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Research on Synergistic Effect of High-Pressure Jet Grouting

Reinforcement in Cross-River Tunnels

DOU Shikang
[Shanghai Municipal Engineering Design Institute (Group) Co., Ltd., Shanghai 200092, China]

Abstract: In response to the engineering challenges faced by shallow buried long-span cross-river tunnels crossing weak
strata, such as poor rock stability and complex groundwater seepage paths, taking the Rongjiang Fourth Road Cross-river
Tunnel in Ganzhou as the research object, the composite reinforcement mechanism of high-pressure jet growing pile
(JGP) is systematically explored. Based on the FLAC3D three-dimensional elastoplastic numerical model, a constitutive
relationship considering the interaction between slurry and soil is constructed, and the evolution law of the stress field -
displacement field of the surrounding rock before and after reinforcement is compared and analyzed. The research
results show that JGP enhances the cohesion of the reinforced zone by 3.8 times and increases the internal friction angle
by 42.7% by forming a cement-soil skeleton structure, significantly improving the shear strength of the formation. The
coupling analysis of on-site monitoring data and numerical simulation shows that the settlement of the arch crown has
decreased from 110mm to 19mm, a decrease of 82.7%, which verifies the synergistic mechanism of the “bearing arch -
waterproof layer”. The research results provide a quantitative theoretical basis for the reinforcement design of tunnels in
water-rich and weak strata.

Keywords: high-pressure rotary jet grouting pile; fluid-structure coupling; revision of constitutive model; bearing arch
effect; Rayleigh wave velocity inversion

URBAN ROADS BRIDGES & FLOOD CONTROL L5 g

0 B = B XU I fiE ‘
®1 mEFNEENLL
T % T T A M R B 5 B R TR R B mE7TA BERK(m-s™) PURSRE/MPa TS
FGEKR R e R S e T v e B
B AEAE DS i AN T AP A S R, L3 1 i Y —

AKPESR (R 1) % 7 6 FE HE W I B b 1L 25
AR ARSI R RR A SATITE 5 g o 2 W B RS PG A2 A S 97

S EHA: 2025-08-28
HEEWE: EEmMEERMANE RBEGEBRIBINEEX

WEZ T RE R 2 RIS K ERARMR"(K2019K168)

et P .
EEEN: SHEO078—), B, T, SRTED, MEkE EL PRI o v R AR AR K S 2 6 R AR AL
Rt T TG HRRBETIE, i, 2 TR RS %

+ 306 -

BA BEFE 2 1T JGP B AR R, %) A B

M E A )E R SRR 38 i3 & 1F Mohr—Coulomb
VR DU RAE 0 [ X 32247 R, B 7E R G4 /R JGP T8 k%



2026 455 2 Y

B & R AR Am ] A2 AR T BRI W 64 Bk R RO AT AT

IRA L 5 1%

1 BT BT RE E 5

N AT LU BB T 5 1 28 RV T, BB K 1 745 m,
1R G 42 B 786 mo W% A XL fw) WU 7 78 3 Bk
R /IG5 B 2T E O 58, B A 40 A
GEN I S PR 2 4.0 ~ 20.0 m, R IH 35 S Y
AW S)E (A + R IE A+ e gieb | [F
Bk ) BT AR A R - KR e R A KD
UM A WE s . BEIE RIS BT R
R 4 e b, B A7 I Tk 3R P [ R B = b XAk
PR 0 S Y R FF AR AN 8 mo i [ SR
R T M i [ [ R PR R B 159 m, AR
PR 311 mo 25 VLY B BR VTR 1 3 1A B E 25 VLI
JICHEES 10 m, P 2% R BT % 18 (JEZk R 6D 7ETTIR
V7 25 0K S 2 b A VT R ) K S b B A
A, R Hb DX M BT A5 1R A2 4% M2 TR AR AEAA B LB
AR AR B VA v A IS T VK A7, % 3 4 2 e
T A I P A HE K R RE S B VLK AR H T RS
TR A B BRI B ) S 2K A 3 PN R AR Ko [
ke s R T 22 A k) OB R S W o PRI, B8R
by i i W WG 0 [, A e LR T 2 2
fiE ORZRHERON ) 55 BH WK F7 86 &R (BRK 2 R0

159

R TR [ 9E 380 311

T 7R =

B BETRSRARE
Rty ke

BT HAL CT FiB i i 0 R B )2 - [ 0K )2 8 3
F B k=3.2x10 em/s, 5% KA JE 3Ry B0 5 1 il 2R m =
28.6% , 1 T K57 I SR A Ah=2.3 m/d.

