AR i Oy 3.35~4.05 GPa,
FOMEZE T 4 m A,

400

%)
j=3
=]

TR S K B X A AR m?
- )
=) S
3 3

m|2m mf6m [2m wf 6m [2m BmPm|6m | 2m
% | 110% | 130% | 155% %

TEIIN [T 58 3£ 48 4 4 S R

B8 AREFEMEIAHEETEEEEREERER

Fig. 8 The volume of plastic zone per meter of surrounding rock in

fracture zone under different grouting reinforcement conditions
4 it

RANEIR G AR SO R Tk, T
RHELE N 228, b TR SO A i FEE T
RIS, 8 T ST RS ECLR, 5L
T

(1) W2 WeiEa [Bla R AR, iy )= 58 5t il
PR D/3 6 [ N A A T BRI, A s Wy J= 52
B D/3 Kb, RIBT R BT RO, B A R
s K, WAL Y B R e MR 22, AR A it
TR A

(2) TESN G 55 B FLAR M, 39 i 0 DX & B
FARERE— A R FEIR FA A 8 HUA

[ B K Rk B — e RS, WIEREE A A
i s 2V N | K (NN o 4 [ W -3 R S = i
110% ~155% (5 Fl 4

(3) MERKXBERS —EHE, FRXEE
SRAAE T A B E NN, 6 Bla R E
TR AN T BAS FIMERE , SRR TN 4 m 247,

& % x #

(1] PEIFSE, MR, Wb, 2. b E 2 W R St pL % R e |
B R RE [J). BRI ¥ (P IEC), 2022, 42 (5):
739-756.
[2] F2%, BEW, Y9% SWimsaRBEEEIL (TBM) it
TR ER ARG S B (1], BEER (R, 2021,
41 (9): 1555-1564.
[3] X, Bt R, AKIgEFmEx TRAANER S [J].
PP E SRR, 2000 (5) : 12-16.
[4] Evdokimov P D, Adamovich A N, Fradkin L P, et al. Shear
strengths of fissures in ledge rock before and after grouting [ J].
Hydrotechnical Construction, 1970, 4 (3). 229-233.
[5] W&k, BRXA, 20T, S5, MRS 1A 0 20 o A B2 Al i
[J]. A TR, 2013, 35 (11): 2018-2022.
[6] ZGKZR, sknTRg. A R0 A TE SO 6 200 1 S oA e T
[J]. PERE¥M (ARBAIR) , 2012, 43 (2) . 651-655.
[7] H&TR, BB, MaER, %, IR B M S DU R AR B 5 1
AL [T, AHEJi%, 2022, 43 (2): 385-394.
(8]  BREK, BRFEis, (Wl , &5, JE A X Hak M ey ok
WORBORBESE (1], EART RS, 2024, 57 (BT 2).
108-114.
(9] #hfh, /MK, ARG, 55 BRI BRI T AN E S5O DA
W . LA M 7 SRab L REE ] [J]. PEdbb B, 2025,
58 (1):315-322
[10]  ATHLSF, A, BEREaE. RIZ X RS TR TBM it T8 A EE 3% i
A (1], RBURZFFMR (T2 , 2005 (3) : 36-40.
[11]  Zme, X, 2537, % WA VR T & /K DR % 18 0 5
WIS (1], B R 5 TR, 2022, 22 (35) : 15775~
15783

[12] AR, EM, Bhasdl, 55 282 Wy b i e a iy
TNERCRAHT (1], ZSEFE S TR, 2024, 40 (3): 91-99.

(131 HErid, =5k, 258, RS IT 438 [ A IR [ B AR iF
FRERA (1], e SHR, 2021, 48 (3): 62-67.

[14]  BLSCA. R LB R R /K R & K i e it T iRk gT (7).
BRI, 2014, 34 (5): 484-488.

(15]  JBUEEMG. 4 a0k 4 8 Ok 07 2 8 W0 1 20 B B R B9 [T]. 4,
2024, 33 (7): 26-28.

