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Propagation of subway vertical vibration in layered soils based on thin layer
method and moving coordinate system method

BAO Han-ying, CHEN Wen-hua, ZHANG Qian
(School of Civil Engineering, Beijing Jiaotong University, Beijing 100044, China)

Abstract: To investigate the propagation of subway vertical vibration in layered soil, an analysis model of layered foundation under a
moving load is proposed. The Dirac function and the triplex Fourier transform are used to transform a moving harmonic load in
time-space domain to a load in frequency-wavenumber domain based on the analysis model. The analytical solutions of the dynamic
response of 3D layered foundation under a moving harmonic load and a moving line harmonic load are deduced by using the thin
layer method and the moving coordinate system method. The range of the parameter » in the analytical solution of a moving line
harmonic load is given. The influence of load speed on the dynamic response of 3D layered foundation, and the influence of the
elastic modulus, Poisson’s ratio, damping ratio and load frequency on the critical speed of soil are analyzed. The results show that the
influence scope of the load speed on the dynamic response of different frequency bands is different. The influence of moving speed
on the low frequency response is greater than that of the high frequency response, and the elastic modulus has the greatest influence
on critical speed of soil compared with Poisson’s ratio and damping ratio. The dynamic response amplitude will increase and the
critical speed will decrease when the frequency of the dynamic response is close to the load frequency.

Keywords: metro vibration; moving load; layered soil; critical speed; thin layer method; moving coordinate system method

1 8] = PRl i) R S Y, X — ), [ P A
- HT KEMWTSY. Eason!FIH] Fourier 28 #ist )
Bl Hh N PUIE A R R, GRS BT T RN E . R AR S At A E R

WoR HH: 2016-12-24

FEETH P OREAEEARIIRL 5 8 L I 4 ¥E ) (No.C17JB00300, No.2017YIS122): [H%K HARREIEEINH (No.51178035).

This work was supported by the Fundamental Research Funds for the Central Universities (C17JB00300, 2017YJS122) and the National Natural Science
Foundation of China (51178035).

WEEEA: ADCE, B, 1988 R4, TLATTUAE, FBMNIEE T3 14T TAE . E-mail: baohanying.happy@163.com
WA B, B, 1967 4EAR, WL, BuR, WA, FEANFE LB TAE . E-mail: whchen@bjtu.edu.cn



3278 b +

b 2018 4F

Lt B 19 ) 7 0132 1) 8 ; Gakenheimer 25 PHFY T
o 2l 5 r A 280 T S 225 ) AR 2 Wi 2 1]
B, Y T ALK HTA#: Dieterman 252k
PR PR B8 T i SR DA R 2 T L TR S
WEIL T A Sh 5 A B A LR R L Bl ) i ]
W Jones SEUUSLL T B 2 A T ) R B -
LA OB ST, 3R T A BB L AR AT
ST 6 S (4 500 s Hung PRI 2.5 47 BROC -0
TCIT MG T I P AT T 5 [ PR s KL Sl g i ]
o o AR P AT I 38 3 T R L 42 ) o
[ FEAS IR AN B S5 KR S BT B, IS 1 b
BRI AR A 8800 I YR o B Ao IR TE AN PILTE 2R
G SIWAR o 22 W TSP T N AR 4 A RIS T
N EMREA RIS B2t 280 R 13D g v
I B Aok DR TRM 55 T B Bl di
YRR BT R R, BARFRE T I
O3 SRR AEATY AR A — eSS T AT B0 H K A
S U4 O e B o R IR AN B SR B A4 3 T b
PRINZ=A A PR P T ) Sl Wi 57 P e A
fift o i) BRSO R LRI As R B AL AT
FeA e o, WE9E T S0 B AL Rk
V7 IR (KAL) 7 0 1755 . R B R 4 2
A1t 8 ] A Ay STV A sl 280 0 A T 8 A A -
RGN FEBER T T R O A5 17 7] L AN
LR Sy S I R L R
B R J2 ARPROULAS 1) ) P M AT I £ 871 24 2
NI ERR, G2 T A AR A RO
[ [P PR St L5 sl Ty B AT 45 AL B
g 72 SRR bR v B0 O VR Gy BT T AR T AS B
WEAT AR TR Z0IR M - BUTE A A 1) 3l ) i 1 1]
7.

