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Calculation model for vertical stress of shallowly buried pipe-roofing
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Abstract: The traditional horizontal differential element method used to characterize the soil
arching effect neglects the contribution of inter-layer shear forces to vertical stress transfer,
leading to conservative calculation results. In view of this, the pipe-roofing tunnel was first
simplified into a “trapdoor” model. A finite element limit analysis (FELA) method was adopted
to systematically investigate the variation of the slip angle of the shallow trapdoor under different
depth-to-width ratios and soil internal friction angles. Accordingly, based on the trajectory of the

major principal stress, a vertical stress calculation model of an arched differential element was
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established, and the vertical stress solution for the shallow trapdoor was derived. Furthermore,
the influences of soil internal friction angle, dilation angle, and surface surcharge on the
normalized vertical stress of the trapdoor were clarified. Finally, the proposed model was applied
to a pipe-roofing tunnel project to explore its engineering applicability. Research results indicate
that the calculation results of the proposed model show good agreement with existing solutions,
FELA solutions, and laboratory model test results; compared with the classical Terzaghi theory
and code methods, the proposed model reduces the normalized vertical stress by 30.7% and
45. 3%, respectively, and it reduces carbon emissions by 9. 1% and 16. 6%, respectively.
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Table 1 Variation of slip surface angle above the trapdoors under different depth-to-width ratios and internal friction angles
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Table 2 Slip surface angle above the trapdoors under different

depth-to-width ratios and internal friction angles

AN AN N BN BN

@/ H/B /() @/ H/B /()
15 0.5 15. 20 30 1.5 31.38
15 1.0 15.74 30 2.0 30. 60
15 1.5 15. 96 35 0.5 35.56
15 2.0 16. 16 35 1.0 36. 39
20 0.5 20. 90 35 1.5 33.58
20 1.0 20. 82 35 2.0 33.33
20 1.5 21. 48 40 0.5 39.19
20 2.0 20. 91 40 1.0 41,09
25 0.5 26. 16 40 1.5 39. 49
25 1.0 26. 30 40 2.0 39. 32
25 1.5 25. 34 45 0.5 45.90
25 2.0 25.72 45 1.0 45. 54
30 0.5 30. 48 45 1.5 43.62
30 1.0 30.61 45 2.0 43. 88

it — AR G W A RN PR 5 A A R S L
2 AHE A U0 T W AR TP EE A Y B K A
ZEN 1677 B 220 0. 477 AR 22 1 3 (e —

»=30° p=35° p=40° p=45°

\ \ ‘

\

@)/ @X 100 001158, P B A X 25 2 3. 400 <5 %,

SHM T ERIIAE R, 45, ATk
FRABTEs R 1 s 1 B &SEVS A E R =
0. 990, | i BF 5 45 S 3% B 1 24 4 30 0L 55 1 D9 B 4
fil. X5 Lai 4% 5 Chen %™ (1 iff 5% 45t —
A9 T R A T N B A [R) B AR SR J0 x i A
SE M ELT, R IR 45 1 38 F i B R e TR AR 5 X
FURHEZ A, W S4B A0 I T2 B H5 B i il T
EREFERENRE. R 2T o=35"3 =450l 5 2
FA W /N N R A, X F2 B 5 R E L R S 0 B
HE S WA K, Fa WA & FELA $0ETH 8 0 1
O iEs

FELA(p=15°)

FELA(p=20°) 0
FELA(p=25°)

FELA(p=30°)

FELA(p=35°)

FELA(p=40°)
FELA(p=45°) v

N~
S
T
ogdveD a9

WERAMIC)

R*=0.990

1 1 Il J

10 20 30 40 50
IR A (%)

3 RSN AN A AR

Fig. 3 Fitting result of slip surface angle and internal

friction angle



%7 *

FOWLFoREERRRE

e p it R L T E A 43

BOEEN. SR B AT (H/B<2) ., W 2
130 A1 5 T 4B B 10 MR AT R AT A

FE AL GE I - JE ) B8 P 0 e 8
397 1l 5 B R A SR o U 3G ] ok s O
15"+ /2 BY 45°— /2. JLTT 4R 2 2K TE 25 A 4% 1 F
R 7 AR A AT 7 T B0
RN 5B PR R A G L OF T T B 7
6 93 00 £ 33 0 8 220 o 1 2 07 0 JLART 96 R 4
S W R AR 1 BRI R B9 VA . X Tl B B
B RS L P R ) 0 0 R R O L 99 )
597 160 75 215 A B 7 1) — 0 M 1T A B
UL AT L4 F £ R BE B M. 45 4 FELA it
FELE R TR CATIF L5 « mT A 76 0 LB i
P (05 21D L 06 R A B R4 B
R SR PR Y T o B
EHLIEE RS, ST F R R SCHE S S
P B a= g,

2 BHNEEMNAES

2.1 HEHBEBBIRNARESHT
P 4 2zl 1 3% 2l 170 ) SR
S AT R R
(D BRI 5 16 3h ] 7 4 R ok BTG 2 4
o T BR VAR S L LA PR R e R R
OFESNTTAE T HRIAET  ITRTE L H/B<2,
(3R F I Bl e AR [ 9
WA 4 B R s Sl ] B B B RO A T

3 KFERFTH
‘I/‘?%Z%E 2

\ "
‘E 1 3 \ "-\
g l’ \'\'\. dﬁ/IBX/ T
ﬁ ] \‘\ A\ f%
+H ! AN \'\\'\_ -
II R, \\ ‘\\‘.\
! N, A\}
1 \\ \-:'\
iy / N A}
| 1 \\ \}{\
/ . g%
|UII \é\‘“'\
/i e o

EE) 1 %B/2

Bl 4 &S]S g A

Fig. 4 Vertical stress calculation model of the trapdoors

TR o0, X TAL — B0, ol AR ALK 32 A1 4B
BTt I e 2 32 08 4 S BT 2 B A A7 AR 5 1
D1 % D) 2E AT T Wb b 3k e T e KT I BT
Pl 22 % BT J22 8] K P 5 U0/ TS By iR 22 .
XFIRE N = (B S0t kiRl
B — 2tan(a) (H — 2)
2sin(4,,)

A HHIE M TR 50, WHUE o BT 1E
1AL 1 R A e S

Da Silva Burke %% 25 th 2% [8 75 + 87 jK /) 1 g
T 0. T3 = (2) iR

R = Ry = (D

§. — arctan (N—1D — /(N—1)*—4N tan’ (¢) 2
2tan(gy)
cos(¢)sin(gp)

