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Abstract: In order to analyze the isolation effectiveness of in-filled trench to the ground vibration caused by subway operation,
a coupling model, which is divided into five parts including moving train, track structure, lining, ground and in-filled trench, is
established. The train load is simulated by a set of constant loads consistent with the spatial distribution of train axles. The rails
and floating plates are simplified as the infinite Euler beams. The lining and ground are simulated as the homogeneous elastic
media. The theoretical model is coupled by the continuous conditions for the stresses and displacements between the rail and
the lining invert and those between the lining and the ground. The concrete in-filled trench is modelled as the heterogeneous
medium in the ground. The interface between the in-filled trench and the ground is treated by the common node method and
solved in the wave number domain. Finally, the three-dimensional dynamic response in the time-space domain is obtained by
the fast inverse Fourier transform (IFFT). The vibration-isolation effectiveness of the filled trench under different train speeds,
in-filled trench depths, trench widths and tunnel depths is calculated and analyzed. The results show that its vibration-isolation
effectiveness is improved with the increase of the in-filled trench depth, but when the depth of the in-filled trench exceeds a
certain depth, the improvement rate of the vibration-isolation effectiveness slows down. With the increase of the distance
between the in-filled trench and the subway, the isolation effectiveness decreases in the area before the in-filled trench and

increases in the area after the in-filled trench. With the increase of ——

train speed, the vibration-isolation effectiveness becomes better. EATH: EEEAFRHRTE (2016YFC0800200) : [E5 AR %
Key words: in-filled trench; subway load; 2.5D finite element; HEEWH (51778571, 51708503) 5 4@ mReE A R L 55 2 0 H

(BHE25) RF-A2019014
YrFS EHHEA: 2019 - 09 - 26
*B{E/EE (E-mail: caozhigang2011@zju.edu.cn)

vibration isolation effectiveness; moving load



% 8 1 Foatom, S5 BRIAXIBBGEE SR RENBRIR AR T 5T 1385

0 3l =

AER, Mgk B e, HhERIZAT 51 Kk I3
SRl i H 25 . HAE AT B R IR SRR S
25 JE R AE 7= 5 2R V3 R A TR S, X Bk v 2
S B AN ARG T, Mk B R IR 30 ) 4 i
B AATT IO R IR S5 ) 7L

T Bk Y 28 1 B B4R BF R mT AR M 2k 31 2R3 4T
XTI LR R G AR BN FAMR, DT M T A 36 A 5| AT
JA IR SR BN IR PR R ORI T, AT R T
KEMTR TAE. AR, HAHRIRSR S
R TEERERARR, FHAHF RS2 1)
BRPR AR 2, B RIS, ST RRRA
e Hitat 2. m a0 E = g Mg Z
R FICIERRA T AR I B IR R, FE b T i
BEAR 1 )RSE S50 DL AR S R 520 SCHR[4~7]K
FA =4 BRI 7120 BRAIRVA I BR R SR AT T — R 51
IRIEFL, AH e BR IC i IR B) 2R VR Bk 2 7 1)
W HIAETE . Beskos iz H] = 4E 45 BR 707 ¥4 45 Y4 Al
TRV BB IR R EAT T WA T VR 58
FE. RESSHNIEW, =4GR eH A LT 4
A BRCHE A B SR SAT BT N 45 R, (HX 5
MU TE S0 B RO S RE ) Bk B, THE TR ZEARETRIR
KA, AT IR =4 PR TR — B, AT
TR 2.5 44 BR o A% 2 Sk Tl Hh 2k 51 421247 51 &
(RS 1) . 254845 BR 76 3 BB AL b I AN &5 44 1 B
Y\ - B AR AR e AN AR, g T
B A BT 25 PR AR P T AL, 3R A A =2
7o EH T R R R s AR 5 ) 1 e R T AT B
KRB TP E SR, FmiEskG 2T Z MR
YangZE PN ORI 2. 5464 IR G- EBR TR Ak a 7
S50 b R A (] i RS 20 TS T B s P RS P 1)
BT SR, FEIRAE T HIERE . BEJE 2R AN
KA2SHEFBRICHIED T T mid 5 A EHIE A
T UL S IEFEA R R R SR 5 . IR TSR A,
b % 2 3 A 5 | RS 1) b SR ) 2 LI 1ok b 2 i U 3t
ITH A, BRARVATR R B R K — 5 e, T3k
PR R B HR AR -

MR IZ T 51 S A IR B 5 R 2T A 2K 5| AT 1)
IEIRSNEAL FRIRAT SRR LA AR, 1T
AT A AT HG R T AT A 1, TR 45 6 1
BRIRBN (A R R SR AT PR B BRI e, H TS T 1
BRIZAT 51 KRB I B B FR AR 0T S A X 458D . Balendra