(T#% 78 1)



M EIREE 5 M

40 %

(8]

[10]

RERAR, RIBH, DU, 5. B RITA BRI IR IR X B E &
BOBAC T TR BES AT (1], TTERE2R (A SRR
ML), 2016, 44 (2): 122-128.

T, IR, Jrviok. B S SORGEBLAR Lt i s TR
MSEESE T [J]. A J1%, 2017, 38 (9): 2574-2582.
ok, FER, MG, 5. B RIERON BRI TR 145 15 45
DI (1], A E0%, 2020, 41 (11): 3705-3713,
WA, T8, X0, 5. BTSRRI BUE
HIMEBLEI T (1], A2J1%%, 2021, 42 (4): 943-95.
Wang Jun, Gao Ziyang, Fu Hongtao, et al. Effect of surcharge
loading rate and mobilized load ratio on the performance of vacuum—
PVDs [ J ].
Geomembranes, 2019, 47 (2). 121-127.
Lu Yitian, Chai Jinchun, Ding Wengi.

surcharge  preloading  with Geotextiles  and

Predicting deformation of
PVD improved deposit under vacuum and surcharge loads [J].
Geotextiles and Geomembranes, 2020, 48 (1) : 32-40.

FEA, BRT7, SRR, AR SRR I 1) AR A T
B 5 05 By A (1], R SCHL BT TR M BT, 2024, 51 (6):
113-125.

Xsten, P, wAEH, A BNAR KT R BUR

[11]

[12]

[14]

[16]

L b (1], A%, 2024, 45 (3) . 809-821.
BEATE, B, W, % S WRRNEXBE RN
B (1], A%, 2024, 45 (7); 2085-2093. .

Chai Jinchun, Qiao Yafei, Ding Wenqi, et al. Mechanism of
airboosting and its effects on vacuum consolidation [J]. Geotextiles
and Geomembranes, 2024, 52 (4) . 554-561.

INEE, AR, XUNA, %, HIEAR RS R IRIE s
WU KN AR B 25 E5 [J]. &+ S, 2025, 46 (1)
133-146.

R, HHtE, &, 5 FETARZ MM R AR s
WA BRI [J]. AR, 2025, 46 (7):
2160-2172.

Wu Yajun, Wu Jinjin, Lu Yitian, et al. Experimental study on
vacuum preloading combined with intermittent airbag pressurization
for treating dredged sludge [J]. Geotextiles and Geomembranes,
2025, 53 (1) 366-377.

Xu Fang, Yang Junfang, Wu Qichang, et al. Prediction method for
lateral deformation of PVD - improved ground under vacuum
preloading [J]. Geotextiles and Geomembranes, 2025, 53 (4):
1021-1034.

€@ DR 4D DR D DR DD DC e DS R dC D

(L#% 70 7)

[16]

[17]

[18]
[19]

s, 208, R, S B HUZE MOT X TBM R AT N
B AR [J]. BBREEE (P3EI), 2021, 41 (5):
858-864.

TR, ST, R, . BRI S K R T K 2 TR R
B PSRBT [J]. ARIIT, 2022, 53 (12): 88-95..
JERHE, PMESC. TARE LS (M. Ju3T. MU M, 1987
farg, MR, FHE, S UUBUA SIPTRRE S BT 5 R
WHE (1], PR (TRBEM), 2011, 43 (4):

[20]

[21]

[22]

7-12.
ARMK, SRARTE, BB, A5, KW R B K62 B v
K HEEREORTE (1], 5 TR, 2024, 56 (8): 38-46.
ZERUE ZERA, XIAK, % KRR A5 6 52 S HL
AT [J]. A 508, 2017, 36 (1) : 198-207.
B, TRAE A, BURAG, . WUIT 0 TBM 27 4 )2 i et e
H-HAER A — LA B K TRE W NG [1]. A
R, 2021, 52 (10): 165-175.