NS R 1) e sh AR 1R L A% 3, Hs
=Y LA R R, MR S S Tk
i) BN Bl ] 1 4y 8 T = R RO IR M E S o [
(IR A s A5 A2 Bh L B A n D BN miAr 2,
L5 Bl bR RIEHES TR BRI LT B TR
RIFERI AR . T IE 0T EE Hy 5B 3 a1 e 28 )
fAAT AR S oy i R BT SR, UE T T S
AXPERTENSE . BRI, 52T
BRI LA BT i o 28 (LIRS, Jf
T2 S0 bR wo pAL L INA T A Y e
B, VARALE . BHEJE HEMIr B0 - Akl Fis
IR,

2 B L I = R b Bk b B
P B Je BRIR
2.1 BhF iR
KR AR T BRIGPIRER, — B2
e, TR B ZE 5 R 1) 2 PR RE Bl 7 Wi ) L
AICRFE 1130 35 ks,

/X

o3k

FIYTrarnrnfriryrarz 7T III TTyTAT

f c
AR ID.JY. /1370, 78./0 I. ¥ L//‘//

xR

TT7TTTTTTTT 17771777
v, M

B2 ]

£ W iy il
Fig.1 Analysis model

22 =@ R kRsh R R

bS S S W RPN P T Sl TE R P
T ELT 1PV BEAT BTG AL SR A TSR A

(1) JHZRF- 1 T R A 7 1R L0 1 ek
SR R T R AT MR SR AR P 2SR AT
Ak, SR oo A PE A i

(2) K& WA I P AR 141, 2,3, -, N
BEAT S, BEANER T g 5 S L BRI g 5 A
IFlo

(3) X T FRINIAT A, TS 2% 3CHR15]
[BEEFSTISE

BEHTT A AR RETT ) AL S e oA, i
AL AR P 452 B e A SR A A U

(K{[Ap]f 0 },{ 0 [317}
0 [4L] LB 0

|:[Es]7 0 :I {“l}/e _ {01}7 %))
0 [E) {“3}7 {03}7

(KA T +[G,] -’ M) {u,) ={o,}

2
o,



59

WPCE S T T2 MR B AR AR IR M Bk %8 1) IRl #E B2 1 2 P A 4 3279

! !
{Cfi},e:{ cii]},{ui}fz{ L;H} (i=1,2,3;1=1,2 N)
u

Gi i
GH|2 1 G| 1 -1
AL =— , [G e _
[ s][ 6 |:1 2:| [ s]/ H|:_1 1:|
pH[2 1 C (A+26)H[2 1
— 4] =——
1 2 6 1 2
-1+G

6
A+2G| 1 -1 2
Gl = ,[B] =
o=y {—1 1} 5] _A+G

[M]; =

2 2
[E] =[G] -’ [MT, [E,] =[G,] -’ [M];
K=kl +K}2,

(3
A wov k20000 xo y TTIEEG AL GA
Pt A, R G N SRR S 1 AR RE e B
s, ENA" =A0+i&), G =GA+i&), &AL
e p A LR H A LZERE: oA
B {u ) {0} (i=1,2,3) 2 5k 2 BTN
HRPHIIN 3 AAETT 1) R NN ) )
ol ul FORE TATIRAR I N SRR RS

B R RoT R R, AR RN R RIEEA R
(ISR Ag T Rk

(Kz_[AT’] 0_+1{0 _[B]T}+
L 0 [41] -[B] 0O

R et B

(K’ TAT+ED{u, | ={0, ] (5

KR [4]. [4] [B]- [E, ]+ [E,]RKRRIEAE
FEBE, o5 T[4 T AT~ [BY ~ [E,T;

[E A2 {u) {u)~ {us} {0}~ {0}~
{o} 739K 3 AR T 1) L AR A7 B 1) R A4

NN Hﬂ$fﬁﬁ$§ﬁﬂ%{ul};\ {uz} A }*D
BRI (o) (o)) Loy} SR A
FIRB S kg (D, 5. X @ H
] AR AR AN
{{“1} ) x{u K{us}}T:
(X} X
&) {Z} o) -z} |,
=k, {Xk} qak+k:] —K,, {Xk} 9ok (6)
Kok {Zk} Kok {Zk}
e w,, BEFIEG (0 (20 (%) ASE

