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Research and Application of Tunnel Deformation Correction
Based on Radial Cement-Soil Piles

WANG Chen, MAO Haihe, CAI Zongyang, ZHANG Ge
(Beijing Urban Construction Design & Development Group Co., Ltd., Beijing 100037)

Abstract: To address the challenge of managing excessive deformation defects in operational shield tunnels in China, a
comprehensive tunnel deformation correction technology system centered on the Radial Cement-Soil Pile Method for Correcting
Excessive Tunnel Deformation has been developed. This system actively constructs a spatial network reinforcement body
composed of horizontal, vertical, and inclined cement-soil piles in the soil outside the tunnel. It formulates an optimized
construction sequence of “first constructing horizontal piles to restrict convergence, then constructing vertical piles to lift
settlements, and finally constructing inclined piles to coordinate deformation” and adopts refined strategies such as graded
pressure control to accurately apply correction forces. Meanwhile, based on the principle of minimum potential energy, a semi-
empirical formula for predicting the single-ring lifting and convergence correction values has been derived, thereby forming a
complete set of technical measures. This technology system has been applied and verified in a metro tunnel section in Northeast
China. The results show that the Radial Cement-Soil Pile Method for Correcting Excessive Tunnel Deformation can synergistically
correct settlement and convergence issues, effectively stabilize the post-construction settlement rate, and significantly improve
leakage defects. The research results provide an innovative technical solution for the treatment of defects in operational shield
tunnels and have reference value for similar engineering projects.
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Figure 1 ~ Schematic Diagram of the Radial Cement-Soil Pile
Method for Correcting Excessive Tunnel Deformation
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Figure 2 Flowchart of the Radial Cement-Soil Pile Method
for Correcting Excessive Tunnel Deformation
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Figure 3 Schematic diagram of segment lifting correction force

HARFRIE RS F e XHZHTT) F 0] 1R A5
(GEIR
Fgp = ¢ x AR x 4, ()
AR =Exp 2
e N i ANME R S5 AR e 5 0 M Iy
AL REG APV i ANME T EBFIER ), MPa; 4y,
D I s A 15 AN oD I A B A SE K A
BUAEFIRL, m?, ik D] pA A A 5 AR ek
— S I ELiZm A A S, Py A e i AN R T I R
HKsJ3, MPa; B A 7K U ot i 0% 2R B (UG
FRlEECA 0.01~0.05).
Fyyy = K % e x 4y (3)
A, K 0 i AN R S IIIE RO R, KN/ e
R T AN B R T R S AR B (A B Wk
0.6~1.0): Ao; Ay JE K BB 1) 5 A AT AT ) — 0 g 4
AR RAEH AL, m?s
aiaK 3T aX, WHIGTIH ER o ik
¢; X AP, x 4;
i~ K, xe; x4y
U, 6 A AME R A B TR Y A 5 E
IEH, m;

(7] BT HE T AR SRR AIAE B I IE

“)

5 n é'j.j :Z”: cijijAlj )
/ jzldjik j:Ivaxeijzjxdﬁk

X, 6 W5 AN A IR § AN AR
Wb, ms o N AN B SERA B SR E T
B IE R, ms d; A ANE 55 AN R Z AR
B, oms kORI T AEN 1~2); n A HABAEE K
x5 AR i AN R IR 8 BT R I R A R
Tt o MR AN R IL e B AR AN R AR
MR AP jANE R EIFRIER T, MPa; 4,

URBAN RAPID RAIL TRANSIT 83



ETHIRBIZE - F39% F 25 2026 4 H

e IE R DA T8 j AN R i s AR B AR K A
A FITHAN, A m?, BT N R AR S A
FEAl ) — i I HoaZsm A ISR s K, A5 ANE 550
WIS REL, PR KN/ e M5 AN R Ak
() F1R) 25 S B Aoy O AL B P 55 AT ARG 8 — 0 )
TR FAE TR, 07l ms

BT aR /N AR, T TR R R R
TR IER 6, 25 A

0; =0;+0; (6)

K, 6 WA i AVE IR T M B IER, m.
22 EREREHFZGHFIEMGH AR

B R RS SOFRIE D AR R ] 4 s, J
PRI MU S AT RN, T4 R AR
TERHEREG o VES R P T B s ),
B RAMIN AR R B, AR v TR e,
A R PR AR T STt A SO I

