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Simplified Calculation Method for Deformation of Adjacent Metro Tunnels Caused by Foundation Pit Excavation
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Abstract: In order to explore the influence of foundation pit excavation on the adjacent metro tunnels, the importance ranking of the
factors affecting the horizontal deformation of tunnels in typical cases were analyzed based on the XGBoost algorithm. Then an empirical
formula to predict the horizontal deformation of metro tunnels was proposed. The theoretical calculation model of the vertical deformation of
the metro tunnel was established by the two—stage analysis method: Firstly, the Mindlin solution was used to calculate the vertical
additional stress of the tunnel caused by the unloading of the foundation pit bottom and side walls. Then, the tunnel was regarded as an
Eular—Bernoulli infinite beam on the Winkler foundation. A modified foundation bed reaction coefficient that can take into account the
influence of the tunnel burial depth was proposed, and a differential equation for the vertical deformation of the metro tunnel was
established. The comparison and analysis results of the calculation method in this paper with the measured data and numerical simulation
method show that: (1) Compared with the traditional method, the improved method calculates the deformation of the metro tunnels with
higher accuracy; (2) When excavating the foundation pit adjacent to the metro tunnels, the deformation can be controlled by paying
attention to the distance between them, and dividing the foundation pit into layers and blocks.
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Table 1 Statistics on horizontal deformation of subway tunnels caused by foundation pit excavation
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4 ¥R TR e O] 6.7 195 227 17.1 0.85 11.8 5.45 20.7

5 IR R R R e ) 11.5 45 63 24.8 1.0 7 7 18.7

6 A0 VG 3890 X5 2 g 12 11.5 30 35 28.5 1.0 10 8.55 19.02 1.8
7 i) 16.8 12.5 95 39.5 1.0 8 5.4 13.5 4
8 TM ek 11 SR E Mg Y 29 75 304 55.5 1.0 5.6 33 20 4.15
9 IRGT Ry 16. 05 115 200 42 1.0 15.2 11.8 40 5
10 LR o) A P A g T AR LS 11.7 66 170 35 1.0 10. 4 11.6 10.5 7.22
11 WO I ik 2w b T AR L) 18 19.7 587 35 0.85 12 8 18. 69 9.9
12 M I X A s TS 7 15 105 19 0.85 9 6.4 15.9 3.9
13 BUNTFUIFRXEREGE TR 118 80 200 25 1.0 13.7 11.0 14.8 10. 1
14 B M 3 13 Sy £20) 17.3 130 180 43.6 0.8 12 6.4 33 15.0
15 H 2 AT g 2 14.0 210 220 35 1.0 17.5 22.0 49 15.3
16 L TR (22 11.4 120 240 30 0.8 12.1 16. 4 220 33.5
17 ARk T A %3 16.0 185 314 23 0.8 12 15.4 25.8 2.2
18 BEAR T AR I T by T AR 2 16.3 130 265 44 0.8 13.2 15.4 15.3 4.86
19 5N Tl Bl X N Aok 28] 17. 1 58 74 34 1.0 12.5 10. 1 18 8.2
20 BRI R BESRGE A E 2 9.5 172 256 — 0.8 11.8 16.7 11.6 5.2
R4 3k 25 AT RRZEH], FlH XGBoost Bk 0.336 T

M 4 AN 3 1A ES 2 A B

TR B S KA T A B PR % 7 By

Rl DTN B0 Fiie S iy AT

SN FEEE i s B R . BB 5 ST 4P 45 i i iR

L, >V LR >FBIF ST B, >E 4

KK £, STETUIFZIRE H, >HEIUFZEK

FE L, >4l ATRIE D, >HEF 458 B,
Vs % N N [N 0.062  0.061 0.060

HA g SIS P S5 e L, . BRIEE LR S

o Y - 0.021
H, . Y% E B, | Bl 45 5 KoK 228 Fr
N N/A N 22 . H L, D B,
o FEVOFRIREE H | B L, R o

SERIIRATRIE D, X 7 A5 PR Z g KO- AR T
MY AR B A v, HE R B G T A R R
1 97. 6% , VLHHFE I T Hb 2K % 18 42 09 B bt T %
H, SEST S REE A EOCR | FESTF S IR 8 R 5
Gt FElPE B0 v i B 4P 25 44 1 B R AKCE A2 T8 R A
TREE S5 Hb Ak B B K AR I E B &