3

@ —arctan

1—sin(¢)sin(¢)

N=%=tan’ (45°+%)

Ao R SE RN BEE A5 ¢ O H AR BT K A L IR
¢g=max{0°, =30} ;51 Fl o; 43 B A K 32 1 1 A/l
EpI

IR B2, (2) H Da Silva Burke 48 1E A
GENG 1] 5 UKL B e A R 5007 I 4 3
it Ay UL B RHE 5 U1 AR JE 3 A vh 0% ) 5 1) A i
e, I 52 B BT KR ROM R R 5 32l T DA SR R O
FHYBORL AR &R o AWESE i R TR IS Bl 1) A) R
W B O TR PERD i R R e D B A A
il . 5 Da Silva Burke %8 78 0 5 A — 2 Hy J1 27
FRAE . A, P 25 F (CH/B<<2) TG 8hl] BJr +
KBS T 1 ¢ % 1 55 1 o5 4 10, 32 07 ) I % W 3%
(I 2) . Ho¥r 24T S fif 28 b 3R L JX BB R AR 5 3 0 AUt
ST IR RE Y 100 555 1 0 32 0 T T e AL AR — B
WA S b HA v B .

XoF T 4 T Ak A A B T R T N IR S 43 A AR AR
+ A BRIC I B R 32 L B D F. = 0 L33

[TW m%‘)}cos(a>+[a§’ sin(a+46,)dz

cos(a)

s, i}imaw K cos(atfu)dz Jsinto o)

cos(a) cos(a)
Ao, xR BT T 2L AL BT 1 ST 500
2 R BRI TE W BT AL A IE N T 501 Vot 43 i Dl #E
TE 3Ly BT TE I G A W DR 32 8 T3 RV FE 0
Xt (D) BEATRE B, 7] 45 3
7w cos(a) + oy sin(a + 0, ) cos(d,,) =
owsin(a) + oy cos(a +60,)sin(f,)  (5)
[ S e o N o O S - I o TPl

}cos(ﬁw):



44 X @ B W I B ¥ R 2026 4
SF, = 0. 3] TEHIE B4 BT b 56 8 0 5 11 45 1
twsin(a) + oy cos(a) = oY cos(a +0,)cos(l,,) + FY — 2[7 ossin(B) R dB: (16)
. . 8
W“ w » w 6 ), N ™, " 4
E;::E‘;;Li;qui) - () B35t (12) L (14) ~ (16) 735
- 1‘ ! 7o F?B - [ZCZRA()U?JVZ)’R:{\OCOS((?W)]Cs 727R§\()C4 =
o = 5 (N=Dsin[2(a +0.) Jo¥ (D 2C,CsRyo0y +27R5[Cscos(0,)—C, ] (D)
B 3R (5) L (6) I 2 7., 15 5 ¢, —aretanl VN 1sin(,) ] (18)
N—1

6w =o0o7cos’ (a+0,) +oysin®(a+0,)=Cisy (8)
C, =N cos’ (a+0,) +sin® (a1+06,)
R B W73 BT b3 BT T R AL S 18] B T o
BEAE AT SRR Az R MEAR A, W LA B
o = o — YAz, D)
Azy = R [sin(B) — sin(B,) ] (10)
Krbeor g HEJE B0 8O0 78 3 % Ak fY %5 [8] i ) 5
B NPTy B ICAT 3 A5 ¢ Ak /N TN ST 1 5 KR
J5 6] B e £ 5 B B0 B o0 I G Ak /N N O

li] 55 7K V-5 1) 149 e £ ,szgfﬁwo

KSR T D F (B ORI RAS . AR AR IE
BT o PN AR BT ) oo 5 JERE JR - P o U O
LEEEIR I AT I 45 1)

o, = Cigl (1D
C; = N cos® (B) + sin® (8) (12)
T A
[
D
/,/’;’ 1
,}@ ’ |\\
o] A I/‘A Pid A f o
& :UY// ¢ g o
R4
B 5 D gihiJiiRaEs
Fig. 5 Stress state at point D
[Fi] A5 2]
C, = N cos’ (B,) + sin*(B,) (14
B ) (D KA (13), 53]
i G YAz
A 30, 1
03 szo'.s Ci (15

HT T VTSR 2 A AR S BRI DR I 0 A
BT 5 1 IC Tk . A BUR RO BT AT RAL
(19 /0N T2 I8 3 9 A 280 4% 188 g% A 2E AT R0 15 B4R A

C { [’2‘arctan(taj(%’)ﬂﬁew}/(z\fl) (19)
[7i) FEAE A HEIE 03 B 00 T 2 w0 i) 8 1) 5 ) R
/NH
FX% = 2C,C,Ruer (o} + do?) +
2YR %y [Cic0s(0,) — C, ] (20)
VB FIAE DN vy 21 5 1) 66 1) 5 ) AT 4% 50 (21D KR
dz

FMW =FB =[1 cos(a) —oysin(a) ] @D
cos(a)

Besr (7 L (8) 2D .15

FMW =FB' =C,oyds (22)

C, =4 (N=Dsin[2(a+0,)]—C tan(a) (23)
B W BT 1 KN R
G = 29R 1 sin(4,)dz
2.2 HEMSBELTZNEE
& 6 il THUE M ot R B . HUB
o BT AE R R R A B BTy S
BN s 55 Ny 2R W AR R 2 00 o7 . AR s
DIF. =0, 143
FA¥ 4 G—FY8 —FW _FI — g (25)
B2 (17),(20),(22) . (24) . (25) , 13 3] 3 4y
HRMT

2o

d= +C60'3 C7 (26)
Cs =RC,C; 27
_ rsin(4,,)
“=cc (28)
KA (26) 13 B LA /N TN T) o) FTHE T
F;AE

4
7,
\/
aw
A/

B 6 BOBRMIY BT TV

Fig. 6 Force balance of arched differential elements



%7 *

FOWLFoREERRRE

e p it R L T E A 45

EL TN

v CCq . . .

o3 — T—Q—Cexp(* CSZ/CG) (29)
Ao C R E REC LR R IE

A 2=H, By (1), (10)., (11), (15),

0
2 J R o dx
o= "% —
2J7 {Co0y — WRaoLsin(B) — sin(B.) ]} Rapsin(B) B,
8, _
5 —
C,C; Cq 7B yBl.,

+Cyexp(—Cs2/Cs) + (30)

