o537 &4 12 1)
2024 4E 12 H

k o T

Journal of Vibration Engineering

% R Vol. 37 No. 12

Dec. 2024

B H LR K IR # ) 7K S i = e A 57 AT B

KON EIR, HRE, EEE, B

(1. Jb 3 Tolk KA 3k i @ % 243, Jb 2T 1001245
2. J6a Tolk KA 5 T RE e A dl ok ZU B P M S g8 =, st 100124)

T T M M TR B N T R I AT T e R A A R e R S A R e A e A R R
T 167 A Sy RRRL-A 55 R 3%, SR FH 249 A i S A 400 6 R el 5 el A0 0 3k ol A B AR DL SR T KO SRR AR TR 9 e
3% 3 o 45 40 05 i o 3 ok o A A 3o e R0 S BT R A0 A A A 0 K S M R e ) (RS SR i 5 A BROT
RN A 547 X0 U, B T A SO AT A B9 IE AR o O P 20 AT A 25 00 i) DA R R B2 S D Y 5 Ak
PRI 5 R 2 (8] 7 e J2 D2 Y A 52 11 Ok, X 18 T e {0 R o 2 T J S 804 20 #r , 445 28 e 50— e 18 T
VIR ) WG 3t 2 M) 7 R T 90 A TR S s e O ) 30 DR A0 A ARl ) T 0 ) S 349 /1 5 A 0 P %
35 BT AT D T 0 R ) 7 1T S 09 A 5 A T AR ) DR A0 el AR AT T T U L ) 4 2 W A R 5 2 i
e T 2 2% O 94 DR, 90 A T e ) 572 W 0 48 A, T 0 e ) 00 940 e ) 7 2% 1 3 DRk /DN

K : M T AP ; BRI N 5 BT 8 5 5%l e

FE42ES: TU352.1; TUIL XEkbRERG: A
DOI: 10.16385/j.cnki.issn.1004-4523.2024.12.002

5l

i

LI LSRR O Y B M R A5 A, 4 M AR
b g T U - B A (S N WS cia RS S
HEBE X G AL AR S T 2 I T T R TR
Mo T 2 E] T BRI B IR TR g A K L T
K KFEAE 925 R By B A5 A IR S
Hb 7% 22 A 0 I B BE R BT UELT R R 2 M A5 ) 2 4
) A0 TR TR A I 5K R g AT 55 B

LA, AT R RO R WIS 454 7 =
2 B[] R B A R e R L R A AR B
P R AT I S M s R WA S A T AT R
S5 K F T BE 4 HE A A S RS T M R e 3 A A R
S B 45 K i 7 i 8L 3 A I AT A0 2 s 5 e 1 T
B TR T IS PR T B B

E A WF R BRI A TT I T B S h% 18
ZER MR ML ST i T RE T S T R AR T
PERA, HOH AR Z 3 6 IR TSR 2 %
ZROUE A5 R, A E T R E AR AU, D5 3 i A 7 3 T
LA 0K il 25 M A8 55 N 0, 9 DA D 2 o B8 4 A T

%5 B #: 2022-12-16; 1&1T B #3: 2023-02-07

MEHES: 1004-4523(2024)12-2003-09

T E LR IR S TR

UT AR 1 20 2 2 3 T o0 i 56 22 9 W1 1
PG TF R T R - 45 ) i 5 e 7 S AT O vA B ST, DABR
R R A AT % A5 R MR sh gy ma
ZHANG 85" 3 F 30 o0 il 1k 35 R R 1 S T 1%
i 72 0 57 g AT e, BF 9% A BB I b 5 B i B
G R 7R R L o = O REIaP I % o B 0\ X 0 S RN
U Y b R R IO R PRI, ZHANG 45 58 T L% )
ST 4 R B 3, H PR AR B 14 3h
R AFAE o 7E B 5 B A A B2 b ZHANG 457 i
Hh B Ao 2R R S 0% sl g N A T A L 43 0
XoF 1L 3 R 110 A7 2 TR 1) b 52 38 il A 15 R 5 1 A
HEAT T X FBGE . e Ah , ZHANG 26 24 5 T 9 1)
b 7% P il AN SH U Sl 88 K T 8 2 Ak 1) B g
O % AT A7, 3 AT 22 BTE G ) 8B T B S 1Y) 249 SRR
{45 I (57 B i 3 A% /)N o 7R AR SRR bR I
SERTIAE R 3D RA IF BT T ML PUR T
Ik

