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Abstract

When a newly built metro tunnel passes underneath an existing operating metro line at a short dis-
tance, cyclic vibration loads induced by trains on the existing line may cause strength softening of the
soil at the tunnel face with low confining pressure of the new tunnel, triggering fatigue failure and
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instability of the soil. This constitutes a major safety risk for mined tunnelling construction. Taking
the undercrossing project of the interval between Dongdaqiao Station and Workers’ Stadium Station
of Beijing Metro Line 17 beneath the existing Line 6 as the research background, FLAC2D finite differ-
ence software is adopted for numerical simulation. The strength reduction method and pseudo-static
analysis are used to calculate the safety factor of soil at the free face of the pilot tunnel under various
working cases. The calculation results show that due to the strength softening effect of soil under cy-
clicloads, fatigue failure and subsequent instability of the soil mass will occur at the free face of the
pilot tunnel under train vibration loads without grouting reinforcement. After grouting reinforcement,
the safety factors of soil at the free face of the pilot tunnel at different positions under vibration loads
are all approximately 1.5, and the soil mass remains relatively stable.
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Figure 1. General site plan of the new and old Dongdaqiao Stations
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Figure 2. Cross-section of running tunnel
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Figure 3. Longitudinal profile of running tunnel
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Table 1. Physical and mechanical parameters of each soil layer

® 1. EXRYIEBENFEEH

KA B /kg/m? SHAERL 5/ MPa K 1/kPa W EE B A1 AR EE
1* 1955 4.32 13 18.4 0.24
2# 2094 21.19 16.8 313 0.27
3 2176 42.38 9 349 0.26
4# 2051 22.83 283 24 0.28

Table 2. Physical and mechanical parameters of surrounding rock and lining

= 2. BENWIENFESH

g A E (MPa) MER /N4 JE R
EaEal 2.6 x 104 0.2 0.35
g B 3.12 x 104 0.2 0.25
17 52
I B Ak 3.12 x 104 0.2 0.25
—%f 3.45 x 104 0.2 0.8/1
EaEal 2.0 x 104 0.2 -
6 54 ,
—4t 3.45 % 104 0.2 -
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3.1. FIERERNTEAYE L
AR D) AR B BRI 2y RS Wik BRI . RIS BT iE . AN DWdR B0, HiaTk
FHREFRFETCRA, A SO N TR ) o8 oA B 0 2 B RSN AT 80, 20T VE K E e B S 2 ALIE
SREREUEIN, RERS LA BB AT IR, B4 S . B AT R R BB BN . T AR ARIE R
F(t)=kk, | B, + B sin(wt)+ P, sin(w,t)+ Py sin(wyt) | (1)
Kb, kb, —BIERE

P —— AR, KN
o B BBt SRR T IS SRR SR, KN,
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b, o —— X R = MR 2 B — R, mm;
w, — X R P =R S A T A PIRR S K B, rad/s;
Hr
w, =27v/L, (i =1, 2,3) 3)

X, v——FIERATIIEEE, km/h;
L—— AWK, m.
WALk A YRS EL. SCEPUE U A PIRE BE, TR 3 A H 4 1F T i sh s e (E
SR, 03 fm. BSE IARNR)~3) T 15 2Pt T k5 4 w3 & ia R
F(¢)=84750+1813.61sin(21¢)+5181.75sin (105¢) +16424.056 sin (418¢) 4)

Table 3. Calculation of parameter values under three control conditions

3. ZMEHFHTESHIMETE

. Ll P ) K = ﬁ% Zf) i 2%
M,/kg v/km/h™! L/m a/mm wis R/N

1 1175 120 10 35 21 1813.61

1T 1175 120 2 0.4 105 5181.75

1T 1175 120 0.5 0.08 418 16424.06

3.2. RERSTS5MERIS

DRI FE SN ZEAG IR IR SN Aar B A P B S e 2 1 AR B RS e A IF) R, A SCR A FLAC2D A7 R 22 73 3K
PEENL VT N AR RE AR . ARSI PRUE TR, RBIAE TA JoE A 2 8 A R B 2 A A T T
— B ARSI % M B 5 2 ARV VAR 5% FATE BBV DR IR A S8 mi [X 3k, JF DAL sE BP0 R, T Bk
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Feo BEXTIRBA 8T MR T 75 Sl 2 i A AR W )RR U LA gk AT SR N 4 PR 1B
HhnT 1 ZoRBEA 6 SERIMAIXIEIER KIE, 6 FLBFERSEN 6.5m, %A 6.2m, MEFENIAIEEA
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Figure 4. 2D calculation sketch of soil mass
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Figure 5. Finite element soil mass model
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WERF RSN & TR sl s, EHEIT ARSI I R vH 5 B AR S SEIR B WAL, BRI I
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UL 208 5 2230 3 4es BHEAT S R0AL R 3 0 RN B A D S5 R g 38 N TR, DT I 4k
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I AR o JEIEXS B WA 7 AN S LTSRS RS XT LU RIS, Wk 4 R, A TRESRAET
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Table 4. Comparison data of peak dynamic displacement and static displacement