C, Teot(8,) 4 sin’(f,)
ZEM B AL A ZMN 2=0.0,=p,
i

B, C,C

C:(,%lczcyoie@+4czysin62<0w>* C

B0 (D (10) . (1) . (15, ik — 15 2 4E H
TEIE 3l T T A B AL B9 88 1) B 1 RN K

77B[sin(ﬁg) —sin(,@w)]

2sin(4,,)

3D

(32)

O'i, - CQO‘;/
B
2cot(t9w)1‘,») (33)
K MG ST R Ry v BES TS 1] B AT
— R AR R
W B, B3 C~C ¥R

3 Xttt 5IEHE

3.1 H—HEmiAh
3.1.1 BARKK1

Sk B0 T PR AL ) A B L 51 Tglesia % T R
(B O HIL TG 30 1T B0 45 SR AT X b IR IR B R
98 50.8 mm BTG B[], BB B B Bk (o~
28.59 L H 515819 % B 2t H/B=
0.5~4.0, IRIAE 20g B0 B2 N #EAT . 3l i
G B A% SRR 25 S o R AR T Bl T A AR S LB B . R 4
s T RN p AL B A, B 7 XF T FELA
B = IR R R I S [R) B i 11 05— 1k % ] i
Tt ESE R . TR B AL FELA SR A NI 4 R
B F T A AR BRI 43 B ELA A e TR
RG] F 5 e T, wr L& B
PRAGARUAE Al e 1 24 A1 55 T N R A i LRl L oR
BUIE oy B0 2 CADEMD DL 25 [ e J2 8] 37 9) Jp
R RMENAER RS R A R4, BN+
% UB(FELA) F1F R LB(FELA) Z 1], 50 iiF

B = arctan(

1

UB(FELA)

1.0 LB(FELA)
D ~ pl(yH)=0
9=28.5°

ST B=0.0508 m

AR I
O XHR[29]

0.8

0.6 [

a/(yH)

04—~

SCHR[281(= A T 32k £8)
— - SCRR[28](B 5 & Bh ik £%)
0.2 | —-- SCHR[28] (I I 51 7 £%)
- - - FTiRBLEL(0,=45°+p/2—a)
— PR B2 A e A 3]

0 0.5 1.0 1.5 2.0
H/B

7 AR TE H R VA — b 8 1) i ) TR 2 AN
Fig. 7 Comparison chart of normalized vertical stress calculation

results under different aspect ratios

TR Y A BEME S E A . Handy %0 F
ZIN 32 N A B P 2 ST T SRR R T A 8 ) g )
KT AN A L FELA S8 i &= N
B B 25 i F AR SF . Terzaghi M B 22 M 7]
T RECH 1, 28 T E 0N 1% Tt a4
3K . Da Silva Burke 25 2% &7 3 1y 7 i % I
TSI RAE L (2) 1, 43 36 = T8 L R IR Sk i
2R3 BN g B0 Sk 8 ) W ) B2 e R O e . DA
H/B=1.75 R, = fMIE | &4k 4 b B 90000 26 By
1505 — Ak 8 my 3 7 T 25 R 5 R e 4 R 4 A 22
0.287.0. 144.,0. 084 , B £ B 5 2k #H Lb = 1 B B3k
L REREHR R 49. 100, [ 9300 28 A1 B Ak B 2k il —
BPE R 20,600, S REUCRABMLA KX =M
BB £ 44 AT B A AL 35 N g D &% o (B oI 30 £& Rg
HER ML A IR0 S 1] b N S m AR AT o . T B AR
. Da Silva Burke S8"“ 3% T 1% 52 K V- o3 20
JCYE  Z W T T B KT BT UIAE L A SCHE H IR IR
BB AR AT R Al E R AT T HYB s BT B
RT3k — Gk B CHE AR R R 3 — B0 A5 U 50 45 R A
7% 0. 009, gF— LI EAE B 25. 8%,

WAL, B B2 T H SRR A SR A 2% I 1 37 Ik 1Y
158 W 1w 5% It BT 0, = 45"+ ¢/2—a, Al fiE 2
FHEOFEE RN X EERER A XS T
ST AL 1) N e . [IRERL H/B=1.75 Ry fil,
K AL Ge i T3 e f it 5 07k e X OBk S
RIG 45 FAr BIAI 22 0. 02 F11 0. 009, %45 KW T %
JEAD 55 AR A b B L 22D BT MR R TR
P W 7 Fis AEA R SE IR B gt S s B 8y
R GR35 45 B K FELA 45 2wy & B 4, % W



46 X @B B W I B F R 2026
Da Silva Burke % 1 19 A 50O JFERRIVE XL TS S By o3 A i B4 3R . S 329

P LN BAT R4 iE .
3.1.2 AAKE 2

Iglesia® I F& (1) 85 .0 ML I 3 1713 36 27 P 45 il A
TIFE (406 mm X 330 mm X 254 mm) , i3] 5e & B
W 25. 4 mm, il 1 #E & G0 0K 3 i B AL R G R
290.18 mm « s ') filf 4y A& I AR LIRS . BB
P New Jersey 4/14 M #b (Fi 42 2.1 mm, g~
39°) AH X B BE ) 602, A B H/B=0.5~
4.0,7E 40g BB T HE4T . K 8 il 1 A [l
WA B B Sy g5 0. SRR, S A R A
RIS R & RAF . E— 2D am 8 1 BT S A A A v R
PR A P R HERR M R AT S . Terzaghi L4 PG
P 22 % 32 1 ) A 7 » BT AR TS 4 R A oK . (EAS R
F89 52 » AN [R) B i A BB T 1Y 85 1) I T A 22 . DA
H/B=2.0 }],¢$ B max{0°,o—30°} .¢/2.3¢/4.
o TG as ] 515 45 5 73 B A 22 0. 013.0. 02,0. 031
S 0.0495 A 3CFr ok 0 87 Kk M v, B ¢ =
max {07, — 307}, A bt Al 1B B2 0 1 48 A
3.5%0.9. 180, 18. 400 IE ] T A SCHHRAEAY I i R
FHA T K A 1B 9 & B

LOK 1 i
. — - XHR[14]
N, T 3R R (y=p)
0.8 |- S, — - TR B R (y=3¢p/4)
ST T TR EE R (p=¢/2)
\ S TR (p=max {0,9-30°})
0.6 |- -
T
S
|;’
0.4
L p/(yH)=0
0.2 =39° R
B=0.0254m <O XHR[30]
0 0.5 1.0 1.5 2.0
HIB