B A 2 & )RR 3% T 5 1k e 3 2 P O R T R
TE 45 #) b 5E m RB 4r AT F9Y . ST JOHN %57 3 F
SC T ) i I AR R PG T M R R R K R T A
M 6 A AR T B e g E L3RS T

HEE4WB: BEXHAB LS AW H (UL839201) ; F E 1 + J5 Bl 2 3L 4 W B H (2021M700311) ; 81 BH X
5 TAEZ P B0 H 5 b st -1 5 B PR ag i 1 45 % Bk 1 300 H (2022-PC-03) o



2004 ® s T

%37 %

Bk T8 BT TET 19 35 KA T (BT 7 RS A A A Rk K
ST P R 5y U AR T8 AN X B GE w6 52 A
SANCHEZ-MERINO %1 5% 3 %+ ) fif 4k} 3C 72
Ay M B T R R S A G ST R A R O A
WA R EY Rk, YU S 5
FL R F S PEAL T 58 A5 NI B E 1) 9 1) b L

IR AF ST K 204 5 B K S T A i 3 1
P AR by 35 22 DLBIF 5 L b R ) 1, 8K T AE TR SE PR
VR 22 254 E AT AN A A B, R A R
WIAE R 2 At & Z WS WA 5 kR i) 2Z [0l i 3 )
F AR AT R £ v Al e 7R 1 . e Ak, B A
AT AR S B 25 K 3 04, 7 b = v T RE T A2 IR
LBy Jy e 16 L5 ) PN TG 1 1E IS AT, R U 4
St vy 2 I R A U R A B A Y b R B
WAL YR T e A A

AR SO e T 40 A A 28 oK S AR B R
FAT™ AL AS 25 ) JE A SR AR B A i 5 ) 7 %
) b, JEE 23 o 7 42 1 K 158 - Bl SR AL R Ak
WA L R A A A S T M R 2 B U2 SRR h &R
Gi, fES0 T R IF LR B AR T T KO [ b
REAE R A0 46 R A 0 44 3 7 o R A AT R . UK
Ve F AT A 5 A PR T I BB A 2E AT T R BGIE . feJa AR
Sy Hb b B I B Al R L S AN R AT S
YR Al i) 22 [0 3 32 2 W B8 1) 3 o K, 4 )k et R
YR AR R TS A A R A e D6 {1 b 5 ) I 64T S 01k
Vi

1 EFRIBERE

1 RT 78 A Ml A% AR R 8 -3 1 A B AR AR
RUR R R BE N L, 6 I A i AWM R
Mo REAE R Y iR R T AR A 5 R ) AR
IRV b 5= 0 7 Sy HR SR S % T b 5 e A T S
I 3C hE B bE R RIS L T AN 2 TR 1Y
B -3 M AR B A FH G- 8 ] AL ) 2 AR R
b2 I A BT S 1A A9 [ HR 3 6 B it T b 3 i
25 B 5 KL 8 — 0, {55 A5 0 Ao 5 U e ) 2 1 L2
RGN Horp i 4 2 A R
P bl 5 5 R BEL S, b BRI R Ol K, b BE BH 2 &R AL
g Cos Il I 4 8 ) e B2 — Ok w8 T Ak Sy T AR
SEAT B BRPLA B R B JF IR R O IR R L 1 A A
19 7K SF- ) i 5ROk B AR AT 5 R R AR
YER SRS W0 Sy K, 2 m U0 ) A . 0 4k
AL FE W R w, (2, 2) , R AT ) 7K S A #% e A
w,(2,1) .