AUt 1 bk SE SRR 7 T T LA, R B AT
B B SO PR R 2 e T30 B [ s gt o, A
AT R A S, X U BV BARGEE B T SRR 1
o AEHERHEMERG YR 7T, Zhang5 'Ol b miib ik
TE K FH VR e - HREVE N BRI A, 7R Bk e 354
#30~80 Hzit Fil 14, 7] LLIA Hsk/>4.1~8.5 dBIIBR IR
B HH AT THE AN HAGE E 5 RS
PRBCRI TR D, FFE IS MR B (1 B R LR v
NG, LB I RIRA T, U S ESER
T BB RRR ) TR T

DI 7T 3 78 VA 5 R HL RIS 4T B R IR B 1R B R 24
B, ARCHES T A e N T RS A SR R A
2.5 BRoCEEH T RS, AR TE R 2 R),
ST At R e AAARE TR, SRAS AT R 8 B0 N I
SRR R AL E DRSS b, K PuE SR
)75 B ARORT AN A0 R T PR K 3514 Euler 22 3 2 37 42k
FERPIERS; FEREUE . )5 R
FRIRE 2 DU PN S AT R Ak . DA R At ) 5 M 3
AE IR RN T SR A s TRk L TR VA AL g b it
H S R AR, E TR I 5 R K ST @ I R Y A
5 ALY E-HIE T B AR - R IE R R S
B, WAL T TSV E SR AN R B 4 A R b
AN T84T 5 RAR B BB IR SR 52

1 WERESKE
1.1 FEWRHE

BRI AN o, — 8o i B AR IE R
gu (1D, 55— st 2 a pk G A R4
D (B2 o ERERPUERSH, R CEMPT
HE A0 5 BHJE 45 110V B ARORAR R F G R K 33
PEEuler A . L L ARRIASHY) (2D WA A 2L T
SRR R12. 545G BR T RARANL, SR P S 1 S S
THE I, TSI 575 32 i 5 564

]

/:EI:E:\
/"‘\\
=

/ f(x,y,z?l§§\q

EL
", i
N 4
\\_,i ®
(a) EEHE



1386 s LT OB % R 2020 £E
R~ RN R .
o iz, IIIIII/*N]@] /[d‘it (1) (2) T_':—Et (3) /Ej:%éu;L/Fﬁijz*D/&ﬁiquj
e 0 : ) . (Elk —m,a) +k +clla))u —(k, +clla))u}2 :f , (5)
Szt .
y,_> l (E,Lk* —m,0" +k +clla))uv2 —(k, +clla))u},l +R=0 .
E Ly m \% = \% § N ’ ©)
k < Uy
Eplys my — LR 1.3 SHMEHE 2.5 HEBFRTIE
(1) HFE 2.5 4E R oo
X Ttk e 2= ], = 438 S s AR R A FE AR
(b) fBRE WRWR KR
B 1 B Oy i = Pl )
Fig. 1 Floating-slab track structure R I AR IR
G, +a) pi,=0 ®
e ML L y HRA T SU T ﬁﬁuwﬁﬁmﬁ%ﬁw
% %: " ,Lzu,.’jj+(/1€+u)uj’,.j+pa)u._0 , 9)
< mi 4 Ref, 25 =428, 1 =(1+2B)u» A, uly
h . E;E‘% é Lame ﬁ%&! Oy ?yi{$$fnﬁjﬁ, u 7'3'14%571 a)jjl
(W% ﬁ B, fOEFTY, <~ Rk E, BN TARTIHE
Je #40.
E28 (9) et E R HGalerkinid:, JR45& S1H1
J B A TR N F I G264, TRl I T R ANV AT B, B A
! FHR AR 03 2z, 15 BIAE I A8 b 1 B T S O
22.5 S AR AREY F: o
Fig. 2 2.5D FEM model (K-o’MU=F , (10)
1.2 SRERDEEESE ef, FL M ORK 5399 7 . R AR
IR R BRI B R P4 ) A FEHRE, BARRIA T
E\l ¢ ujl +m, a_uzw"'kl(u | TUp) G (%_ 6uy2 j =/ K ZEJ.J-(B M DBN|J|d3d77 ’
0z L ot ot .
) M:EpUN N|Jldedn
64uy2 62u = .
R v 62 — bk, (uyy —uy,)— =;jN flaidn .
Lo omy o @ N FORBSTIAGE: ORI e
Yo o BT, e NHEITIAS; HEPHRERH AR 7 TR
XA R ML IE 5 H #0145+ 2 8] () A EAE jﬁﬁiﬂéﬂéﬂ/?ﬁﬁ&ﬁﬁfﬁﬂ/@ﬁ )ﬂNi%/T & NN