4. HUBIEESFHIB RIS EEEUIRE

) F L F2(107° m) B F£(107 m) LR A R
A 2.6 2.71 1.04

B 2.48 2.73 1.1

C 253 2.53 1.0

D 2.58 2.36 0.915

E 2.39 2.19 0.92

F 2.09 1.95 0.933

G 2.01 1.9 0.95
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SRFEHTIE R L TR VR . PR TE TSR I s LR R e M B RBUE A A i, 1 OTE
L EUE AL E SHA, @B PIrRCE TIARPE RS A, A R ARIE A I R ARRAS,
Bk S LR Z 2 R/ F,, 28 RBUE O AR SEFRHUET SR S Ak B S RARZS B iUs Bt
BURRFEMI LU . FLAC A RZEDN AT E LR e e 2 R0, JexE LR R R T ¢
JEEVE AR AT B, SRS R AR RS E PE AT BUE A, I AT R L, B R E R LR
I FEBARAS LIS BR300 R B s AR A E M 2 R A B, E 2K = Kb+
RFBEINE SRR A E, —REUEIEE I B ARSIE3] [4], =& LA SR RA[S5], =281
X B [6]-[8].

TEAEFA YR N 17 VR F T 2 AR IR0 B i 52 R M 52 359 i 25 208 PR 0 B30 PR 388 o i a8 e ke, B0 1) 22 5554
SRPE ST GR9]-[12]0 AR FHHNER J 332555 B ZEIR BN far FAE R I 225 10 LA AT AR M e A, R
J& B R ARLENR B AT B R B 57 BRI RO, BIFEIR B Ar A T A (8 P52 5 D R e 58 R A R
DR e AR AEBEAT 22 A e P BN, J0h AR SR S BOEAT Ik, BEAb R R IREE (131 A K R E BN &
Promad:, W LARRIREE ) ¢ AN BEEE A g ATH, STk R B0 AW T s

Ig(]‘04—0.8601/)
lg(lf(ljlfrz; 70.09))
(1.310; -0.09)N
N +1030.60, —183.27

,(a; <0.1)

* 0.32
(1.310; -0.09) N . .
- - -0230, | ,(oy20.1)
N +1030.60,, —183.27

K, N——1ER LG
o, —— RS T
o, ——EHRN T
@' = arctan (B tan ) 6)
¢'=pe (7
X, o —— NEEH A
I —R/EN.
SE4 SCHR[13] 7 12 =R I 2, tHE SR TIRR S B =0.6
4. WHEIREH
DI AL TR H RS T Rl 2 ] AR AE 21 R 4R B 47 2 A FH R BOASE PR ), T R ARAE IR A fi
BAEH TR ARG JE 3, @i FLAC2D 58 FEHTIE AR RIS 0t LAk AT 2 i o, RA %
4 R HON I 7 T ARG A AT AR E VRS, AT Dyl 25 T v E SR N [ 3R S 80k - FIFH FLAC2D XJ il
I AR AT HUE I BTy, AR AR A SR F B R BEAR AR A2, T Aot )R FH Lt A A, AN
S E A ERINEE, FRIZEEAR, WENARAEKPFRAE. SFTEFFZR, kIR
AN [F) A7 BRI 2 T A = A 22 A B g R, 5 I 2 T 22 4 REBE 2 AR, IR IS i E 6 5
A REIE O REE RS L RIEIR T AL E, SElE S A B WA 6.
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Figure 6. Schematic diagram of free face location
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A, et A TR T IR B0 3 AT AR S A48 57 AR OB 78 5 20 B, OB e 5 Bron
LS5 He o FRRBEURERIFRIMNEESG S, o'\ o TR TN Ja 55 R A AR 58 TR BESE A1) o

LBl AERAREEAERTS, TS AN R B ARG 2 T A 22 4 AR A

TH = AR ARSNGB AR, 562 A B AL RN R T3 1 T SEAN [ o B A
2 T AR 22 2 R A, A TOLSKBR AR R, EEM TS50~ =B .

TH=: fE A EMIRSNFEBONEANE T, BI5R BB E I X IR AT 0.6 (5 ISR
RO LSRR AR 17 520 3 L5 4m N2 8.17 KIE P A A4 i Bl R s 9 S I ] X 4k, F AN AL
B A A T A 2 4 R

T fE A B EAERR, TR RN S AN R L A I 2 T A 2 4 R AL

LTI fEEAKE ENRS G HONEAEH T, BT RARsm AL RN, THRE RN )5 AN [ A7 & b
i 22 T A0 14 22 4 R K

Table 5. Design condition table
F5 WItIRE

T n#k s PR L TEH X RS H

Om
TH— HE

0Om
T HE + )ik (N

0m
THh= HE + 313 0.6c « 0.6¢

Om
T4y SIE:
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8 m
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5. BERMGERE S
5.1. R ETMEFRGRES ST