FEALEE QT - OB WIS AT 8 A7 b+

Hei L

P13 b A AR AR AR = 1R

Fig.1 Diagram of shaft-site interaction model

wi(z,0)

wy(z,0)

K2 Ak R B IR

Fig.2 Diagram of simplified mechanical model

JZ D9 4% 1 [a] 1 HL 24 5T i 2k e A @ B AT S
YT TRy g JES P 0 A B o D 181 7 3 5 O 3
o P O BRI S B, FE MR AR R i )R
PR A 3 R B ) A R R A A R 37
TEAE TR 72 A2 K -5 8% Wi

2 BiTRES

2.1 EzhiEHlFE

HR AR 28 SRRz -1 45 R R e, 15 2 B W 4t 5
TR IR A I R O A
d"w,(z, 1) *w,(z,t)
az' ar’
K[wz( 2, Z) — wl(z, t)}z 0,
'wi(z, 1) 4o *w,(z, 1)
dz' ar’
‘wl(z, Z) + Ke<w1(z, Z) — u”(z, z‘)} -+

C{awl(z,z‘)_ au”(z,t)}_o (1

+

E;I +102

Elll —K[w;)(Z,Z)—

at at
A E WA s A R EL Dy TR ) S A
et 1y O WA AT B R AR 5 I, S U A ) A T A8
B 5 00 F 0, 43 5] 2 00 Ao T U A 1) 45 2K 2 E
u“(z, Z)ﬂ‘? HHZM .



5512 1 AR IR &

YA B 7K P e 5 W St A St

2005

F =0 (D) B AT 255 XA b, SRRk
Tt M AERD A b 047 48, A8 B IS B P i 0 R A
E21234w2(z,z)+ ) w;(zz t)

dz"
K[wZ(Z, l)i u’1<z, Z‘)J:O,
9 , 1 0° , 1
E 1 wl(f )+P1 wl(,z )*K[UJKZ,Z)*
dz ar’

dw (2, 1)

Y =/i(z,1)

(2)
it ¥

wl(z,z‘,)JﬂLK wy(z, 1)+ C,

d t
Kcu[[(z, Z)+ (/b u”(z )

itl:':l fl(zol‘):
U S A0 Al B A5 A5 Ay 2K
2.2 M= NE AR AT AR

B 3 (2) BEAT W AR 254 0y O B 732 437 307 A8 48, G
TR ] 7 64 pRECRT AR 6 R 5 T SRS B s 1 pRVEL
(GEINIEW

Eglzalu;if’s)+(pzé'2+K)z@g(z,.§)
Kw,(z,5)=0,

E111a4w$if’ D Kaon(eas) (o + K+
K.+ Cos)@i(z5)=fi(zs) (3)

b A8 B B 5 B R 2k 3R %08 BT (] 2 19 4
P A R 3 R 30 (3) 5 RS =S 1) Rk

d
T itz.0=
K F(z,s)h—A 5 12 2 504 i 8 <8
B, p(2,5),P (2, 5)FF (2, s)al LIy EmR N

(2 5)={w w! w! w!w, w; w) 7”’} (5)

F(z,s5)9(2,s)+P(z5) (4)

T

P(z,s):OOOMOOOO (6)
141
F(z,5)=
I 0 100 0 00 0]
0 010 0 000
0 001 0 000
o1ss+ K+ K.+ Cs K
— 000 000
E. I, E.I,
0 000 0 100
0 000 0 010
0 000 0 001
K 05"+ K
i El 000 — Fl 00 o_
(7)
R A5 158 A AU 1 2%, W Aes 5 R e ) T
S A ER s, JRG R A [ A i, 1 B ST LSRR

w(0,1)=
wl(L, Z)Z wz(L, ;):

w(0,1)=0,w(0,)=w!(0,1)=0,
0,w/(L,t)=wy(L,t)=0
(8)
W bR S AT R BT A e 15 B 4
ﬂ:/;it:

M,5(0,5)+ Nyj(L,s)=0 (9)
;H;':P,%EM?MI)$HN1)JJ le‘j
[0 001 0 0 0 0 O]
000 1 00 0 0
00 000 O0 1 0
Mb:oooo<>001 (10)
00 0 000 0 0
00 0 0 00 0 0
00 0 000 0 0
0O OO 0 0 0 0
[0 0 0 00 0 0 O]
00 0000 0 0
00 0000 0 0
Nb:oooooooo (11)
100 000 0 0
01 00000 0
00 00100 0
0000 0 1 0 0
R LIU 2 1 43 A 45 328 bR BCEE A 38, 78 s 38
W T R (3 R T
ﬁ(z,s)ZJ‘GA(z,f,s>P(5,s>d$ (12)
o, G (2, &) IR N -
R H(z,s)M,@(0,85), <z
G(etrs) (A“) (0.65), é<=x )
—H(z,5)N®(L,&5), £>x
Horr,
H(z,5)=®(2,0,5)7 (s),
Z(s)=M,+ N,@(L,0,s) (14)
D (=2, &, 5) TR R A, HIE 0 .
q)(z,{-',.\'):U(Z,.S‘)Uﬂ({-',s) (15)
Hr,
U(z,s)=e"W (16)
ﬁﬂﬂ%fﬁﬁ}un(z,z)ﬂU%%ﬂJ:
uff(z t): Uff(Z)Giw[ (17)
X Ul(z) R 3 i B i 3 55 38007 7 i R e
A (17) AT Ak — 2 R
uz,t)="Uy cos(‘a/)s z)e“”’ (18)

K U o 4 J2 3R 10 0 5 1 AL F% R E ; o R 3 5
B VO I 2 0 55 D), vl URR 4 R X
KA



S

%37 &

2006 k o I
G.=E./[2(1+p)] (19)
v.= & (20)

10§

KF G p, ESM o 03 30 9 4 2 09 57 UIRC & JH F
RANCERC S I

T T E e e g i, 59 3 3 AT DL R
B Vi=V(1+2i8.). K K (18) fb A B £ 1 &
P(z,s)H I8 s B3 N iw, #5128 (12) 7] LS 3] f#
A it 1o £

ﬁ(z,z)=e“’”JLGA(z,f,iw)P@)dE (21)
o, P (&) MRk R
P(&)=
(K. A4 Ciiw)Ug, cos(‘if)
000 ~2 0000
E.I
(22)

SR A 5 S b ) B o R v, 3 bl 1 J2 B
A5 B Wi 07 AT D3 320 4 7 b o0 b 75 360 % I A 22
PR AR 4 (FFT) J5 i 3C (18) sk 145, i =X
(21) 2R 15 185 I A0 3ol At A ik, 25 D 30 300 e B v 718 6
(IFFT) B ] 3K 75 188 I b, 72 v 7 Bsf 3ai i, BP0 4 A0 —
AT )KL 78 e i ISR RN B )y, e A R B
YRR

M, =E.Lw/, Q=ELw/ (23)
Xrp M ;QNE J1; Thri=1,251 5K m W)
A R

3 HEIWIE

A SCfdE TR AL T A BR IS AR ABAQUS B ik
1t Sl 5 o 7 g BT A ) OB M ol e ST T 4R
Fi-{A 55 R 52 -5 s A BB S I 5 3+ 2 3 1 R
Gt , 2R B AR 2 0 7 1 R AT S8 O 4t 7 o o K (L

3.1 HEEE

Bk TS EN T IR B L =60 m, ¥4 Fl
TR AT PR A B E, = E,= 34.5GPa, % &
1= p,= 2500 kg/m*, B I ShE d=8 m, JE & Ny
0.3 m, ZRAF IR 0.4 mo S IF b JE + 2%
£ 0.= 1800 kg/m”’, fHLJE Lt B, = 0.05, A M b p. =
0.35, #i Pk E, = 160 MPa, R #i MAKRIS %"
1) 5 b+ 2 2 BORUE D7 i, Hb LRI BOE O K =
1.2E,, it A K. = 1.92 X 10° N/m?, H & fH JE 2 3

i M Ci~ 6a0%psvgd+ 28.K/w, o ay= wd/V .
TE SR TR W4 5 U ) 22 (8] ) 33 o 4 2
B 7K 2 (B2 )2 5 22T 4 ) i 2 B, A R v 3 4
JZNRIEEBUE N K =1 X 10° N/m?,