%; qak A q(;k j"j};‘jéél‘é*i—\‘o
(5 M7 SRR AT R IR h
N
IEDREAT 7

k=1

R (Y} WFIERTR: g, A0 ARG

3 Bt @A RN 2 AR B) T i
I A B

3.1 ERWEAR AN EEFEERT=
o AR OIS 7 i B ) AT A
LB ) 8% 3 ) W PR AT 2 . B e =0 I
Zl, R AR S EH (521,23 N) FAE
MBI F.6(y—ct)d(x)e'™' s i F At g,
@, MYRBNSFIE, Fr B AE T M E R, A
BRI A, CUEIE ¢ ¥y BUED M), il
JIAn R = A L AR
P (k,.k,,0)=

IIJ: FZ5(y _ ct)5(x)eia)ntei)cxxeiKyJ’e»ia)tdxdydt —
2nF6(0 -k ,c - ®,) (8)

JUJ A 28R A 280 A A — B R R R
[P]= [0] [P1=[0], [P]=[0--P, -0, JLrh:
[P1. [P1~ [P AR &i&ﬂé*‘jﬁiﬁi&ﬁ
H; P, %%T%ﬁi PR EE S 2 AT AL AT BAE

[P [P] [PIHTAIF IEAAS e
{0} M][m] [P]

{o) = [ A (P19
(o} 0 0 ilx1|([P]

X [k ]=diagk,) ,» [k ]=digk,) , [k]=

diag(x) -
Wt {o ) ={0}, {oa}={0}, {ou}=ilP].
Rﬁwgﬁﬁﬁ’ﬁ%)¢%fX%ﬁ%

{ }T{ )
a K_Kak
( { } (10
Zy
Gar = D,, K+Ka
Dy, =Ky X } [4, 11X} +ra k}T[As]{Zk} (1D
_{Xk}T[Es]{Xk}_{ k}T[Ep]{ k}
AL (6) 7[5
{“1}:
N T 1 K, K,
B o S S (2



3280 b +

b 2018 4F

{“3}:
N T 1 K K
7 7 ak _ ak 1
k:1{ k}({ k} {03})Dka (K—Kak K-‘rKak) (13)

RSB L GREATII, % ) ik, ©

o, A LI A e, T A BN AR R T
(R=1,2,3-w-- N) &b 1% ) AL A
N iy ZRkZSkKjkeigak‘X‘
{w}=e ;—D/ngkC P, (14)
b (W) B R AL K G, y) FESTUS A B0 85 [0 47
B Zyo Zy M {Z,) 05 R RIS S AEEI
HAE; av O, 50 0lh

-,
a= !

[ 2
c ’Qak_a_Kak

(14D B4R LT S Ak 8 i) 5
B FE e i =4 2R A AR R 1T A
AT R AR 5 o) 7 Wi A AU P PRI AT A
32 AERTEAARRBIEESAERERT=4

R FE B 7 e ) S A A

R Y s, frsk AR LR AR FR A
(X05Yo,20) » B BNEAT B ALK 2B T 8
WEE T ANMAATEITAR, AR A B SR A
PR SR SRR T (00 v — ¥1520) » FIFIER (14) 45
FIM NI RE MR s R, M55 m AN AT 2R
I, RO A B AL BEINAE SR SR AAER A
(Xo» Vo = VurZo) » HIZK (14D AT 15 FIAH R 47 55
I, EE G AN EAATEAE I, 132 AN
Rk RN RS, UL LRSI, 2k
R et B E R AR A (X, g, 20) AL R MR o

H AT 1 B S i I e B8R, AR —
(Xo5 Vo»2Zo) ENTRE IR fift ] o h

(15

2 —Oulx|
Ly Ky

Dka Qakc

X P, e m BTN G T, 2 niks]—E
b5, P, MAERIAIE NS m BeEAq Bk s
B MEGURIEWIRAN: n WA Eh LA 8L
PN REH sy, A m DB
WAL AR AR PSSR y ARAR{E.

4 BB

4.1 B ARSI RAEH T =R R
HI3h J i
A 14> FG 23R T 8 1 A s il il

~ N P ’i”(,"n’,"m)zN ZRk
w=2 P,e 2

sm
m=l1 k=1

(16)

TTEAERTR 3 2Bk L Aks g N s, RS
HWr: B 1 EIARERER 4 m, HPEBE.
20 MPa, %% 2 000 kg/m’, JHFAEL A 03; 252
JA LRI 3 m, $RPEBIEA 15 MPa, #EA
1 800 kg/m’, JHKAEL K 0.35; 45 3 )2 HAKE N 3 m,
SRR 20 MPa, #Z4 2 000 kg/m’, WIFALL
h0.35, i NENIEA . Bahfr g e LRk,
FTERIEN TN, ISP =0, /(2n)=5Hz ,
fEc=20 nvs, ¥ YHINEMZ). Kl 2(a). 2(b)5 Al
Shy i RS TR £(10,50,0) 810 £ (10,100,0) B[ for
B Fe ik .