T8 I BB B AT 4G T~ T AN (R A B A I 2 T = R0 B SRR SRR A I I xof 2 (1) -4 22 4 &R
Bk 6 Fron. LW —NAETAEEEMT, BHITY)R R R EE R SR E IS mEL, BrEEg
IR DX IR T 3 IR B, AN [RIE B AR I 23 T AR BTG B 22 4 RN T 1.142~1.147 28], &%
CEESLIE TREHARITE) (GB 50330-2002), WA E %4 RECGEF] 1.20 PLEA AT #2362 TR
LR TR, BRI 22 RBORT 1 HEMES/NT 12, HPIEEAEERT, 17 SSRGS
T AR AT L =—5 m~16 m 365 [ I 23 T L AR 7E S B T A% A7) 5 Bk AT 3 S ] DA GRAIE TFE 2242

T AEAZE B ARG IR SR B AN AT IR N, T R A EMAEMRIEA T, AR E LM
2T AT N 2 A R B RT 1, (BHER/NT 1.2, U BH A PO AN B A F I 2 T AR R A T
TRV e A E oKk o kT U B AE AN 5 RS A s BE R AL A RE RT3 R, ST 2 T LA A 1 R HR 30 i 284
T T AR IR .

T =0 LS AR N, FEFNZEATEAE T, AN R B AL BRI = T A B R 2 1) 22 4% 2R 45035
NT L, BEBHTES RN EAE RN, 17 542 500 2 T Ak 2 DR 8 5 55 1 200 o 7o A 8 e 3 X (a4
7THR), MM EIR ARG RAGHEIR, BT AR AR R ORI %2 A 5K . 4 L =8 m I Tl ==
T AR 22 4 KB /N, VAT L = 0 m~8 m Y6 [l P P9I 2 THD A A 25 JHL A v ] X s Py A 22 4 SR 3
BN, AR B R A R ASHIR

(a)L=-5m, Fg=1.5293

(b) L=0m, F=1.55273
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(c)L=8m, F=1.49853

(d)L=16 m, F, = 1.55273

Figure 7. Contour plots of maximum shear strain rate and displacement vectors

7. RAHNERZEFMUBRELE

Table 6. Safety factor of soil at free face for each location under case 1~case 3

Fo. IR—IA=FRMUELRTELARZERY

Il 2= TV B L (m) T %A RHF, TG RHF, T =S RHF,
-5 1.14648 1.14548 0.66992
0 1.14258 1.14178 0.666016
1.14258 1.14158 0.621423
16 1.14648 1.14548 0.666016

5.2. ERMERLEREMESHT

AN 8 M R 2 A LIRS R P BRI R, B AL SR e H BB A L2
SRR A E S, SR B ARSI K BT, % TR B R B 2%, 3%k
B R SR I 7 TR

Table 7. Strength parameter values of grouted soil

T OERTHBEESHIE

RS L (m) L= FME) e (Kpa) WSS 9 () FEPERIE ET(MPa)
s 2 37.616 53.7004 47.446
3 20.152 57373 94.892
o 2t 37.837 53.86 47.724
3 20.27 57.525 95.484
o 2t 40.645 55.7916 51.266
3 21.774 5935 102.53
6 2 37.837 53.86 47.724
3 20.27 57.525 95.484
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Table 8. Safety factor of soil at free face for each location under case 4~case 5

F#8. IRMN-TARARMNELIREELHRRERE

Il 23 [f 2 L L (m) BRVNLEE S-S g Tl % 4 R I Fy
-5 1.5293 1.49023
0 1.55273 1.50586
8 1.49853 1.48633
16 1.55273 1.50586

5.3. AMET T RERNM LS AR

R b TR Tl 0 X I ) 2 4 AR R R | IR W ] 8 B, Ot BB R ) T AT = R
B A T I 2 T A T X I ) 2 e R O K TR B AR R B A R AL BB 4B AR B 1
BN 17 5 4 T e 2 AR S R AR E VE RO AN A B AL . W T M AL =R, AE S B4R B A B
KIEFT, ARG AT AT T AR 550 P58 00 RN 2 Wl 2 T = AR 5 ) SR AR O SR B IR 3R, T
17 52 3 % 7 % e Roe tE VAl AR 57 B RN AR B X L T Tl e i, +
RESRINE Ja, £ AR B BTSRRI T, 17 5250 2 0 A4 1A e PR 28 e 2 TRE

PVEE R .
16 e
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Figure 8. Variation curves of safety factor under five cases
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BOTE S SRS, RICHN ARSI B A R s S I 2 AR AR e Rt . 45 RRY, BIEHRN
f BT SR 1 AR BEEBRAR I, SRR 2% AR 2 G il % JETRIR BIMVE BER s 25 R8I 07 BB BN Ji JiR K
RAEFETIESTRAE, ARAEIRBIE 8T A SRR RAR I B3 TESRINE Ja AT 2 52 AT
R STVERE, N G % L0024 REBIAW S IR, TR S B I 125 8 57 WA RO (T 53 4
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