ABAQUS " I 43 A7 20 B8 o - 1 5, 43 il
S AR R AR S5 R B2 ] T AR ADL 8 IR e A et
), o FH 32 2050 B33 #EAT AL, PAE RSF 28 1 m, 9]
o 55 R A ) 22 ) 5T R FH P S A SE )
o 5 TR AT 0 AR ELAE s LR BB WA 5 Rk
YT A H B N Sy T 3 55 PR, G o AR
W14 1) A BT T e g ST M I A R X (18) 1
AT B Y b B H 3 6 Tt o 7 b s 5 7 g
SE B — M, SR FH T R Ak AT A R g )3 SR
o e W BUE RS R 2 IFF T #% 4 hy I Sl
-5 fifp BT A8 2R A7 X6 LU 36 E o

3.2 MBS EMTL

AR SR 2=30 m &b WA F A 8 B 2 AL B
71 R 25 R W) N E AT B E 23 ) 42 1 AR MR AR TR
F18Y R 7 I 37 T2k i 72 D B X Kobe I8¢, FLA A% I 7
il £ K% o7 %% {4 L O i P 1% 2 81 3 T s

0.10
0.05F
g
B 0
E
-0.05F
-0.10F
0 10 20 30 40
frffa] /s
(a) PRI T2 25
(a) Displacement time-history curve
0.020
0.015}
g
am 0.010
I
0.005
0 . . .
0 2 4 6 8 10
$i% / Hz
(b) (518 B IR {E i

(b) Fourier amplitude spectrum of displacement
3 Kobe ¢ o B8 i 2 th £ S B0 i {2 3%
Fig.3 Time-history curves and Fourier amplitude spectrum

of displacement of Kobe wave

TEH 2 SN VE R, 2=30 m &b ) 4+ A1 = W 4 )
(8 S B Bt ofy RIS i R o T R 6F B 6 E Gn 1] 4
JIE7R o R LG AS SO BT A% 55 BU(E % T LU L, 23 B 46
R4 o



5512 1 AR IR &

YA B 7K - i 55 0 R e T i 2007

0.10F - - VIR IR
. YA BB
A — SR IR
g 00 /\ - - ZRAT IR A
E Odﬁgﬁﬁ w%ww%%@%&
R W
-00sp T

_0.10 1 1 1 1
0 10 20 30 40

A / s
(a) z=30 mAbAL S
(a) Displacement of z=30 m
0.0030

—— - VIR RN IR

WIS R
0.0015 |- —— TR TR
- - ZIRA WA AR

Af / rad

-0.0015 |

000305 10 20 30 20

T
(b) z=30 mAib#: £
(b) Rotation angle of z=30 m
3
—— VIR fENTIR
2 I A
E ) ' —— TIRFSHIAEAT A
e 1F - - - ZIRFTRIAE
Z
: =L F L 1
# i
& 2F §
=0 10 20 30 40
A /s
(c) z=30 mAib B 5

(c) Bending moment of z=30 m
B4 z=30 m Ak I 0 i X L4

Fig.4 Comparison verification of shaft response at z=30 m

ST k2 B AT R G A B 43 S BUR A
R AT BN E RS e F R  de RAE HE AT X EE i
i R AT BIR o0 16 B0(E i pO X LR &5 SR 28 1 R, 3
o 22 E R (R BT R B R (E /B i e KA
—1)X100% . Z5F R A ST RS FO0E 1 R
ZE T IR HIAE 2% LN, ifF — 25 956 iF T A S
T At %) 1E B 1

x1 BFTBMBERRAENL
Tab.1 Maximum value comparison between analytical

solution and numerical solution

K

WA (R Ej’ﬁ éﬁ?ﬁ /Y
- f}]ﬁ 0.079955 0.079955 0
TRHE 0.066468  0.066447 0.03

BE AR R/ IR 0.001435 0.001432  0.16
rad WA 0.002046  0.002039  0.34
725 5 1 R/ Gk 172243.7 173022.2 0.45
(kN-m) TR 112907.3  114261.4 1.19