Bl HSBEKFEEEMEREZEHF
Fig.1 Ranking of the importance of factors influencing
the horizontal deformation of metro tunnels

1.3 & B Z KT TR w oM
T XGBoost B3 1115 21| M 2k ik 18 /K AR
a2 B2 HE 45 5%, ROt S5 B



4 34 R SRS . SEUITHZ T AR T Bk BRIl A TR vk 23

PINIE G R, YU & | B 451 & RKF
AT R AR BEAE N T H 5 S 50k 25 18 L 5 1k iR
KPR L Z [ 5C 2R o S Rl b 4k ok 1 1) e KK
SEARIE BEAT TG R AL AL B, o5 2k % G B KK
WS EG P R EE AR, 2 E N §,,/H, ,
5% 8, /H, 5 1R 4 MSHHCR, WE 2 Fos,

1.5

=0.119+0.0517x
R2=0.885
1.0+
2
<
E
)
0.5
0 5.0 10.0 15.0 20.0
s
(8) 8,/H, SEGFEEBHMALRE
1.5¢
=0.297-0.0025x+0.0693x*
R2=0.832
1ok -
S
&

1.0 2.0 3.0 4.0
€,/ H (%0)

(b) 8,,/H, SEPEMBIKEEHIHME L RE

1.5
y=-6.109+41.665x+83.055x*+52.26x>
R*=0.807
1ot
g
S
"SE
0.5
0 1 1 1 1
0.3 0.4 0.5 0.6 0.7

H/D,

(¢) 8,,/H, SEFHEMBNRENMEXRE

0.5F

Oy 1, (%0)

1 1
0.5 1.0 1.5

(d) 8,,/H, SEG MK EENENESHBEXR

26,,/H, 5S&SHZENPEXRE
Fig.2 The fitting relationship between é,,/H, and each parameter

B2 (a) A6, /H, 5HEYIFZMA G Z ]
GRAFAE, EXEDFZMXTmTHE S =
(B,/H)) (L,/H,) , J 7 S b2 il 30 IR 32 40
XIS 5 8, /H, B B, B B0 I 4280 X TH
BT T 408, K2 (b) R 8, /H, 5HEIP
SRRSO Z A X RE, B2 (c)
H 8, /H, 5B A ATREE Z RIRA R,
B2 (d) M6,/ H, 5HG0H AR R 1) AR 25
L ZI AR K, HARX I LE Xl L=

(L,/H)*+ [(H -H)/H]"

M 2 T, Bl SRS AR AR S B 1S
K, BIEEGTIHAZEIGT AR K, 6, /H, 5 i
KGH, HIm GO0 80 3% B ST T 4E,
rieE H AR R SR, S B0 T Mk
BB K AR TE 34 K, FEBF 5T b Ak B 3 B ROK P AR
5 B9 45 A 4 A TR BE . 35 0 R b 42K % 3 1% AH XoF
FEES L Z R CRRT, i S8 sm, —
2 DRI Sy [ 4 8 g A AR B A R B HE Y T B R A
Ja, 7 M B SR B SR S TR R —
FES e, Xk DL SR 4l A H 5 %l B K F 2
Wz XR, BEMNE 2 (d) FalIEH, Sk
T8 5 BT A  BE B A e, B T e KK AR B g
K, XREHEKREIE ST, LSRR
JHCR N TR AR, PR A S I T o R rp i
% 3 o) I 5 1 30T R AR B T ) P S
1.4 ZHAXEL

W 1.3 AT HT AT, BRI S AR R Y




24

KRR

25 FIH 37 %

PR AR T 10h = SNV G B 7 NI (1B i LR 7R S e
B ROKP AR B R, T 370 -5 K B A X
S (R ORE 25 5 EURE A8 d5 KKV AZTE 32 )
DI EES AUE A3K (1) il i Bk B 18 19 5 K
KPEREE 4 DS BZRR

A (1) #: R =0.805, x, =J/S, ~, =D,/H,,
:Lo

R TR A KA AR, @ 5 e AT
TR AN AR 25 S B A AT T b, A
K ATEE RS UESE R AN 2 s,

Xy

0
igzz(12$-+0(5n-+014u2—(1m1%-a0mu4(1)
F2 FWNARFTREHIEAGF
Table 2 Reliability verification example of prediction formula
£z TR H, /m H, /m L, /m i /mm D, /m S By /mm gy /mm