15 fRMERBIERTE o1 k23 0N 3B H 2 AN
NIEE: Ey, Exl 23 SRR B AR )P WIS 5
mi, mo 5 BN BRI PR K s ups uyo
a3 MR B AL

ST I 18] R 22 8] ) Fourier AR 4% 4% 01 R 5E

Oyho)=[ [TUyzn-e e ddz , (3)

1
U 2 b ’t =
(x,,2,1) e

AV S8 8

[0, .k 0)- e Fdodk

w y‘jiﬁ%; J:*/]T\‘“/-\,,%

- (4
zR& et

JRIFRARAR A & JNOHERT LUARRS: . FAfAR SC AT 5 H
RIEAX T

N=[IN, IN, IN, IN,],
A5 +2u° A A° 0 0 0
A A5 +2uf A° 0 0 0
p| * p) A+2u¢ 0 0 0 ’
0 0 o0 0
0 0 0 u 0
0 0 0 0 u




S T ERIZ S 5 EIIER B B IR AR BT 5T 1387

%8 BRI,
9 0 o0
Ox
g 0
v 4 4
0 0 -ik %xl, Z%yi
sl s 4 =t e
— = 0 LON, &N
dy Ox —X, Z—y
P = on o on
0 -k —
oy
—ik 0 9
Ox

BEBNRAERZ S S O i o N R TRt S E (A

P ifﬁﬁ*ﬂlﬂiiﬁiﬁqjﬁ’u SYEA R ez 7 2
KU, : (1)

A, K?"J?é‘ﬁiﬂliﬁﬁlz% LT AR U Gt 3
NN SRS I B O, , B IuTi iR F 2t 4
BN AR S R F,

W RNEE A FIRE LT LR 2. 548 FR e Bl

(2) 254ERE#ME N TIL

AW 4 BT AR BEAPE AN 2. 548 A PRt 3
HEN TS, sbE LR A e Rk (PUEAISHED LA
KPRy, fEFEA AR RIRN NG, 1, T HH o,
NPHAEH T LB 2N T, NSEE =L T N
BN T, T, jjS/)ﬁZFZEE’JEE?$ﬁE’J BN 1. 5%
DeeksZg!!7 E’Jﬁﬁjb A A o o A A B = R BT
S A A i S R B R

Ur(r,t)ilf 4,
r

Uy =2 f| ==t (12)

Urny=trl o],

TR (12), B AR RR FHA
ou, . 1, 14U,
o r "V, a
ou, . 1 16U,
o r " v o
ou. . 1. 14U,

or r oV, ot
S A 3 . 7 7R AR 3k a] AR IR N

oU, oU U
u +A° +—=1,
or or r

. . ou, U
T,g=2U°¢,=p (_9__‘9} ’ (14)

(13)

3 (13) BRBFARER AR (14)
g

5 __[2“C+1 AC+Z“CJ& ,
r Ve
R R A
7, = (ﬁVJUﬁ : (15)
T o=—u l+2 U
W (15) BmE|ad S o R o R AT S AE
2. 545 RT3 4 -
F=aU (16)

sk, V=2 [N"T"VIN|Jldn

_2 C C C ]
B2 0 0
r Ve
. 2
V= 0 o s 0
ro b
.
0 0 P —
i ro V)]

1 ESCRAEAEARDR T 58 R 5 N T 57 10
ESp, 5 2L A AR R K T 1 a0 e 1) A A8
PRA

AT BRI N TIL %A, JEE 525
A RoTEE, FEFHENR g EIHNAER, H TR
H IR (K12 S 8 o
1.4 HERFIZEfrEm

e 5 B e R X B A DB AR —
w A

R R

Ny o
f(x,y,z,[):an(Z_ct)eIQn/ot , (17)
n=1
n—1
F(z—ct)=P[8(z—ct+) L +Ly)+5(z—ct+w, +
s=0

n-l1 n-1
D Lo+Ly)+8(z—ct+w, +w, + D L +L)+5(z—ct+

s=0 s=0

n—1
2Wa+wb+st+LD)] o (18)

b BRI EIZATHE L  f, N E R,
Ny NBVEZ B 675 20 KA i 2 P AT 30 2 2 R il
H PG AR P, s 364 KL LANZ]
WK E LGNNIV R L, AR ALEE X 2 (8]
PR M SR 2 5 B — 2 xk 2 TR B B 0 ) g, AT
Wy Lo RS BB ZE A B Z 1A IR RS