B8 ASEFE T H— A% 1 By 355 45 R 3 ke
Fig. 8 Comparison of normalized vertical stress calculation

results by different theories

3.2 BEmNAST

A BAE BTSSR, 5] ] Hassoun 251
TE I3 3l TR R0 HEAT X b o i e R I
BEAIAE (1 000 mm X 400 mm X 200 mm) , &3] 5%
JE B=200 mm, i & B ML 9K 3 3 H AL GE R R
0.016 mm « s~ '), fay 2k By Hpr g DX I £% a8 52 I SR
B, BURL M BR A CRIAR 5~12.5 mm.pa53. 6°) . I
Jitt H/B=0.25, & HIHC B AH O H R (DIC)
SR RO S BT TG Sl 1) e 1w 0, Sy 40 A B9

JI B AR TSR 45 L IR % IR R T 2 [E] BY V) g R E N
R B 25 5 e FELA B0 W1 A R4 580 T fr
PRI [ A PEPE R E % . Terzaghi 25 [H K %
JE BN R A R RO KO H 4. Liang
SESUTT LA L WA E B 1T 45 v KO
T 22 5 X 5 E BRI K 45 R & FELA 50l
FEATIAEAE — IR 22+ 3X W] BB 2 R FL & Al TI& 3]
MG AR T T2 1 3 A B A TR S 2200 T A4 B G T 1Y)
IV B IVE FE e AR IRAVE T . LAIS 3l )i 4 ]
FRR AR ] Liang 5 B 1] i 143 5128 0.9.3. 0 kPa,
SRR G 45 0w 22 43 5k 0. 2,2. 3 kPa, i — 25
UEBH T BT $ A5 7R A R b it B T ) B ) R
AE B AL TG 31T 07 H RO

5

H=0.05m,B=0.2 m A AR
¢=0kPa,p=53.6° — - - XCHR[31]
y=152kN *m” — - - CHER[14]
— PTiRALAY
3F HE 7 :
- \ UB(FELA) /
< : LB(FELA) !
3 \ 158 R R 56 !

O IXHER[19]

L 1 1 1 J
=il

-100 —60 —20 20 60 100

x/mm

P9 e g ) oA A RN I

Fig. 9 Comparison of the calculation results of

vertical stress distribution

WA PL BN T 2 R[] A 3 R T 43
Mo RAETEAE N EEEE AT 5 K A7 AE 22 5% . B
PRI R 2% b + 57 K (908 1E 1 ) D % F TSR
A2 T, I FHIE 5 BT 1 DA% 182 (8] BT
S5Y) 7 R R 5l 45 ] S FELA 253 W) &
KLAT- . 3% B T 4 B 7R 1 4 Bk R ofE A 1 LA B2 Da
Silva Burke 242 [ (2) JTE LW FEHESL T (R, T8
k)8 A R4

4 SHIHW

BT 4 T SR R, PRTT PN R A A L 5 ik £ e
T 20T U — 88 1) 1 7 5 o R . At 461 2 5K
WA WG STTFERE B=0.2 m; NEEEM o—40%;
Bk =10 HIRFEJE y=20 kN « m *; Hly i #
# p=0 kPa; BB}y c=0 kPa. B4 57 B4k, H
RS 5 EE AW S8 — 5



%7 *

FOWLFoREERRRE

4.1 HEER

K10 4578 T AR SE L H/B T NEEE M ¢ X
H—AC B 15 W Sy o,/ CYHD M. %% H/B
W vo ./ CYHD Bl o 384 R 52 38 i e v 32 o 7 i 9 g
BEHER S RP T 5 B 2w . 1 ERRO g
BE o LB H/B XK o,/ (yH) BN HHFE
R RIS X 5 7 — 8 PP
K 10 &, H/B=0.5 #,q,/(yH) Bl ¢ 35 K2
R IY N s H/B=1.0 .o,/ (YHD B @ 3 R 5
Atk s H/B>1. 0 i ho,/ (YHD Bl @ 3 K 5 Ml
LR . RIRBLR R B N B A A B T
5if b BESSONE A2 T R T e B 5 SR T L BB TR G LE B 4
R L3 e % IR 8 s - JE S N B AR T
SO°M L iZEHHE . H, AR (H/B<
Lo O Z R 3 R L A P P 45 4 S A ) T 0 ik e it
RN+ ARG V2 4 5 15 [ 7 )

0.8

—— HIB=0.5
H/B=1.0
H/B=1.5
-~ HIB=2.0
0.6 F
T
S 04F <
5y Sl
02 s
0 1 1 1 J
20 25 30 35 40

P/(%)

B10 ASTRITR D8 Lo T PR JBE $88 £ Xof 051 — Ak 188 o J37 7 1) 522 i R0
Fig. 10 Influence law of internal friction angle on normalized
vertical stress under different depth-to-width ratios

4.2 BIRKA

B 11 JEW TAFIESE L H/B FIH—14b - 145
WA o/ o XA R W o,/ (YHD SR . 3%
G3 T IR AT T VA I g i 8 AR 2 0K (2) T g ik
ZROBE R T3 45 5 00 B0 o DT 2 — 2D A 3 i
oy AR TR 2y 17 [R) A b i . 20 A R L B
/o WK L HEBON B W0 55 0,/ CyHD A Y
R 33X 2 PRy 1 2R 1 A AR B K RN 2 N ) R )
fiid B Bl . F— DA R B Y ¢/e<<0.4
B BEE o/ W Ksa,/(yH) 8 KRR AL, H HBE
H/B B8/ 24 H/B>1.0 i, i £ T K
V- X AT RE S b TR R TR O A B 52 A
K I THBKAT . X ¢/e>0.4 B0,/ (yH)
Bl ¢/ W R BAELMEIG KBS, H H/B B/, 1K

g At AR L TN R 47
06 mB-0s
H/B=1.0
H/B=1.5
0.5 =—~— H/B=2.0
0.4 -
)
S
s
03
02f A
0.1 !
0 0.2 0.4 0.6 0.8 1.0

Ylp
B 11 R TRIR FE bR U3 — Ak BT i A e U3 — 1k 158 1 1o F7 174 52 ) R e

Fig. 11 Influence law of normalized dilatancy angle on normalized
vertical stress under different depth-to-width ratios

R A PR 3 B B ik A 0 A A g KT IR oF R AR
A S O 3 . B R U A A A5 SR SR T
K Talia 22 3045 ¢ 1] 1 77 B 57 AK 1 242 16 R AT
DAV 5 i R e g 2 o B IS0 % s BEASONE A 400 16 4
2t — 2Rk T % 2 AL A BIF 58 1938 A 5 AT
St