1 R gy (30 15. 00 14. 30 10. 30 16. 50 36. 00 316.50 9.20 11.78

2 VR A R AR AT g Y 20.75 18. 63 6.70 15. 10 30. 00 16. 40 7.30 5.28

3 Fifp e g ey 1) 16. 80 8.00 5.40 13.50 39.50 31.24 <4.00 2.42

4 g AR ek 32 16. 40 12.30 17. 60 15. 00 32.80 44.01 4.70 4. 69

5 PR YIATE S 16. 00 15. 00 16. 60 55. 00 29. 80 35.33 14. 56 10. 20

E. Msr@ARS = (B,/H,) (L/H,)

T 2 KR 22 sl 3 Fos, Uk R E K P AR
T T 5 52 MIAE =22 4] Y 1 25 AN 3 30%, R W
WA XA — & /Y AT AT PE, w30l TR SR A4

2%,
25

[3e]
S
T

w
T

% T8 7K P2 A% T /mm

’ P
/,,. /// =]
-7 2309
ok K .- 30%  RZE
/, s
/ -
’ //
’ ./,’
Sk ,,’ v "
et
‘S
O ~ 1 1 1 1 1 1
0 5 10 15 20 25 30

Bk 38 7K A7 88 52 MME /mm
B3 WuaAiRE
Fig.3 Error in prediction formula

EGA 5 R IR kR E S m TR E

FEGUIFZ 51 fh 3 b Bk B 0 155 1] 28 JE BRie 1
R MR B, Bk A Mindlin f# 315 SR 500
JER B A SE) g A ] 75 6 1) % T 5 ] B0 g5 R
Jo ¥ B% 1E AL A R TE N i B TR Winkler M BE Ry
Eular-Bernoulli TCFR K22, HIGHIEITHESE, 1
TR R R 2 ) 2R, B IE SR BT S WIRE A, SR
it I T 0 T 4255 | 7 1) R T A K 6 ) A2 T () B e
f# BT A

2

2.1 A F Mindlin M 3%k 438 W m 52 3+ 5

ST RN . BIRKER L, TEEN B,
RN d , HERRRE N SRR R 2, 3BT
HLUD R SRR R I Bl L, ARBRIE SME N
D, 4'5®, @, @, @il hEbTMEE Finei, L
Fru O T ER R AL (0, 0, 0) EEr E AR
FRo HEGUS Tk b A VT EOC R K A&l 4 fr
o MR, HHEAAEL T EGE,

b i
L—p | RS
| ®
| | Bt
| A Kzl
L
| A 4
I
—+
(a) {FHLE (b) BIMLE
| ®
Z(l
A 4
A
¥ HkREE
(c¢) MME

B4 EHS5iEiEtgkREFELEXRE
Fig. 4 The plane position relationship between the
foundation pit and the adjacent metro tunnel



4 34 R 245 . FEHUITZ 5 AR I Bk ik 1E 18

ATy ik 25

(1) fBE A4 D 2 5 1) 2 T BR 3%
g T 4548 D JC R B s A
(2) fBUE B IE 5 JA B R IR A DR flohR 2

SR A,

F1eI A Mindlin fE RS2, BOEGTR R —11
Tk (€, m, d) , EREE Ry, WHZHOCER
EIfT 2K yddedn , H Mindlin R348 3 JE 5T ¢

(3) ANHEIITNHEK L i%%ﬁﬁgm JEC Iy 1 B 2B T PR B LR 5 P (w,, Ly, z,) ALHY
211 FEGURHREIfT 5 | R BRI 8 ) BEHINN 1K A Wt e RN, R
FEGTF2 ) far 5 | RS I A b 2 % 3 135 ] B oz
déd déd déd
, (-2 - {”+ﬂg—@ﬂ[§"—(1—bx%—@ﬂ §”+
gl=—12"" (2)
8m(1-v) [3(3—<w>%<0+d)2-—&az0+¢n<5%-—d>~ﬂ‘%d"-k3&hgo d);ﬂ‘fd”
Ty= [0, —8)7 + Ly —m) 7+ (5 — )] s o IR
(3) 2.1.2 ﬁmwﬁﬁﬁﬁihL“ﬁwmmﬁ*%
T= 100 =)+ Ly =) + (g + )] SO BEDAE L 0TI (L2, =, 7)
(4) Wﬁﬁﬁ%%ﬁﬁﬁﬁ%mwmm,mMmm