4 RSO IE R
Figure 4 Schematic segment transverse convergence
correction force

% LR AR T IR R, B RICS I E
I F w5 F o AN :
Figp = AR X Ay (7)
Fyy = Eaxbyx ®)
R, B A RO SRR, MPa; b,
8P ANE R ACE IR IEEL, me £ i ANE R )
WIS 47 93 2R L BB LR 0.5~1).
25K 4 RS IR S A

Rl.zx(l—vczl-)

S; =AP xeg ————— 9)
E,;xb x f;

AP =P xf (10)

R =r+t/2 (11)

Kb, S 5 i ANME R H BRSO A S s e

84 URBAN RAPID RAIL TRANSIT

m; ROV REETUOZEERS, me o N MR
WAT, ms ¢ A i ANE I R, ms v b
0 ANME R IR EE L IAAA (X 0.2).
[F) B AT HE 5 AR SRR AR B IF £
¢ _ ni:i jxeij?x(l—vé)
TRl E Byxbyxfxdyt
X, S e AR BB ER R § SR IE
i, ome S N ANE B SRR ER RSO IE
i, omy RONER AN RTINS, ms vy ok
55 7 AN R IR EE - IARALL(ER 0.2); Ey R0 j AN R
TRBE TS PER R, MPas b, A5 j AN K5 T 1) B
B, my £ 55 j AN R IS 4 sk 2R B UL S L
H0.5~1);
BTl /N AR, S T R ik
S IE T S 12 A
S, =8;+S; (13)
L, SO i AVE R IS0 IE&, m.
3 RIS
h SR AR 1) 7K AV B 1 B AR T 1 T2
BB BETE I AR T T A o, EBURILIEE S
10 4F (MUK RS 1 TT e TREN T, &2k 5 dud, M
A RAIRERE . AT Z Tk iE S ik g
KA ) o AT 6 30 F HOE M 5 ]
SEPE R R
31 IiEBURSHEEFE
PRI RO S8 R s WAEA @5 400 mm,
JEJE g 300 mm, FESE K 1200 mmeo BEIE T R AL
T AcZTW (T ERE, 253, HTN
Aoy W TN R T2 CRIEIRE) . Ac)Z T &8 3Ri%E
KB (1535 78 64.50~72.74 m/d), JFLBR IR B 7K
e MR BZ D 2 R A, WARREMRA
AR . A 2024 R, MR E KU
M oR: PATE K BT A FUTEE 106.9 mm,
I KACTREIAE ] 92.7 mm; AT SRR RIS T
PUEIA 94.1 mm, S KKPICEUE s 124.8 mm, 41
Kl 5 s
RGBT O BRI EREG
(RHE B 35 mm)5E— RIS MR HUE LR
~FE (i 25 BE VT RRE, Bl s AR 3 965 mm
(BEVHARIE R 4 040 mm), X 81 4 2 4 18 78 0l L %
JE ) o

(12)



B F 0K L RIS ZTEHIE RS

WA RN BASE — D7, BEEMEE T 3~Tm  ERAEACR A, RUIERBUR H 5 Pish fh 5
RPETE N AP AE 2 AR R 3 X, TSGR R, ARG TVEAE LUSCBL KOG . R Wi
IKEFR OIS WK S0 1B 6 Fs.

TRV
106.9 mm

ARUHEIRTELE

lI(’/z
460 mm3t 2k

si“ T {T]
! ! c‘°
R &
ccc

|

|
I
Ny

|

|
311

|

|
0
> 1
|

|

|

|

|

il
|

|

| |

| |

| il | 1 L Y,

| I 1 § ‘Zﬂ‘bﬁ(ﬁﬁ’é)

| | | @ WikiG

1 1 I ® ﬁﬁ(ii@) 124.8 mm
| ATLATER~815F I | L HAEE) FATL61H~1333F

N | — | S S S S e A R

K5 ZRAEHEHBERIX A BT 41 4A 0 5 A5 0

Figure 5 Initial defect conditions in a metro tunnel section in Northeast China
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Figure 6 Geological longitudinal section
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Table 1 Statistics on the effects of the Radial Cement-Soil
Pile Method for Correcting Excessive Tunnel Deformation
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Figure 8 Apparent condition of the tunnel after remediation
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Figure 9 Analysis of typical segment ring deformation data