A A 50 0L, T ST = A A A B A
& 2 E 3, 3T FLAC3D - 6 ¥ HERS 4 = 4 A%
Y HE 5 LE TGP N[ X [ R & I MC A, % JE Al
AT R, S HE 5 0 e, RIS R
() FNATZE AL B BEFEE A (@) | 55 JEIR A A AH BLAE
Koy 25 FFAE R0 o AR b b i 4 R T H 3 456, CD i
Jiti T PR I S AP PN R AR T A R R A R Ok A N R
FmE R EE £ T A R A 4~ E T TR
FEARERL T BRUEIRAS R it T 454 T FF 45 0 L B
T e 25K 57 TR 3

2

N

B2 HpHEENETIS

B3 H{EZE AT

ELSRFAEZEREEEMLB SR

FLACID 5.00
24 kasca Corauking Sovus. o

4

FLAC3ID 5.00

i il
a0
0
o oo
r]

ETanFEEEE LB H

&5

FLAC3D 5.00
| ©2012 hascn Corambing Crows hie

Be6 ALEMFAEEEEMBSH

3 INEMNESHT

B IR TR
(1) =ik 56 17 3 -0 A8 jh £k . SR FH GDS 8h 25 =
MRS, Bl % 100,200,300 kPa =20 T4, il

3.1

-+ 307 -



A LA 5 S

R & A e B AR T R o 6 B B U AT 5

2026 475 2 1

FLAC3D 5.00

22513 hase Carmsbiog s bae

B7 TEMAEZEREMBSH
[Ei] 4 A 5 B I 55 0 A B A R AL i i 1 ) IR
+ 5 248% ~ 315%

(2) SEM UL £ 4 (5000 % ) - Al UL 7K Jé 7K Ak
7 (C-S-H BEIE ) £ ZE b R I J 45 ) 9 4 454, £L
B H 32.7% P %2 18.4% (R LM & )

(3) Drucker—Prager I W 4LL & 38 2 5/ —3fe k41
AT 25 B2 28, 1015 I B2 R*=0.96, ik S5 N 181 45
I SCHY RS

=i R JGP I [ A N g - i A i 2k 2 8L
B I A Al RP AIE 0 (L 90 B8 DR - B v 41 A Wl A2
Drucker—Prager Ji iz £ 1 -

2c¢ X cos
oc = 4

1 - sing

o N 5 =85 kPa, 9=32°,
32 KAREHE

(1) 37537 Z2 50 Akt 2% ok AE 7K Sk B 33 30
53 JGP Al A £=3.7x10"% m/s , %8 JEOIR B A )2 (k=2.1x
107* m/s ) BG4 B0 G, W5 12 38 PG 3 — R 38 7Y R §%
ARG T (ie=12.6) .

(2) =B B R FH TOUGH2 3K {4 iE 17 1
T KIS, N [ 5 BT KA A 4.3 m¥/(d-m)
FE%0.17 m/(d-m).

(3) FL B 7 38 M CT 49 4 < Jn 361 DXL B i 38 B A%
I3 A WEE N 120 pm #8 3 2 35 pm, B i 2 19 (H
FEL T -

k%(Ah/L <ic)
"o Ah

kc(T)”(Ah/L > ic)
Aol F RN P 0B B W A A0 m/s; AR N
Kk ZEARE R BN I m s Lo TR B R AR KB, B
Gim s AR/L R K 386 (e N el KRR YT ) 5k 4k
P& T B3B8 2B L B (R 5o —3,
m/s) 5 ic A I FEBR 2480 B o i (8 B AT ok AR Ak
(TCEN ) 5 he MAELAMEZAFT B9 EL G H 5 CFAAS ke
Fon, Wmls);n MIEE, RRIFLERE (LEHN),

n=0.82 (JFUIR +) , n=0.43 Ch [ + ) , W @KL
[ A 5L 0 B g G AR 2R M R AR EL . IR X B E R KL
FEEAIG 2 A B0 9, A AR W 55 VT K AR 5 R 8 1R 7K )
Ejé/\ (e}

WIZWIESIRES T

ey R 8 M8 3 M i ) A5 R %o A A B g 2
ZRAAW RIS, U C(RR 1) (o (NI
A . BRIE TT A2 HEIR I 8 TR0 1 2 1 56 pl HL
IR E SR ], BE 37 A = Kesim KA 8 S5 A D e i [
W A &] 8 Bz, i IAUAL D8 S5 Ay b o o R R {EL K
BB AR, R BB AT 1AL, T
IR L LS KA 0 e, RS 2 AR R
I8 2 T [ 5 AU 0 A D S = B A T )R R AR
C.o EX¥2xU 3w, e 5ok i e 04 I K 1k
i AP XA T AT . R A0 1 R 7R 28 0 5 TE A A W i
B U A B A S IS A Ry, AR R AR 4T
5%, JSC IR 1) 9 % e O JBE G I A5 A P R . R
FoU RGN0 i 1T I8 1 B S R AT MR v e I Jon T i
Jei B K 0 25 SR L 9 (TR 10, AR 4 TG 4R I 2%
SRRT I 22 0o e e M Ak A )2 e R T T
AR ERE ) MY o, S AR L IR B T B
HORM