4 SHLSTH

T%iﬁ?ﬁﬁﬁﬁ?ﬂ&aﬁmmﬁﬁmi NN
FEWIEE L R A )RR L I A AR RN AT S R A
T3 2 22 W DU A g B T J T S804 W, DA 9 L
X 138 40 Ao T R e ) b 7 W) ) R T 4 i) 3 B
Kobe/)s‘zﬁ ChiChi I 1 0 i A = 3mh , W 4% — %

WS (R o 3 B 44 Ry 0.3447 g, T % S T 0 04 1 17 %
Wi B W, 5 06 {F %% 3 Wi S R, , H: i Kobe 31 AT ChiChi
U 19 A0 A% st Rt gl 6 B fRE EEL o 1 % 0 ) G 11 3 S
iR

02+
0.1+
=
~
R0
#
-0.1
-0.2 L L L 1 1
0 10 20 30 40 50
WA /s
(a) DLFE IS 2 H 25
(a) Displacement time-history curve
0.05
0.04
£ 0.03
~
o
= 0.02 [
0.01 -
0 . L L 1
0 1 2 3 4 5
#iZ / Hz
(b) AR 18 H g

(b) Fourier amplitude spectrum of displacement
5 ChiChi i {3 B i 75 i 2 B fi HEL i {335
Fig.5 Time-history curves and Fourier amplitude spectrum

of displacement of ChiChi wave

4.1 HERE 0T

Pl 6 A e A 1 56 W 52 1) Ff B A0F 5% T 88 R T 7
B R B iy 0 ) 1, G 50 B M 3 W EE Sl K=96,
144,192,240 F1 288 MPa, HiAx 2 50 5 10 1E T 5l {4 45
— 5

JE 6 H AT DL R AR S R A
% I £ W (8] 7 VA0 Ao W) R K, 33X R T I
fof B 52 3 3 b+ 2 3R AR T, SO52 B R R APE AT,
7 45400 Ao 55 W) 97 /0N | I ST S 80043 3 4 T LA
AR B S598 o BEAh 24 Hb 3 MR B i, wi At
TR Ao ) TR AL AL R ey 0 R ) 1 B4 AE R TR
WA 5 UK A 9 A W (B RS 22 (E 7 BT R K.



2008 & 3 T

%37 %

P 6(a) AT 15, 24 1 JE W1 i 96 MPa i K %2 288 MPa
i, Kobe 5 # il T — YA ) 14 32 A% U6 {0 o) o7 o
2y 455, T 37 A% W E W) R R IR 29 1000, It 5
TR A RS 22 A A UL YT OR O R B A AR
ChiChi iz H i 507 £% 22 {5t A7 38 R . BRI

VIR AL A% A1 A o e {0 SO 249 00 /1N 2 1R T ) 3t M
JEHEOR A 3 s A P 35 78 R a0 | B i T 2 O
454 Mo 7R R SRR D o A0 e e R T e R R ] S R
HT T 00 48 B4 52 3 Mo Ml BE R R A LR A
WO ) 742 T e 8 S A0 el T 90 0 (L Ml 37 52 M 50K

Kobeif: —=— 3t —*— —k3T#)
ChiChif: - -u--F4T - -0 - - ZIRFTH)

0.240
- __. o

0.220 - . REEE SN e & .
0.200 f e .-

£ Rahiann .

X 018 e
0.110 [ \\-\
0.100 L s .

100 150 200 250 300
K./ MPa
(2) BT AL A Ve A5 M) 2

(a) Displacement peak response of shaft top

0.003F *-
-

B 0.002f
o

0.001

oLb— s - ;
100 150 200 250 300
K./ MPa
(b) "B THUHR 4 7 U ) oL

(b) Rotation angle peak response of shaft top

PR 6 itk A J32 X 1 S T 8 U 0 ) 7 19 522 )

Fig. 6 Influence of foundation stiffness on peak response of shaft top

4.2 ZTRATHIRIE

R T RIS Uk Ao R I S 8 S T 55 ) R 11
S AR SCTE Bk AR T e D ) P A e AT S8
B4y M, % 58 — R AeF i %k FH €25, C30, C40, C50 I
C60 . 45 G IR BE + (945 B0, 43 3 BBCE AT % 1z 1 3
PRI E,—28,30,32.5,34.5 f1 36 GPa #1715,
HASHEG KU TR —5.