1.0
0.8
0.6 F
0.4
02F
0.0
-02 |
-04 |
-0.6 |-
-08 |
-1.0

2 ji A7 %%/ (1072 m)

0 1 2 3 4 5 6 7
I/ s

(a) #(10, 50, 0)

I ji A7 %%/ (1072 m)

I/ s

(b) #5(10, 100, 0)

B2 AR ek

Fig.2 Time history curves of vertical displacement

M 2 aTLUE H, ARSI Ry B T
13 R B {07 A% I R I 2R BR A LU AL L W) &, TERA
T A SCIITAS ) 18 ) BN By 1 fr AR =4
JE AR L ) v S AT A 1 1 A5 2 o
42 AWHBRBINEEEAEREHRTZ4ERHM

L3 77 m R

R C16) 3HT T —> PN B 1) B 2y 7 1 4k
TRAER N =42 2L )y ma N A, JEgs
TP S LRI . RS
1R REER S m, PRI 10 MPa, %5



ER WPCE S T T2 MR B AR AR IR M Bk %8 1) IRl #E B2 1 2 P A 4 3281

1600 kg/m®, JIRAEH 0.3; 55 2 )2 HARSEE A
5m, PRPERCER N 15 MPa, 254 1800 kg/m’, M
FALEA 0355 553 JZLAKIEER 15 m, $PERIE N
20 MPa, %4 2 000 kg/m®, JHFAEL A 0.35; +4k
PR AEES . Bahar @ /E A B 10 m &L,
KGN L, FhIE £, = 0, /(2n) =5 Hz , FALKSE
WA 1N, =20 m/s, ¥ Y HHERBS).
K 3(a). 3(b) 43 A B E n BRI EE R, X (16D
75 31) (1) Hb J5 2 1T 25 11 #5.(30,100,0) AT 14(20,50,0) [
wiL [RISFR N Gw A3 LR IR A ) B8 1 4R 5
i),

HHIE 3 AT RUF e ) wiL ISR h 2 i) 4R
M IS B B KM RIS 0], Bl 2250 n BUE AR 1L
M2 A0 n AL EI[(5~T)n L1, ARSI R il
gogEABETRE. Bk, ERHL e itE
B B Bl Al g e R S gl i, 2
0 on BU[(5~7)n LTI R B 2k o Hoh [ 180K

i LI, A

N S
o el — n=[5nL]
L |I|- .: ‘ . n:|—717L—|

= 0

= 0

==
Lo

I/ s

(a) (30,100, 0)

--n :|—17L-|
—n :|—517L-|
- n :|—717L-|

(b) £1(20, 50, 0)

B3 SH n HBBILNTES J WL
Fig.3 Influences of parameter » on dynamic response of
moving line load

4.3 RPN EARHEE B 77 N R
Pl 4~9 5353 2 i 4% 1.(10,10,0) Ak A A2 2
X R Bl BN B i A T =42 AR

LA N B N e i 2. RS EE 4.2
W, B EERERA LR 10 m AL, s EE
A UN, AT K L =5 m, $47 KJEIEEA 1N,
WY BUEm# L), RIBE £ = e, /(2n)=5Hz ,
ZH n L 30, MK 4~9 vJLLE H: 3 i NARE £
RAE 10 Hz VNI, B3 sl E80M % 3h e B 1y
T FEREAHAE 20 mvs LA : 4 f 75 10~20 Hz (A

i/ (107" m)

—_ O = N W kA N0
T T T T T T T 1

0 20 40 60 80 100 120 140 160 180 200
T/ (m/s)
B4 3 RARELE 10 Hz DAY, B3l B
AT 1 W N E R
Fig.4 Influence of moving speed on dynamic response of
point load when frequency is less than 10 Hz