W AR 2860 0 A TR L T I0E.
FEUTREH IE 71, LA EATERES 60 A% B bE I L 441,
¥t T2 50(AP=0.2 MPa, 4,~1.4 m*, K,=5 000 kN/m?)
RARAAQ), KIHEAHASIETE 6; 5.8 mm, 5
SR RS 4.3 mm A HFEAART . % EAAR 5 FpE
KT mM(d=1.2m. 24m. 3.6m. 48m. 6.0m),
& ARNAI(L), SVHEAT HAHSBE R AR T 5 23 7k
5;=4.36. 1.44, 0.74, 0.47. 0.33 mm, HCAIR P
oM 20.4 mm, S5 BEEAE 20.5 mm EASEAFATT .

TEMCSSOFRIETTIHL, LA FATEER 60 MKV oA,
RASH(AP=0.3 MPa, ¢=0.8, R=2.85m, E=34 500 MPa)

A(6), THEAFHMES SO IE R S, A4-4.52 mm,
S BIG AR AR —4.1 mm &Y. % REARAR 5 B8
PEIE I T REM(d=1.2. 2.4, 3.6, 4.8, 6.0 m), ¥ d;/R
ANARK(S), LA ARSI AR THE 230 S=
~3.77. —1.88. —1.27. —0.94, —0.75 mm, WA Sl
SR IE 21,74 mm, 55 4E R (E-18.6 mm #a
FAFE, ARERUE T 2 2R FBE S AR SR BE I 1E R, (1K
HETRIIGE ST o SPIED], %200 ] TR
SRR e S %

3.5 FHMBFIEME

1) ACPHE M A : AP T — 2 {1
AP/« B R, H o DA AT B PR
DUEHRTEIN G . ISR, B R ER 5 Ak
FAAE— R E RIS o AR BEmT 22 T2 ERI, S
SR TARXE, S BSuERaT. ATk L
YT, AKOPAEALESR I % 3 8 ) v 23 AR 4k ST s
TEJT I Tk A 28, DTk A ELIE 50%~90%, 2
W IE 2R T 1R DG HEATE AL

2) B R MR 1B AT T R e K 1 1 B
AR TE, JEIERE R AR TN B s, H 00 R
WK PRSE T 1 s AR A BR . BFURE, B EbE
R IE BRI AN R AEAE R, A2 52 AHAR 5 FRyE
Py CLJt T AT ) S 3 5, Ik e B St T A A
(RERE SO, o AN DT o LA AT, 8 AT A 0 DA 5 i) AR
JEH IE A L, ok B IS 30%~60%, 1%L
K0 DR T ]

3) HURMIE RS RS : SR (1 52 i e LK1
W AR TP AR . DR 2 AR 2 5,
FORHE PRI L 1) DTk 5 e R KBUH . R,

URBAN RAPID RAIL TRANSIT = 87



ETHIRBIZE - F39% F 25 2026 4 H

AR A B KPSt JAT — e AE . JLoTikly
EEARTILAE ] TE AR B S KPS 2 5 S 5 1T = %
S TR 7 L 10%~30%, f i PR 18 i) A2 J2 1) DT
Bk AT EEDY 20%~50%, FERERAZ LS B AR T R A
HCE (ROl R o ] 4

4 g

AHFFCE RIS E E BRI IR ARG,
WEPHT . BRI S TR, BT — B REmR
BEHARAR . TR .

1) T2 PR SRS, AR R K Y8 L F%
T PR IE LRI B R . BEJE, i TRRsE
BRIGAE T i LIEMA 0. 85 /R, HAKMI).
KRS TR A /N T 0.014 mm/d). 295 5 )
AB(RA DT . S, ¥4 ) ) 1) = KA
P, AT T AR I T &

2) 7 AR ) KU A B T BR AR TR 1 T
FrENLEE, IRk B . HES T I A
IEE 206 23, JF I S eI H B 3k 13
EEME. [, WIS SRR DT KPR
SRR IETTIR 50%~90%, "8 ELAE 5 AT IL R 50t
B THETIR 50%~80%).