BT B IR LA X T A 1] SRR A e £ L I
FHRURLIE 25500 18 ¥ B RD 1 o 8048 A B JK 45 1k 2
SRR A - OR8] 1 AR L4 B S i AR
JH DT 35 JBE i ARG - A 59 K - 6 3 B0, A 3
Wee AR T U2 b B 8 )
4.3 MEBH

B12 BB T AR SE E H/B R U — 1 i 1
B p/ (YHD XA — AR [ ¥ S o,/ (yH + p) B
M. ATUFE Mo,/ (YHD B p/ CyHD 3R T 2 #i

Bk, BAKME .78 0<<p/(yH)<2,5,/(yH) T
0.5

0.4

=)
w

o /(yH+p)

=
S
T

0.1 ool

p/(yH)
B 12 AR FE LG U3 — At T8 28 % U3 — A 88 ] 7 g ) 5 Wl R

Fig. 12 Influence law of normalized ground surcharge on normalized

vertical stress under different depth-to-width ratios



48 X @ B W

I &£ ¥ R

2026

BoAWFE,H H/BBUN BERB 5T 2<p/
(YHO<4 B} T ERIRE B B % 2 p/(YH) =4
F L i A TR . R LA ER I, 76 40K
BARO<p/ (yH) <<2) I, 3% K 24 B % A 200 9 +
PRGN L AL HE I T ) P A0 A% 5 T 2 A R (2<<p/
CyHD<T4) W}, 4k 23 1% i 2800 1 HE 200 i) 42 7+ 7E
A B X I — 8 [ g 7 S R TR AN B

5 ITHENH

5.1 T#E#HR

P13 25 i 1 DRI T A8 e ik g Gl LA 7R T
BB TR K BELY Ty 66. 5 m., 25 BT 35k K OH
T2 2 R i 2800w e LAy ey 230 6 B s LM IR
HT0 mL BRI K 7.6 mL SRR AN
0.92, )8 THRSE T T/, H - 84 fiia, H it
e X b TR A AR . BOR T B AR 402 mm, BE
JEE 12 mm (948 5 254 S AT I A 1) e 5 B i
Fe W HEIE B A B 2 B R BR ) T B S T 42 I
Difi#e . B2 RN 5 2 A )= N B
N RUE AP RD RIS K i XA A8 B A T 40 5 1
DL 3. O 25 I8 ML IfT H K R R L B p =20 kPa,

P=20kPa
(a) 3 A% BT T
T HAR IPRHAE KX BER BER KR
PR BB BB BB

(b) BEEAWE

B 13 RINEE F kR E
Fig. 13 Pipe-roofing tunnel in Shenzhen

i LR L BRI o NSRS o IS o SR
A 2 P BT AR L = R s oE B S
IR 37 X R B A AT 2 25 Xt Jo B8 4% 41 5 v ) 48
B, KAZRAKXN ¢=max{0% ¢ —30") i
il s 0. iHEAXSHE @),

®3 RHHHEER

Table 3 The on-site geological conditions

- + 1k
LR ikl e 5
J2 TR 0 8.1 9.7
HE S ¢/kPa 0 0 27.5
NEEHE A o/ () 33.0 26. 0 25.5
FARFEE v/ (kN +m 2 19.2 19.8 18.3
PRI E/MPa 30 42 205
5.2 EIRHEENA
5.2.1 ARAIE

P37 o Sl 25 Wi D A 1 R it T o AR A R N )
AR AL DA R il T 58 145 e WU A % A 4 R g
B RITURR MM 5P AL B R EE R
T U] 5 A% A AR R TR, %k ) B2 60 mm,
JEBE 20 mm A PR 5% 20 4 Ty &L AT 5 mm 4
WA SR i A Ll AP 3R 18 5 898 S RE ST I AT
AL A7 T S 3L S L LA B A T A B R W B R AR 5
Wi o [ ELES 7 A5 SR A B 7 SR FH AR + 55 75 % 52 okt
G it T 20 5 e Bz i, [+ bof % A% JRR A 0 AT B
SE 5 DT AR TE JIr 00 8¢ 1 17 ) LA 4 i A B S AR 3R 1
B & I A 14 Jos .

B TEAE s
D m

14 RIEJ A
Fig. 14 Layout of the earth pressure box

B BT 4 31 SRR N T % AR 2 8 S AP
B O LR E 58 M &) B8N AN 52 T2 52 0 -
BOZ X BriE gs b 8 A 1 B 4.8 m /Y 1-1 1
LIET 13Ch) IR I35, 4 25 2R 5 B 7 i ) 2 4 it
FrXfLe 25 R ANIET 15 s . &5 R W] BT 4 B R 1Y
TS5 M B 0 s W) R R T IR
TR AT SE PR 5 TR E e . AT LA . Py £ R
0 B 7 M 0 K A0 i A g g O A A R Y T
A AT/ 57 N Sl TP N R 1 % IR
TR 4R A T BE A U M R R TE T A2 7 AR
M B R . HALH 45 . P 42 i A B BR ) T —




e p it R L T E A 49

% 78 FOALFRIEE R EME
120 -
— iR A
O B NI B
80 -
\_/
%
o Lo
[
40
O 1 1 ]
=3 -1 1 3

15 W) N A A T R A R AT L
Fig.15 Comparison of calculation results of vertical
stress distribution

L VR TE Y B AR A 0 SRR A RS B A A R R B
i 1 gy B g R O T R 0 BR T B 3 e A
F WL BT AR ) W g FE AN 23 56 T b ik 4 ™ R N R
XAl g S th Bt T PR s 3R A 58 K CF 5 R
18 i s 1T S S5
5.2.2 B¥wmpABREZTL

W T AR T SRR AL N T T AR B TSR 1
I 1o ) BB R B AR AL 45 AR 5 2 i Terzaghi B K&
L7 WL AT X B S5 R s 16 iR . fE = =0 4,
SHEGE R — G A T NS, B 2 A R 22 il
Terzaghi Bt X ALTE 5 63475 18 T L HER0W 5 1E 1)
N e, e R R AE AW K. A, &
Terzaghi J 8 FURLTE Jy v DX 2. & 3207 5 i % S 5ot
SRR BT U L SR 2R i T IR . E AT R
M oz= H W, B S A5 A AT B /Y 5 — b % ) N g
B M Terzaghi g 5 MLJE J7 ¥ 40 S FEAR T

o /(yH+p)
0 0.2 0.4 0.6 0.8 1.0

T T 1

— iR
— — Terzaghi® i$
- FLIE 5 vk

\

\
\

16 5 — 1k 5 ) i 7 B IR BE A8 A X 1
Fig. 16 Comparison of normalized vertical stress

varying with depth

30. 7% 5 45. 3%,
5.2.3 %}‘,’%i&i—}—

U ST Aok 24 TR B T 458 9 2 0 B L 52 B
Xl 2 LR (A 0 ) . AR SCR T Peck 24500 3
R AT

2

o - X
S(x) = smexp( 21,2) (34)
- Y. _VA (35)