8- i
7L | — f=13Hz
| —. f=15Hz
6_
_ |
g7 {
Z4r |
;;3- f
= A
1_ .
0
-1

0 20 40 60 80 100 120 140 160 180 200
T/ (m/s)
(a)f N 13, 15Hz

40 — f=18Hz
35+ —- f=20Hz
30t

251

i/ (1078 m)
—_ = N
S W (=)

o O
S W
N
)
(
|

~5 1 1 1 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180 200
TEE/ (m/s)
(b)f %y 18+ 20 Hz

B 5 B)HmNARERAE 10~20 Hz 2[Rk, B3l Rt
AT 1 W N E R
Fig.5 Influences of moving speed on dynamic response of
point load when frequency is between 10 Hz and 20 Hz



3282 Z- R S - 2018 4F
121 6.0
— f=30Hz
- 551 — f=13Hz
L - — f=50Hz
Ho .- f=80Hz 50F —- f=15Hz
L —- f=100Hz ST
2 08 | —-- f=150Hz i
S 06F | I
i~ | L
2 04 \
& vl i
0.2 J ; B
0.0 — -
-0. 1 1 1 1 1 1 1 1 1 ] — .5 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100 120 140 160 180 200
W/ (/) HEE/ (/)
Bl 6 3 mINARERLE 30 Hz LL_ER, B3l (@)% 13, 15 Hz
AT 1 W S E R ,
Fig.6 Influence of moving speed on dynamic response of S
. . — f=18Hz
point load when frequency is above 30 Hz 20k —. f=20Hz

A L N 9 0 O
—Tr— T 1

i/ (1070 m)

—_0 = N W

0 20 40 60 80 100 120 140 160 180 200
TEE/ (m/s)

) SIMNSRELE 10 Hz LU R, Bald Xt

Y HE= IR GV -2
Fig.7 Influence of moving speed on dynamic response of
line load when frequency is less than 10 Hz

&7

045 20 Hz) Z IRV, s fig 280R 2 i 23 1 i S o
Ak 80~100 mv/s; %M N AR GRS K, {F 20 Hz
PLE(ELEE 20 Ho)W), i s S S R YR 4E 50~
60 mv/s 2 [A](K& 6.9 1 80 mvs TR N K135 4 50 Hz
3 e, RIEASRILI SO, itk mT &, &
B S AN R A5 TR 7 i I35 i 3 R A AN TRl
AR B RATEOL RN AT, AN F2 3)38
JEE X6} 2593 13 W I 6 S M B g AT PR S I K
4.4 TARSRMERLE . JERA LG, BHJE H DL R A AR

Xof i 53 BE ) 5% e

Bl 10~ 13 20 5l A st A JAA e BH
JE LU T A 840 2 0) K S B8 ) R (1 (10,10) 4
£ =30 Hz RIS ) o AR 10 m, 258N
2000 kg/m’; LR K L=5m, ALK IR A
IN, fEFEMELL T 7m ik, # y #En#gs), &
Bon B30, B 10~12 1, makkahmE
fo=0,/2n)=5Hz , W RMEHEEGIAFEL,
BIA"=2(0+i&), G =GA+i&) . @ BbERE Y

i/ (107 m)
s

[

o
[

0.0

0

20 40 60 80 100 120 140 160 180 200
T/ (m/s)
() 18+ 20 Hz

B8 ) /imiNARERAE 10~20 Hz Z 8] R, #3h

AT ES S WL R

Fig.8 Influences of moving speed on dynamic response of
line load when frequency is between 10 Hz and 20 Hz

501

— f=30Hz
45r - - ?250 Hz
401 --- f=80Hz
35} —- =100 Hz

7 30F —-. f=150Hz
ucb 25 -
= 20F
R 15F
E0f
0.5F
0.0
-0.5
_1.0 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
T/ (m/s)

B9 B)mNARERLE 30 Hz DL BB, BahdEEss

Y HE= IR G2
Fig.9 Influence of moving speed on dynamic response of
line load when frequency is above 30 Hz

Wi: E43rHIEL 5. 104 15, 20, 25 MPa, &=0.02,
v=03; @ ARAtrsEm: v 43 lEe 0.10. 0.20,

0.30. 0.35, £=0.02, E=25MPa; @ LI
. & 4L 04 0.02 0.05.0.08.0.12, E =25 MPa.
vHL0.30; @ fa g IRBNAA P 5EMT:  f 73 7 HL 5