3) M T SE AR L S B A UEAR R
T KPR B A R LA TN . T
B SN I K R 2h 2 S BRI, AR R B T it L
2 5 AR

4) T ad A BB, AT
F(H 2T 1~2 SFH A T) AR 7 %, ATA%
Kt T BORKRE RIS A, TR b Jn ek
PHEERIOA, et AN B BT

5) JRVEAR IR KR R i PR AR T M 1 LYk AE RS
TEAREHF LIS T2 i, ARIETRAEAAThE
ek KM REERIER S FEBOR N HI 7 i — W5
S 3k
[1] E=#, &K JGHEE MM R E IR B4 L

BR[N] $TF RS LA SR, 2023, 19(1): 319-325.

YUAN Yunhui, GAO Yong. Study on the correlation between

convergence and structural damage characteristics and perfor-

mance of shield tunnels[J]. Chinese journal of underground

space and engineering, 2023, 19(1): 319-325.

[2] rH#iA, X Ese, HER, F. LR mEREFHE

R EIAER R B M) 2d A5 5 T4 4R, 2025,

22(11): 5064-5077.

YE Haorui, LIU Tingjin, HUANG Zhibin, et al. Disease
patterns and causes of shield tunnel in reinforced soft soils[J].

88  URBAN RAPID RAIL TRANSIT

[10]

Journal of railway science and engineering, 2025, 22(11):
5064-5077.
MRA=M, 2L, RUAT, 4. B TT I8 M G M g i
M h 5 TR &L TR, 2023, 45(1):
24-32.
CHEN Renpeng, LIU Muchun, MENG Fanyan, et al. Circu-
mferential forces and deformations of shield tunnels due
to lateral excavation[J]. Chinese journal of geotechnical
engineering, 2023, 45(1): 24-32.
SR, rEEAR, BRA, . FIEB KIS B EE
M B ACIR T AT ARFR[T]. T d R FFIRA RAHFRR),
2025, 56(9): 3797-3809.
ZOU Yang, YE Yichao, TANG Qianlong, et al. Deformation
behavior of elliptic ring in shield tunnel considering joint
rotation[J]. Journal of central south university (science and
technology), 2025, 56(9): 3797-38009.
NG, JEMRRIE T R MR B AE[)]. T ES
Br 3k, 2025(7): 252-256.
SUN Lei. Measures for treatment of defects in segment
structure of shield tunnels[J]. Urban roads bridges & flood
control, 2025(7): 252-256.
F g A, AR, Bl LA JE Aok X D) R 2 A
ZARAN R An B 157609 K Ao €1 []. BEIE L HiE 2
20233 7] 1): 34-37.
LI Qinfeng, XU Yi, LIU Xian. Development and innovation
of reinforcement measures for structural damage of shield
tunnel in rail transit[J]. Tunnel and rail transit, 2023(S1):
34-37.
Arak, R, B, . RIRARIE A B JE M I 45 A
AL A WX F o B R[] IR R R,
2014, 51(3): 131-137.
LIU Xian, ZHANG Haoli, TANG Min, et al. Experimental
study of the ultimate bearing capacity of a shield tunnel
reinforced by a semi-ring steel plate[J]. Modern tunnelling
technology, 2014, 51(3): 131-137.
ek, EAL, G5E, . MIRAVE e B A REIE 25 AR
B A G RBFR: KRB 2ehFE RS
&, 2013, 32(11): 2300-2306.
LIU Xian, TANG Min, LU Liang, et al. Experimental study
of ultimate bearing capacity of shield tunnel reinforced by
full-ring steel plate[J]. Chinese journal of rock mechanics
and engineering, 2013, 32(11): 2300-2306.
MR AR, BT, HpiE, F.MIS Tk EALM M3 T4
JEMIEEIE B ah 8 R ()], S, 2022, 6(3): 100-103.
CHEN Yongwei, FENG Shi, LIU Manjun, et al. Application
of MJS method in the shield tunnel of Hangzhou metro
line 3[J]. Building technology, 2022, 6(3): 100-103.
HeE, BAES, B, F A THARIMARREL
HE- R 5% BRI RLT]. s R R(A A
FHFRR), 2024, 51(11): 23-32.
CHEN Changfu, LIAO Jiahui, CAI Huan, et al. Research
on the evolution law of cemented soil-soil interface strength
based on the disturbed state concept[J]. Journal of Hunan
University (natural sciences), 2024, 51(11): 23-32.

(%% T#%)