N2 <) N 27l

Ao SCo) HERRIE PO 2 o AR LR TR 5 So
S R M R T I 5 o Dy B B S v i 4 0 KT B
i O LR 58 B 2 850, BV 70 I ot 2 455 o 3 v b 2
MYFE RSl ot 5 =k THER o k2 DTSR TE
AR T HIINM X, @ k=0. 758 2, JyBRiE
IR A =0 = H 3V, g BT B% T8 A ) 4 B X I Y
M R TR AR TR Vo g R BRI 2% 485 AL Dy % B K
TR TR AR AR SCIE FH T 38T B B 6 DL %) R W T %
ECHE TN B2 /N B B P B 18, it A.=BH..B 2}
Wk 18 254 Ho Ol BE G TH2
R Al AV 5K e L T T A 1 b 3R DT
MAEGIAE 5 mm LA, WA S =5 mm, A] if i
K 35) SR b TE R FR A R 6, TR L R WL ik
5% G A O T K IR S I T O IR BRI R R F
P HE TR S 3505 0 T ORSF T o B R T8 AR R
AU BETR PR T 3. BOHE TP oo, AT 3 X
T
Werown = 5 (36)

T B TR HE BT R S
PRV HE P R ASTE sk (36) F 45 448 T e B A %
T HETOUE 71 2 A8 T8 AL Bk SRR A S T O 1) 1Y %
FERRE . iE R wa s

EREAICHN DOREE Sy o WARAS A 1 &
HNWRARYER L 25N

_ w[D'*'—(D—2p"]
I, = 64 37)

I — (D — 2"
: 64

WA g — R Q235 B, HM#ia E =
250 GPa; NI S PERL i E, =25 GPa,
BT I=1, + 1, 358, Bk E
AT RGO

E =

(38)

EIII +E2I2
I 41,

O T 48 U85 fi 7 g SRR TR AR L A 1) L

39



7 A

50 S

I £ ¥ R

2026

HE b 1] 0 RS AR RS T R
[a] fij B o Pasternak #i3& | 19 Euler-Bernoulli %,
P R AR AP B RERE . ) A A B e 4 o) O 7
Sy iE 17 R 40) FoR ., TR 0 il s 2
O e 11 55 1o i 28 S ) B ) R R 2R B 39 U )2 W
3k AN A 1 B TR 22 4y J R R 203 DL SCR (350
A SRR A PR A T RA

4
BT (o) —
dx

dw’ ()
da?

K ET RE DS NE ;g (o) IEAEE # L%
W2 b IR R B G, MBI U2 W ;0 o b g
PGERE M b=D;b" HHIEPEYTERE . %KX 0 =
b1+ (G, /B /b3

b G,

= bg () (40)

A B (€ D E F G
O A
TP HEABR P kH KT WEER SR KM
P Bt B B sBR R
1.

‘D 9o

IR

e ke k(X)) k(X)) K Komia Ko(X) Ko(X) Ko Ky
(a) EFAMOFHEY

(b) ElaMt Iy A

P17 DI AR

Fig. 17 Calculation model of pipe roof deflection

TRP W LERERA 219,273,299, 325,
400,402,600,770,800,960 mm, 4> Fic K pis po s
Pastrrsbo. VPRI FREWHE R W HA IR EIK
TR YN 58 B e RAE W B w0 JEFF X LG B2
Wi < w0 T IR 45 AR 0 2 20K

T ELAR A5 IR A R e B g TS O ikt
FRBrmar g, AT A FES T
AT TREE (1= 12 mm) AR (Q235 ) 548
FERCE (16 M) . 11545 SR ROk FH L Oy ik
it A AR 325 mm (145 5 7 AT I R R 5 R
22 Terzaghi S 5 PF 4B B B, T 75 45 42 3 14X
4 299 mm 5 273 mm,

5.2.4 FRBRABRBIEXETTF

T 1 B A = R B ERHE R 2k 2 o TR
WS HEINTT M L6 000 JC « ', G AR TRF
AR R O T NI B T AR 3 O 32 ) 7 A
A E PP A 7 e A R A B Rk HE i T
M2E5, B 18 XFH T 3 Ay ik i) AR 3 A Bk HE ik
AR, TR L 2 3 Terzaghi PR KBS J7
B BRAR T TR A B RRHE A AL 9. 176,16, 6%

250 170

60
200

4
(=}

BHE RO
2
g
TR

100

50

PR AR

Terzaghi® it
BAE 5
J&1 18 7 3 A B e+l o %o L

Fig. 18 Comparison of engineering cost and carbon emissions

i 4 8 AU 3k T B3R ok BT 2k, TR 4
Terzaghi g 1) FEfih b iE— 2% 18 7 B oc 2 (8] 57 )
YERT - BE A8 S UE o £ 10 1 )23 b 5k 58 1] 7 g DT 7E AR
IE TR AR ETHR B 980/ TR 3 O S B HE L . 3R
BOR M2 TR MR R 4 o IR AR P S A
TEICT BREE R A v S 42 B8 1 TR v B e B3
P ABTE DRI 2 A B T ) 12 A Al v R T AR
R S FHPEAT 1 25 i s A IR Ty 45
O3HT . HOJTCR A D T B SRS 3 T TR R M2
SIRER R F1 3 2 R 0 AR SF Al 31 (0~ 0.5 kPa)=
TE 7 26 5 ) BORUZ )2 R B 3E A TR — 2P
Tt

6 % &

OGS J7 K 30 A7 B0 20 B 5 3
IR 5 T 2L THT LIBT3 A0 5 DA R 4 A O DU A 45
TR T LA AR X T 2R B M LA

(2) Y7 — A 18 1) 137 77 BB TR T L HE R 7 0D s 1
By 171 16 3 7 23 A B BB R v RN S e R
Prfe Ry 5 T OT)Z ] 5 Y] gy, HoR AT T
L AF T N EE B AR I B BT A T A5 R A FELA
B = WAL 25 2R W) & R4 IR T AT R
B 5 BLPE FOE R R . 5 2 0% AOC R R BT D)

ML T



%7 *

® OALF L REFREIBRE SR A AEAS TS A 51

A RE S OS85 5 DR ST 5 1T R I 240 5 T BT Ik
I (a=g) » W T BE S BOT B 45 R T A% 4.