K (2) ~ (4) . T hEGLREE A S X
W, XBIGEEN -L2<¢é<L/2; -B2<n<B/2

Koy (Ly _7) (2 - l)ﬂ Tden ﬂ 7 (2,

- 7)%drdy

FROP A3 JE 70 70 IR S0 £ 3 8 1) 208 30T & T B R L P
(x,, Ly, z,) AL 00

(1_2)ﬂ TdeT]

+3(3 - )
R}

) 8w (1 -v) ﬂ' T(z +7)° den
Q R

Rio=[(x, ~L/2) + (Lg—m) + (2 7)1

(6)

Ry =[(x, ~L/2)* + (Ly =) + (5 +1) ] (7)
X (5) ~ (7) e Q RIEBMEBERUN X, XI5
WHEN -BR2<n<B2;0<7<d; v HTIKHA
bk, K, ik E T R4

5o WS, BER R A T T
REQ) . QF@MIET, T I 32 ) 3% 5 | b i 2
LM SR o o Rt ZRSIEBR S, 1
A5 s ELAOR At A 20

i, m@f(m%ﬂw)ﬂ%%MEﬁT
kﬁﬁm%fﬁm FVBE ST ) BE ) oy 5 | A I ST

ZE IR T o, K

d /1 3 4
o.=0."+0, +o, 7 +0,7 +0,’ (8)

2.2 FJEREiE IR G Winkler o3k AL AL K fig
Pk TEAAE 4 B AE Winkler #1EE |1 Eular—

y2

—ﬂ [6r° —6r°(1 — 2) (2, +T)]d'rd17 B 3Oz0ﬂﬂ (2, + T)drdy

R R;

(5)
Bernoulli TCFR K %2, ZEMF N 4% g(x) WIFERHT,
REAT B 1) B8 0] AT w (&) FOFETRI R R .

d4w(x)

(ED),, + kDw(x) =q(x)D (9)

AP (ED,, WEEESFGTE NI ; D BRIE HAE;
k IR I BB

HR g B B iR BN R, HORTA
BIR2E 705 HEAT SR AR, 0 B 3 A S 2% 384 0 2 A R Y
AT, Hn + ST EHIT, BORITREN
I, BEEEHOMTIE S B,

ol bl kel b
RRiNnRARARENRARARsRRGIRE
Lt OO it OO it OO
I
<«
@ G—O— @ IS SE S S N U S— —,
-2 1 0 1 [ SR R | n2 n-l n ntl nt2

B 5 BEERSHT

Fig.5 Discrete analysis of tunnels
MRPEAT R 250 IR B 1320 (9) A RRZER
LWl



W IR 255 F1 37 %
ow; = 1 i-1 + 2 1 ]
(ED),, (1 +wl4) +w Wi-2) + kDw, = |
1
q(x)D (10) [K.] = Dk
ﬁqj: wi—2 ’ wi—] ’ w[ 1) wi+1 ’ ’LU[-+2 ﬁ%”ﬂ‘jﬂﬁ%ﬁ%ﬁ 1
BERALT STT i~ 2, i~ 1, i+ 1,0+ 2 b
AR L d (n+1)(n+1)
Xﬂ:/o (15)
%é‘i&@i%iﬁlﬁ@i%%ﬁ, ,ﬂ;%jﬁ%#x/ﬁ\% {Q} =D [%, Gis Gys s q"],,T (16)
FIE A, Sk b B P Ao B s, R lw} = lwy, w, wy, =+, w,]’ (17)

MR REIE P (4 2 MY 1440 0, RIF:

wy, = 2w, +2w_, —w_,

Q0 =~ (& e =0
0 =-( W,y = 20, + 2w, —w,_, -0
n—  \E 3 -
20
w, — 2w, +w_,
MO =- (F l—2 =0
wu+1 - 2wn + wu*l
M o=, : -0

(11)

A0 (11)  RIA Mk R T8 A S R 5 1 A2 B8 i
WP

w_, = 4w, — 4w, +w,

w_, = 2w, —w, (12)