MR G FANEAERIENX (17) L



1388 I 2020 4
A AT 2] uﬂ(x’y’ZJ):
/;(k,a))=27t5(a)—27tf0 —kC))((k) , (19) = | (1+A H) wt kda)dk ’ (30)
Np-1 T
Nt ) ) ) ik(’Z L+Lp)
Z(k) — an[l + elwak + e’(Wa"'Wb)k + e|(2wa+wb)k ]e 520 . uy3 (x,y, z, l‘) =
1
o pen Ay AH H e
20 e'e ™ dedk
(20) = G1)

1.5 BRERH - EFHBEEIER
FEAMPEALAT ) 5 i AR PN IE 2 18] AR LA FH 0]

TN
R=k - + (614 Oy J 21
=k, —ug) v o0 ot ) @D
30 (21D #E4T Fourier 28 e FISTU AR B 15
I:Q = (k, + cziw)(ﬁyz - I;l:y3) (22)

a3t (22) T DU AL 7 RS 452 1 S 55 i Y 7T 72
el I HE 025 Bl R <
i =HR (23)
A, AL ) BLRS SRERR  BR BUT H s, ATEAT
BRI R ) Ry, B2 JEFTESINAE
W, 1y AAIHEA R R R . 1E ik 2.5 4EAT IR IT
WO R L, ELAE DA R VRSB, b i 1
BRLT B T AL, SRR (11) 8Bk
YA SRR O, , W45 2 2 18] A
Fe T A B TR R B . IS T R (5D, (6),
22), (23)

A,(1+ A,H) + 4,
J(L+ 4,H) + s 7

ﬂ}" A5 ’ (24)
- A(0+A4H) =
qu = %f , (25)
AS
- AAH =
Uy 2A: f o, (26)
= AA =
R — 274
%\f (27)
A,
A =ELK* —m’ +k +cio
A2 = kl + Clia) ’
A, = ELK" —m,0” +k +ciio » (28)

A4 :k2 +02i60 ’
A; = (4,4 _A22)(1+A4H)+A1A4 °

X0 (23) ~ (25) 347 Fourier i4F#, 15
uyl(xy z t):

+00

w0 A, (1+ A, H)+ A4,
(+ )+ fwt _kda)dk

. (29)

4’

m%ﬁ<w)ﬁ&ﬁf¢MB@ﬁﬁﬁ,ﬁmﬁ
(29) ~ B HENXA U BRI — B,
Z Ja @i UE Fourier WiAr# (IFFT) 1527 R4 AN
W AL R R . IS (27) SRAARHE 1 4
W 577 EARPUEE R 15, 456 C& RS MBS
PRSI AT PR B et 20 (31) AR B vl figg 15 21 455
B AT — S I R R

2 1RBIIEIE

T BGAIE 2.5 4EA R ORI K N T ) IR
FE 20 m EEFsNE R FEARIER S E,
FER AR LA 70 /s SR FERE B mifif 2. HhFE AR BT 1]
PO HY 100 mf/s, BFEEHN 2.0 glem’, FHJE RECHN 0.05,
THFALE R 0.25,

I FRBATH R A S S R N5 1 m AR
R B AR A 2R an i 3 FoR,  FeH RS SR A IE— L
WA (2npV2P) , LSS Eason' @ i 4k
RBATHEL, KIEITESE R ERLF, UESE T A
SRR ) IR R

— &30 54 FRIG

« Easonl!'®!

0.04 0.06 0.08 0.10

ts

& 3 KRR LER S CER[18]%TEE

Fig. 3 Comparison between proposed results and Reference [18]

0 0.02

3 WED

TEKG U R S o A B 45 SR L
YA 45 SN2 P, S R R
HUZ NI B, (E N5 K T 2R o
BRSO, PREBU B K IR, — 7T AR



8 1

FERinm, S MR IERIZ E 5 RSN R IR SR 7 1389

=1 ML ANNEERSH

Table 1 Parameters of elastic ground and tunnel structure

It ¥ pl(kg'm ) B B u/Pa HEEYNERY FHJE #%1p8
P 1.9%10° 2.0X10’ 0.30 0.01
LRI 2.5X10° 1.4X10'"° 0.25 0.02
=2 WERIIERTHREH
Table 2 Parameters of train load
WLZEME  FRshE  —. dlihEneE T, TR R MEKE  ERKE JFEHE W8S
Pr/kKN Pc/kN w,/m wy/m Lg /m Lc/m Nt Lp/m
162 120 2.9 14.8 222 24.4 4 0
=3 FERIELE LB
Table 3 Parameters of floating-slab tracks
Vi PRI EI/(Pa-m®) PR Frm/ (kgrm ') B R L k/Pa B JE H K c/(N-S'm %)
A 1.00X 107 100 4% 10’ 6.30X 10°
FER 1.43%X10° 3.5%X10° 5%107 4.18%X10*

x4 BERSTSH

Table 4 Size parameters of model
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