() BRI LT (H/B<C1. 0) , 4 /& - R P B
A AT B T R 5 HERON L 4 R 0 T B S E ) 2k
MRS ST TR 1 R ) 2 ¢/ =<0. 4 B, Fifi %5 59 Bk
PR S U — P 8 [ 13 M A R R4S UK B H R T
1O B, B2 B2 K324 ¢/ =>0. 4 I, B 5Y K £ 3%
K VA —A 8 i )iy AR LR K, FLUR B EL ) L 3 K
R, 38 28 K b E A R 0<<p/(yH) <21, fE
2 HERON , BRI — b % ) 1Y Fy . LR BE He
/N B R R 5 R K P B e [2<<p/ (vHD <4 ]
B, 2% ik 72 .

() Fr$E T 5 A0 B 3 W B e v & AT, 5
Ze M Terzaghi B R J5 75 A EL o B % 52 48 i 158
6] 17 77 6 % EU B4R i . 26 B B M S5 A BT vk
Okt - HEROR 9 25 0L B e AR SE . BT
R — e R D T R R B HE R A
SR (14 TRE IS A .

S % W -

References :

L1 BRWA AT K. BR w55, T 25 )i T30 R i e BB 1k
HARBURLTD. A H 2241, 2022, 35(1) 1 1-12.
CHEN Xiang-sheng, FU Yan-bin, CHEN Xi, et al. Progress
in underground space construction technology and technical

intelligence[J]. China
Highway and Transport, 2022, 35(1). 1-12.

L2 WA 6, Wi, o0 0, 45, 508 B 8 0 11 309 3 8 b i in [
JRES AR SR . A0 8 i LR %4k . 2025, 25(4) :80-93.
CHEN Lijun, CHEN Jian-xun, GAO Jian-feng, et al.

challenges of digital Journal of

Principle and engineering practice of active reinforcement for
initial support of soft rock tunnels[J]. Journal of Traffic and
Transportation Engineering. 2025, 25(4) . 80-93.

3] XI/NEE 2 B IR L 45 ik 2 445 i xd JHL B0 4% 3 3 90/ it 1

TR 2o 2 41 2 o o7 (). 323 32 iy T 2% 4. 2025, 25 (4)
94-108.
LIU Xiao-feng, LI Xiao-long, DUAN Sheng-long, et al.
Mechanical response of tunnel structure to hole-breaking
process of cross passage pipe jacking construction[ J]. Journal of
Traffic and Transportation Engineering, 2025, 25(4): 94-108.

Lad RsAms. ok %t.m SRS WRIERRE T2 5] 1 2 6088 i 3L
e A R SR A 2 LT ). 338 32 i TR 4R . 2023, 23(4) : 178-189.
LAI Hong-peng, YAO Yi, GAO Qiang, et al. Bipolar

coordinate solving method of ground displacement caused by

excavation[ ] . of Traffic and
Transportation Engineering, 2023, 23(4) . 178-189.

[5] IR AR MM, 45, BRE M LoD e -2 5k
ik R0 ). 288 i i DA . 2023.23(4) 1 190-204.

XU Jing-min, XU Cheng-hua, SHI Ye-hui, et al. Responses

shallow tunnel Journal

7]

L8]

L9]

[10]

[11]

[12]

[13]

of loose sand ground and surface structure caused by tunnel
construction [ J ]. Journal of Traffic and Transportation
Engineering, 2023, 23(4). 190-204.

KA ok i B Ty S5 T R M A 5% 3 e Tt 2
RSB FEL)]. #  J15,2025,46(7) 1 2179-2188.

SONG Wei-tao, ZHANG Pei, DU Xiu-li, et al. Influence of
soil property on ground response during construction of
shallow shield tunnel[ J]. Rock and Soil Mechanics, 2025,
46(7): 2179-2188.

XA 22 BUL L AR , 56 3 0 3t XK TR 2 8 4 b R 32 K
B 3o R R A v ¢ i) 7y R AE R S B T L) . s b %, 2023,
44(1):268-278.
LIU De-ren, AN Zheng-shan, XU Shuo-chang, et al.
Experimental study on immersion collapsibility process and
vertical stress characteristics of large thickness loess
foundation in Jingyuan areal[ J]. Rock and Soil Mechanics,
2023, 44(1) . 268-278.

W g A T L R B TR TR TE R 5 5
= IR R LT ] s A S LR A M 2023,
42(12) .2898-2907.

RUI Rui, YANG Yu, YANG Hai-qing, et al. Array three-
dimensional trapdoor experimental study on soil deformation
collapse[J]. of Rock
Mechanics and Engineering, 2023, 42(12): 2898-2907.

R FARAS W B 5 DGR R T O B AR A
R BT[], A £ TR - 2021.43(6) : 1050-1058.
XU Hai-yan, WANG Zhijie, CHEN Chang-jian, et al.

due to ground Chinese Journal

Model tests on characteristics and evolution of tunnel collapse
in soil-sand interbedded strata [ J ]. Chinese Journal of
Geotechnical Engineering, 2021, 43(6): 1050-1058.

WANG G S, LU D C, JI G G, et al. A lifecycle carbon
emission evaluation model for urban underground highway
tunnel facilities[ J]. Underground Space, 2025, 24 352-370.
WA 4 o 81 F 30 25 R B 32 s T 3358 5 v 9 A7 it R O 5 45
I A+ J1%,2018,39(9) :3362-3376.

CHEN Fu-quan, LAI Feng-wen, LI Da-yong. State of the
art in research of geosynthetic-reinforced embankment
overlying voids[J]. Rock and Soil Mechanics, 2018, 39(9):
3362-3376.

SRR XOLAL S 4 5% 5 A ] BEO JXUBR YD 42 T 2 e X i
FARR B D s BF T L] 5 A 5 R A R, 2022,
41(10):2149-2160.

ZHANG Cheng-cheng, LIU Guan-shi, YANG Jing-sheng, et
al. Influence of slab spacing on uplift bearing capacity of
metal grillage foundations in aeolian sand[ J]. Chinese Journal
of Rock Mechanics and Engineering, 2022, 41(10): 2149-
2160.

Z WG BRI U L A BRSUIT A2 G0 L R0N B8O AR T
IS BB/ AT ] A TR 2=, 2024,46(9) :1936-1944.