Pl 7 kg U8 - AE AN TR] Ao B0 I 32 00 46 A 0K
Ao B9 %) TOUFRE A5, % e R UGB e 07 . DAL 7 o] DL
W 7 A S A AR B BLF 5 1 52 Bh AR T 4

Ao TR R Ao R %) A7 8 TR A R W A ) 7 23 B U A )
I A 448 R % F 2 P 3 R o G ) e e ) i L
Jo W AR AL, A R e g A A A A B R R
£ UG (R AR AR R . SRR i 28 GPallf K ZE
36 GPal, ChiChi I /E H T — W Aok 11437 % 1 L i) iy
KL HE I 2%, T A ff U6 i) R 2948 K 20% . X
AR S F T R R NI B AR K o A5 b bt n 1) £
SR, R AR K IR R TR
TOUFHS b, 5 M 1N, > R A 0 D A R, R G
TR AT W) AE b R AR FH T B W R N {5 H R PR
WItEK,

Kobell: —s— )3 —*— 4]
ChiChif: - -u- - F4T - -0 - - ZIRFTH]

0220 F .- Py
o----" ="
0210
0200 - I R
£
=015t o ———
B
0.112 |
0.108
0.104 L . s E—
28 30 325 345 36
E,/ GPa

(a) B TTTER AL AL W AB iy L
(a) Displacement peak response of shaft top

0.0024
- = 20
----- .=
0.0020F o---""
B
£ 00016}
%n' .’__‘______’*-/_‘—_’4
0.0012}
m----- - - ----4
0.0008} =— . =
28 30 325 345 36
E,/ GPa
(b) I TN fo A

(b) Rotation angle peak response of shaft top

PEL7 A 0 A A A Yo T T 0 L ) )7 4 5 i

Fig. 7 Influence of secondary lining elastic modulus on peak response of shaft top

4.3 EHMERM

8 BT 78 A 6 S AN X 490 A R R A ) T A7
R FIHE £ W AR 0 N A 5 1), 3 91 B8 S A AR d=4,
6,8, 10 A1 12 m #EA71H5 , A S BRI B T 50 P £F

— 3

M8 Rl LUAS Bl A S8 A AR Y 3 K, R
Foft 3t 752 Rl T A0 Ak R UK S T AL A R A A 1
[FLEIVRCRCE N = E- TN LI/ @ D /B NS 25



o512 ik

I A B EE RIS S A B8 7K S 3 7 ) A A A 2009

Peo 78 ChiChi B RAE T, A2 4 m 1
K2 10 m B, )46 57 7% U6 {8 ) )37 4 K 24 0.02 m, —
UAT W) 16 K 29 0.06 m, 2 Ky ) 4f Wi i 3 K (B B9 3
¥, £ Kobe I 3% i F 5 B0AH LA ML . (B2 1
10~12 m 38 [l P8 Z K Ao A8 1) A5 B 06 (L i 07 - B T
R, 32 R T AS SCAR BT A 25 T RO 8% ) G A5 A
AT, M T I b AR e o AR R A BT ) AR IR L
Hb AR 2 B R 5 3+ R Z 1] 0 1) Y
I 7, A AT 158 R A )AL B W {1 e 0 1 BT B Y
B ZE IR I AR X T R A 5 R A ) 0
(ELEIVESE RN A I I 55 L [Van ) B <3 E o