4

B9

3TE) T Jon ] 6 B O TR 3 3K 32 1 TED

oooooo

ooooooooooo
~~~~~~~~~~

800 /s S
10 TR0 E = 3 T T R oA R I T

AT R b2 AR S B R AT R R e MY

TSR0 [ S0 % He 45 5, an &l 11 22 e LU B

TR

- 308 -



2026 4155 2 #1

R & AR A B AR T R 6 B B U AT 5

SALA 5% %

b by 2R [ R 00T R AR TR AN R 19 mm T A i [
AF 0 A5 400 F 58 2 110 mm, i [ 75 30 )2 € (3 3R
J1) o CNEESE AA ) (A2 = AR K, b 245 2 3R H BH 1
e Al A n AR T R R B SR ) 1~3 MPa, B R L~
B A R O B R O . AR T3 R
Tt X il B T ) 48 T T o8 R o 3 MAC S5, 302 AR i) B
B, e 12 iR .

0 0
2L A ~ u
\ l\-\- 2 -
£ T, \.\.\- 441\(;1
a \, s
X 1
=2 -6 \ =46 é
;‘S &=
=Nl | 2
8 N\, :
= —a— SR ®
0F ﬂuﬁtﬁmm\%’\’\ 1"
,12 1 1 1 ‘\‘7\. 12
20 10 60 30 100
T2 R /m
3% L TR B S AT S 3T b

& 11

T 38 T R A6 A P X s AN R M SR e s
M S B, o J2= I 1 s FEHZ e sh B0, #E

(E#% 305 7)
Bk, SR NS HE S 00 07 20, 15 2018 Bk HE AR
IS T A 20, B 2 A =0 e O
T8 FH T BRI TR S R T 350 mm) L 42
RIS I AIE , 1% R 5 (ACT 318) 2R FH#R SR A 7] 4
SR (H TS G Py S A R, 1S TR
1
(4) BEAF IR B T 17 SRE B A 1) W A B 24
At T HRICHEZ T, WA AT B 5
% ik
(1] st o, S A o IR QA FE S W T B AR ()], BRI A SR B A
2016(5) : 19-21.
(2] 2= RR MR AR BTN 7 56 8 s 1 In) AR (). TR e ik
#Ei1,2014(12) : 180-182.
[3] AR, 25 VL . o B TR VUM IC Ak HE AV e T G B AR (0], 1L G

TR TUB AR o A SCR FIA BROT AR A 0L % 1 4K
5553 R v Ml BEJT 42175 B0, 5 107 el s ke i 2 5%t
S SR AT TR LG IS B LT 4518

(1) JGP e i UK FHE I 45 1 FHE 78 1] T AR
S5 M= ER A BIEAR T 3245 . fRINASEME A
JE AR TR BEAT BT T[] X7 g = 01 ) 2 75 WIS Bl
Ay 28T 0 T A 4 9 55 B O LI

(2) el FEs JRE W 5 3 2 A 7 B T 9 55 3t )= [ v
R S B2 T T M T R R R T R R R R
PYBRPEST (C .o M E) , i TAERETE IR MK ¢ £m
WA, 3 BE 1RSI AR AT, R sl 1 v g i
AR P17 280

(3) iy s M 3 38 T ] g A 6F il 2 L e | i 1 43t
TRUITCREE BEAR o b 42 T[] Ao 8 O Bk it T2 4200

(4) NSEERR A, Xt B G Ji] i 1B S R AT v s e o
TSN, BESEBUK Ye SN AR FEIM IR A, [ 5
e DR PR R AR iy, PR ey T T ]

B ER:

[1] BEBEME . 23 I 5 T8 e i i A8 S RS MR ST (D], T PG T PR A8 il K
2,2016.

[2] Tk B A, B SFER 0 BRIE JEI0 T S REAG  ARAR AE E A h BF AE (1.
B A ,2019(5) : 114-117.

[3] A8 . 7K 1 w85 e Mt A 5% T8 2 55 [ o (6 e ) 1 5 (D] A
#B - VU 2C I K2, 2017.

[4] At HE . 288 VT D 6 VT B TR I T S B R (T, 3k T AR 5 B
it ,2024(2) :266-270;293.

[S] Ah F 4t . v e M 1 AR A o TRE % U2 35 B 5 A (% 192 FH (7],
AR 5 FR1E,2020(5) : 109-110.

#,2020,46(9) : 133-135.

[4] BhZR MRERZS 305 TCHE 5 4 2 R 4 FE 2R A e K HE R4
P R D). TR B AR B 5T, 2022,7(12) £ 98-100.

[S] Fak . BERAF MBI 1 35 B0t T AR ). 38 m {H AL, 2023(13)
116-118.

[6] 2% Hi , MR, W24 . DR R LR TR A B S SRkt T
FEARBEFET). 28 A m B4, 2018, 35 (B ) 1) : 120-124.

[7] 15 B TR 38 Tt T4 il 0. 4R T2, 2015, 37(10)
1213-1214.

[8] WA . A G ve K 5 W T S AR SR AR R T AR (I, I A
2024,50(11):138-139.

[9] GB 50010—2015, i %E + Z5 % 1T #HLSE[S].

[10] JGJ 145—2013, YR 4 55 ¥4 Ji i [ 5 AR R [S].

[11] American Concrete Institute. Building Code

TR

=n

=i

Requirements  for
Structural Concrete and Commentary: ACI 318-2011[S]. Farmington
Hills, MI: American Concrete Institute, 2011.

+ 309 -