20. 30. 50. 60. 70, 80 Hz, E =25MPa, &=0.02,
v=H03,



59

(ERG

BT IR B AR bR 1% 10 LBk 85 ) R B 76 12 2 TP A

3283

—~

fik%/ (107 m

8.0
— E=5MPa
70r - —E=10MPa
6.0 i ---E=15MPa
| . —- E=20MPa
30 " —.. E=25MPa
4.0
3.0
2.0
1.0
0.0
~() 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
T/ (m/s)
B 10 S PASEE I S B R e

Fig.10 Influence of elastic modulus on critical speed

501 010
— v=0.
45 . : - - v=020
401 S - v=030
_35f b —- v=035
£ 3or e £=0.02, E=25MPa
S 25 e h
S 20 1
)
& 15
1.0
0.5
0.0
— ~5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
T/ (m/s)
B 11 JEAR o i Sk BE
Fig.11 Influence of Poisson’s ratio on critical speed
1.0
0.9} — £=0.00
- —£=0.02
8t <
87 I - - £=0.05
' —- £=0.08
E06r - E=0.12
® 05
204t A v=0.30, E=25MPa
R03F
& 02} X
0.1} !r
0.0
-0.1 |
_0~ 1 1 1 1 1 1 1 1 1 ]

Fig.12

i/ (1078 m)

2
0 20 40 60 80 100 120 140 160 180 200
TEE/ (m/s)

B 12 BEJE Lot il S R

Influence of damping ratio on critical speed
40T,
351 — Jfo=5Hz
+  30Hz - — fo=20Hz
3.0 --- fo=30Hz
25 —- fo=50Hz
—-- fo=60Hz
--- fo=70Hz
—- fo=80Hz

= = Db
> n o

|
wn o W

£=0.02, v=0.30

20 40 60 80 100 120 140 160 180 200
T/ (m/s)

B 13 FERER N il TR

Fig.13 Influence of load frequency on critical speed

HE 10~12 WJLAE H: #rEsieE., mfatt,
JE EE T F A 38 (1 S AR 5 9. E =5 MPa
N, A EZ N 30 m/s, E =25 MPa Itf, I Ftid
FEMIER] 60 m/s; AFA LT 0.10~0.35 A5{b I, i
T AT I NER, AR AR 50~54 m/s
20 FARBRJE L 0~0.12 AZbINE, I Sl )L
FEATEAL, P AERE S S R 5 R ZE
AT SRR R L g s i 13 AT LA HE e 1
IS AR A R R S AT A, LI S )
IR s A0 % i A% 55 T far IR S AR I
FONE R I TR N, PR

5 4w

(1) HESF T PR ] SAANEE B faf iy 480 2 Y
B B AN LT B E T, R A R A B
) 7 % W . (R REATT AR, o0 AT T AR AT A v S 88 m o) 1%
) 7 B W N (R 5, JReh T L0 (B v A
[(5~T)n Ll

(2) T BRI — g I, A )i B AN )
AR 12N 77 NP AN [F] o AN 288 B g
WL SR NLATE, BN FEHRANA] 7 Y. (1) 5%
Wi S L iy ) ) e R 20 K. A iEeh 5 Hz,
PEREMANAE 10 Hz DL, s Ao 23RN 2 fr 25 (1)1 7
TS FEAHRLE 20 m/s DL 2 AAE 10~20 Hz
ZTRVINF S R 280 R 2 A 23 1D I 38 2 nT Ik 80~
100 nvs; RN AE 20~150 Hz Z [a)isk, #5h
PG T FEARYERFAE 50~60 mv/s Z [

(3) AR SR EARE o LI S8 B AT 5k B
(RISE,  JARA LR BELJE LU I 5538 2 1A S i AR 6 ¢
N, FERTEANRE BT, SRR O,
AR ) i R RO s 0 R A ey I B A
AR Bm NY., ICHRAERROC, B0 Y. (R S i)~

2 % 3 M

[1] EASON G The stresses produced in a semi-infinite solid
by a moving surface force[J]. International Journal of
Engineering Science, 1965, 2(6): 581—609.

[2] GAKENHEIMER D C, MIKLOWITZ J. Transient
excitation of an elastic half-space by a point load
traveling on the surface[J]. Journal of Applied
Mechanics, 1969, 36(3): 505—515.

[3] DIETERMAN H A, METRIKINE A. Critical velocities

of a harmonic load moving uniformly along an elastic



3284 b +

71

4 2018 4F

[4]

(6]

[10]

layer[J]. Journal of Applied Mechanics, 1997, 64(3):
596—600.