W, = 2w, ~w,

W, =4w, —4w,_, tw,_,
X (9) BIVEHRn + 1 DREOTEE, I nl DL
HS g LLRE G 8 ) A8 8w D R R R AR B SR
LYW

[K, ] {w} + [K] {w} = {0} (13)
AP K, O BRI RS W RE R 5 K, Sy i M B AR
W 5w o HIEREE TE 2 1) 22 FE 5 ) 5 Q S BHIN
B i) &

ReC(12) BRI ARA S AL (1)
A M R N5 ) ) R B N

2 -4 2
-2 05 -4 1
|1 -4 6 -4
[K,]=(4)q
R
I -4 6 -4 1
I -4 5 -2

L 2 -4 2_(n+1)(n+l)
(14)

TE B 01 b Bk % G 135 1] BN AT 2K g (20) B9 55 A
T, &6 (13) TGRS 7R RS ZE T
TS b A R P R [ AR AT
2.3 AHBUA

Vesic!™ X i i 3 22 (i B UE 52, ML 3L IR
J 1 RBE BN EE 5200 T AE Winkler i G2
R (1) AR T 4 52 3] 1 IR S ) FR R 5
Vesic M7 #0015 ) Hb IE IR I ) REFR A
XK.

0.65E. |[ED*
kn’s'i(' = 2 (18)
© D -v) El

AP BT RRRIGTE WL ; D RS (AP
WREEA) 5 £, 0 RS PERL R
{H Attewell 255V 35 Vesic MUK 2RI R E
KRN T R s, X 5 b Bk % 1 52 B 1% 00 A A
o Attewell fRE
b T I PR VR BE 1Y 2, T S B H R 5% i 2 TR AH
X, Jo B E N T ICIR R AL, X TE—
PRI Bos b RBRIE 5 B A EAE ], SCE AR S
ol ASCER [35] thRYBEE IR R AL 7 .
2.18 h/D < 0.5
1+; h/D > 0.5 (19)
1.7h/D
Ao, b R HLERRRGE MRV s D A MK RRIE ELAE
O L R [ ) R EBIE N
1.3E,

12 E.‘D4
k, = — | (20)
nD(1 - v) El
2.4 FH)BiE
2.4.1 =2 BROCHUEAAE ] 56 E
££F MIDAS GTS NX i 8 57 = 4k A BR o

’r]:




4 R SRS . SEUITHZ T AR T Bk BRIl A TR vk 27

RGN 6 fra, (H FG IE BE IR — R AR AR AT | i B
514 150 mx 100 mx50 m (32 FEGLRK B
30m, TEREN 18 m, RN 10 m, FEIT R A
800 mm /S [ Hh T % S5 /R 454, Hb R i SL
BE R EITREE R 8 m, MRLRH C30 WNAREE L.
o BN R L, AR RN 13 MPa,
AL 0.3, HARFE RN 21 kN/m?, REIEE (8
FHERSAPEA R BERY | BEIEANME R 6 m, BEiE IR
12 m, FEEEYTRKA BN 10 m, BEIiEEFRL
PUENIEE R 7.8x10" kN - m*, HHTHL T 32255 1Y
AETEF B G 42 W O BE £y AN e 58 2 BE TR, K
X HEGTONEE N ) AT, Ay BT R R B 0. 75,
e b GE IR AN, HUHb R SRR RO R
42100 kN/m’,

z
k
,
X

Be6 =#FRTER

Fig. 6 Three—dimensional finite element model
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Fig.7 Comparison of the calculation results between the numerical
simulation method and the improved Winkler model
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Table 3 Soil parameters of Shanghai Zhabei foundation pit

RAHEE  LREE R

+E R J CN - m) o MPa HEL/N =4
ESih 18. 00 1.70 18.00 0.32
b 18. 40 4.80 26. 60 0.35
STEADTE st 16. 90 13. 00 11.20 0. 40
i+ 17.90 9. 00 12. 60 0.35
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Fig.9 Comparison of calculation results of tunnel vertical deformation
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Table 4 Soil parameters of the foundation pit of Guang—Fo Line

RRERE  LREE s

LR / (kN -m™) /m /MPa TR H
Fd At 17. 80 2.00 15.00 0.43
IHAb 19. 00 3.20 24.00 0.30
MRS 1 18.50 3.50 12. 00 0.32
A 19. 50 6.50 25.00 0.30
WA 16.20 2.80 14. 80 0.30
S RAL IR B A 18.90 2.60 247. 80 0.28
S WAL TR ST 2 19.50 12. 80 500. 00 0.28
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Fig. 1 2 Comparison of the calculation results between the numerical
simulation method and the improved Winkler model
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