WU Kai, CHEN Ren-peng, MENG Fan-yan, et al.
Centrifuge modeling of excavation and numerical analyses of

soil arching below excavation base[]J]. Chinese Journal of



52 X @ OE K I £ OF R 2026
Geotechnical Engineering, 2024, 46(9): 1936-1944. stability analysis of soil-nailed slopes with a discretized

[14] TERZAGHI K. Theoretical soil mechanics. M]. New York: technique in layered ground [J]. International Journal of
John Wiley & Sons, 1943. Geomechanics, 2024, 24(11): 04024243.

[15] HANDY R L. The arch in soil arching[J]. Journal of [28] DA SILVA BURKE T S, ELSHAFIE M Z E B. Arching in
Geotechnical Engineering, 1985, 111(3): 302-318. granular soils: Limit state equilibrium [J]. Géotechnique,

(1671 BR#mg. 2 ok, MR B 55 56 F 0 e i BE 1 18 IF 2021, 71(8): 700-713.

Terzaghi #A 3 + & S [T 1. 5+ F12%.,2010,31(5) : 1402-1406. [297 IGLESIA G R, EINSTEIN HH, WHITMAN R V. Investigation
CHEN Ruo-xi, ZHU Bin, CHEN Yun-min, et al. Modified of soil arching with centrifuge tests[J]. Journal of
Terzaghi loozening earth pressure based on theory of main Geotechnical and Geoenvironmental Engineering, 2014, 140(2):
stress axes rotation[ ] ]. Rock and Soil Mechanics, 2010, 04013005.

31(5): 1402-1406. [30] IGLESIA G R. Trapdoor experiments on the centrifuge: A

[17] PAPAMICHOS E, VARDOULAKIS I, HEIL L K. Overburden study of arching in geomaterials and similitude in geotechnical
modeling above a compacting reservoir using a trap door models[ D]. Cambridge: Massachusetts Institute of Technology ,
apparatus[ J]. Physics and Chemistry of the Earth, Part A: 1991 112-118.

Solid Earth and Geodesy, 2001, 26(1/2): 69-74. [31] LIANG L J, XU C J. Numerical and theoretical research on

[18] SANTICHAIANANT K. Centrifuge modeling and analysis stress distribution in the loosening zone of the trapdoor
of active trapdoor in sand [ D]. Boulder: University of problem[ ] ]. International Journal for Numerical and Analytical
Colorado at Boulder, 2002: 92-96. Methods in Geomechanics, 2019, 43(7) . 1426-1447.

[19] HASSOUN M, VILLARD P, AL HEIB M, et al. Soil reinforcement (32 Wk k. ok SL MG 00 &5 B, S5 5 S A0 D J22 ot B s 425 % T R
with geosynthetic for localized subsidence problems: HOI E AR AR K S B (T, A £ TR R, 2025,
Experimental and analytical analysis[J]. International 47(7) . 1432-1442.

Journal of Geomechanics, 2018, 18(10): 04018133. CHEN Cheng, LAI Hong-peng, LIU Yu-yang, et al.

[20] 33, BAE 4, TR B, 25 B8 58 4 - HESON (19 7R 2 1 3 I Performance and grouting parameters of new advanced
W LT A A 1% ,2018,39(7) :2546-2554. reinforcement materials for underground tunnels with dense
LAT Feng-wen, CHEN Fu-quan, WAN Liang-long. Vertical fine sand layers[J]. Chinese Journal of Geotechnical
stress calculation of shallow foundations based on partially Engineering, 2025, 47(7). 1432-1442,
developed soil arching effect[J]. Rock and Soil Mechanics, [33] PECK B B. Deep excavation and tunnelling in soft ground,
2018, 39(7) . 2546-2554. State of the art volume[ C]//ICSMFE. Proceedings of the 7th

[21] EVANS C H. An examination of arching in granular soils[D]. International Conference on Soil Mechanics and Foundation
Cambridge: Massachusetts Institute of Technology, 1983: Engineering. Mexico City: ICSMFE, 1969. 225-290.

60-63. [34] RAME.Z 7. BRI Lif K 3t R DTN 57 07 16 R LR 43

[22] RUIR, VAN TOL F, XIA Y Y, et al. Evolution of soil BT A+ J1%,2016,37 (3% 2) ,533-542.
arching: 2D analytical models[ J]. International Journal of ZHU Cai-hui, LI Ning. Estimation method and law analysis
Geomechanics, 2018, 18(6): 04018056. of surface settlement due to tunneling[J]. Rock and Soil

[23] LAI F W, CHEN S X, XUE J F, et al. New analytical Mechanics, 2016, 37(S2): 533-542.
solutions for shallow cohesive soils overlying trench voids [35] Z= SR, F X0, T, &5 2% R it sl o 19 B 35 45 00 <2 1 HL ]
under various slip surfaces[ J]. Transportation Geotechnics, SRS ZPRCRIEM T, 5 £ TR 4] . 2023,45(3) :561-570.
2020, 25: 100411. LI Ran, WANG Sheng-tao, WANG Jing-feng, et al.

[24] LAT F W, YANG D Y. LIU S Y, et al. Towards an Mechanical behaviors and supporting effect evaluation of pipe
improved analytical framework to estimate active earth roof in tunneling engineering considering micro-arch effects[ ] ].
pressure in narrow ¢ - $ soils behind rotating walls about the Chinese Journal of Geotechnical Engineering, 2023, 45(3):
base[J]. Computers and Geotechnics, 2022, 141; 104544, 561-570.

[25] LAIF W, ZHANG N N, LIU S Y, et al. A generalised [36] CHEN R P, TANG L J, YIN X S, et al. An improved 3D
analytical framework for active earth pressure on retaining wedge-prism model for the face stability analysis of the shield
walls with narrow soil[J]. Géotechnique, 2024, 74 (11); tunnel in cohesionless soils[[J]. Acta Geotechnica, 2015,
1127-1142. 10(5): 683-692.

[26] CHENF Q, LUO S C, LAI F W. New analytical solutions (370 Btk J& H FF 42 A0 = 24k i VT 1A% 0k DR A8S 00 I S 0 I 31 58 T ik

[27]

for cohesive-frictional soils above deep active trapdoors[]].
International Journal of Geomechanics, 2022, 22 (12).
04022235.

FU C Z, HUANG M S, SHI Z H, et al. Upper bound

WFFEL)]. 45 £ J12 . 2022.,43(8) :2092-2102.
LI Chun-lin. Curved solid failure model and calculation
method of supporting pressure for shield tunnel excavation

face[J]. Rock and Soil Mechanics, 2022, 43(8): 2092-2102.