JONES C J C, SHENG X, PETYT M. Simulations of
ground vibration from a moving harmonic load on a
railway track[J]. Journal of Sound and Vibration, 2000,
231(3): 739—751.

HUNG H H, YANG Y B. Analysis of ground vibrations
due to underground trains by 2.5 D finite/infinite element
approach[J]. Earthquake Engineering and Engineering
Vibration, 2010, 9(3): 327—335.

FUORWE, AR, BT, A MR EATEAE R R A
e BT AS IR AT IE AR Gesh Jywia N A ], A
J1%#, 2017, 38(4): 1003—1014.

YUAN Zong-hao, CAI Yuan-qiang, YUAN Wan, et al.
Dynamic response of circular railway tunnel and track
system in saturated soil under moving train loading[J].
Rock and Soil Mechanics, 2017, 38(4): 1003—1014.
2206, PN, WHRERI. TR RN R LR RS B i 4
YER NI R[] sl eiidi, 2012, 31(4): 151—
156.

HU An-feng, SUN Bo, XIE Kang-he. Dynamic response
of saturated subgrade with rock substratum subjected to
moving loads[J]. Journal of Vibration and Shock, 2012,
31(4): 151—156.

Rk, B, TR, A5 Baher R IR R
TSR], 547, 2008, 29(12): 3186—3192.
XU Bin, LU lJian-fei, WANG Jian-hua, et al. Dynamic
response of layered saturated soil under moving loads[J].
Rock and Soil Mechanics, 2008, 29(12): 3186—3192.
SR, WROCH. HOBRFGE S, BRI, ki (Kl e el
SO I HisN[I]. esh 5 ahdi, 2016, 35(24): 96—
101.

ZHANG Qian, CHEN Wen-hua. Out-of-plane vibration
induced by axial excitation while a metro train arriving at
or leaving a station[J]. Journal of Vibration and Shock,
2016, 35(24): 96—101.

F G, B, SR, SRR R s )
PRIBERLAI MR D). VD554, 2016, 33(2): 165
—170.

ZHANG Ya-hui.

SI Li-tao, ZHAO Yan, Dynamic

(11]

[12]

[13]

[14]

[13]

[16]

response of viscoelastic half-space subjected to train
loads[J]. Chinese Journal of Computational Mechanics,
2016, 33(2): 165—170.

WHRAE. FI AT PUE R G- ARBOIA i) [/ P A A
WIS WINT]. %, 2010, 31(5): 1597 —1603.
YE Jun-neng. Dynamic response of track system-layered
transversely isotropic saturated subgrade to train loads[J].
Rock and Soil Mechanics, 2010, 31(5): 1597—1603.
JITE, SRR, KT, H AR A i R RO
] R AR AN IR [ 3 M R[], 25 52, 2011, 32(2):
604—610.

ZHOU Ye, ZHENG Rong-yue, LIU Gan-bin. Dynamic
response of elastic layer on transversely isotropic
saturated soil to train load[J]. Rock and Soil Mechanics,
2011, 32(2): 604—610.

iR T, S, R0 Bahfaildur /1T R
SRS RSB N AT, dRsh Sk, 2016,
35(12): 61—=170.

BA Zhen-ning, JIN Wei, LIANG Jian-wen. Dynamic
responses of layered foundation-track coupled systems
due to moving harmonic loads[J]. Journal of Vibration
and Shock, 2016, 35(12): 61—70.

FHEB. BB RN kL 3 g e N TS VA
WEFED]. B B TR, 2003.

WANG Guo-bo. The study of calculation method on
dynamic response of soil induced by moving loads[D].
Wuhan: Wuhan University of Technology, 2003.

Well, RIBEA. FIMEZVE R M IR i v 2% T Ll 1
FHpTEREL[I]. J1244Z=T, 2009, 30(1): 62— 70.

JIANG Tong, SONG Xiao-xing. Analysis of impedance
functions of strip foundations embedded in stratified soils
by using thin layer method[J]. Chinese Quarterly of
Mechanics, 2009, 30(1): 62—70.

RIS, W R IEAE N E AT 5 R R e sl v S
KINHI[D]. EifE: [R5, 2009.

SONG Xiao-xing. Application of thin layer method in
calculation of environmental vibration caused by
underground rail transit[D]. Shanghai: Tongji University,
2006.