4.4 MHSTRHEBERENERMm

9 Bt 7 S WD AT 5 A ) 2 T B 4 )= W
X 1% S T P60 0 L W )V 149 52 WA 0 o A B FEL 2 i) B

Mk 4 2 NI O K=0.2X107, 0.6X10°, 1.0X
10°, 1.4 X 10°f1 1.8 X 10" kN/m #4758 , KA S
TREEAAE . W9 AT A5, Bl 3% 42 )2 NI I 3 K
T ol b 7 35 SR T 0 ek TS W A 52 % N A el i
oy Lk B Rk A T U A R TS A {5 B R e
1 M 137 32 U0 D PR AT R R A A =2 ) 3 42 2 W
JEE 48 o A U A D) e R ) 1 0N R A A
TR 2 el ) 3 42 2 W RE AR, A ) Y L
% G Ay e A e 7 34 38K, He v ChiChi 38 3 72 4 T
585 U {8 W 37 3K B K AT 0.24 m, Kobe I 4 7% 44
MR X 3] 0.12 m, B A WA 0 I 43 53 35 21 0.004 A
0.002 rad, I 9% 8 i Gy . Rk, 72 S PR TR, 2
WIS 5 A A 22 1) A ek IR B /N B I i TR A
SR A UK Aol b (L M RR WL, B R PR AR AR Y
5 B8 FIEG Ff1 8 B

Kobel: —=— 14t —*— — I HI
ChiChil: - -u--FI4T - -0 - - ZIRFTH]

0.005
.e
0.004 | 5
'I
g 0003F
< 0.002
0.001 |
0 1 1 1 1 1
4 6 8 10 12
d/m
(b) BEH-THU R 5 A7 D 0 o7

(b) Rotation angle peak response of shaft top

PR8I AR X et T IO Ve (L W 7 14 52 )

Influence of shaft outer diameter on peak response of shaft top

Kobelf: —s— B —*— Z 4T
ChiChi: - -u--¥I4T - -0 - - ZIRATH]

0.004} o
5 0003 .
< o002}
0.001}
0 20

K/(10°N *m™)

(b) B FTRHR 4% e B M) 2
(b) Rotation angle peak response of shaft top

PELO el 0 3 32 )22 T J32 X M S T 0 {1 ) 12 ) 522 1)

0.24 ——e == s
022} s g
. a2l
0.20 | g
0.18F ®--= T
g
T
0.12 1
0.11
0.10 -
%08 6 g 10 12
d/m
(a) B TTTHRAL AL W AB iy L
(a) Displacement peak response of shaft top
Fig. 8
0.24
®--. -
022} e gL
e s .
0.20 [ —— T -
g =
= oa2f '\.\‘\*\_‘
011 ./4--—-———'——"__'
0.10 . ; :
0 0.5 1.0 1.5 2.0
K/(10°N +m™")
() B T AL A Vg (B e 2
(a) Displacement peak response of shaft top
Fig. 9
A
5 & ik

AR SCRAE T 5 18 S EE M WA 5 R A A
A P S Tt 5 ey 15 20 A, 57 T 37 M- I S A A
HAR A -5 EEAL A 37 3 M R TR Ak D SC v ) M

Influence of lining connection layer stiffness on peak response of shaft top

B, IR ) A 5 R T A A A 5 A
G 3 A e 1 ek B AT T BT 0 R R R
T 7K - M 75 o 7 A A7 A, 9 I B R IR — A @ 1
JE VB IR R AT 5 R B 0 R R Y A
3 590 Xk 290 s R A ) TOURS 57 A% A1 Sy e (L g 1 a0
17 28 i, ZEESE T



2010 & 3 T

%37 &

(1)38 53 45 A BR TR PR i A7 0 LB TIE , 45
SR WY A A7 A% 5 A7 BR T A 0085 (A R — B, Rk
AT i G VR M R B

(2)) R A 1) 50 30 #9060 ) 7 — FBE K T 0 4,
B P HE ) Ak 55 A A TR A (L o 7 45 A ] R
Wi, it 5 e ) 89 48 K, 90 e 5 A ) A L )
P/

(3) B U A BRI J3E (848 K, 0 il — 0 A b T
VIR WAL My 7 24 2 3 O, R Hp A G R W

(4) B EHHMERIE R, A0 AE R — A BT
(EL M) 17 32 2 W5 8 O, R e A 0 R R A

(5) 25 122 S W R H IR, 904k TOU 0 e {7
e W BRI DR T R A ) T 0 U (L ) 7 2 Y D/ o

AN SC A 5 0 15 T b R w7 A A A AN 2 Bk o3 B
S5 T I PR BOHE M —E HIE 2 E

2 & X #k:

(1] BRImZL, P4, WRi . 7K T BR I8 R J 5 fo s ) i e
BEWFFE[T]. B2 H0R 5 TR, 2016, 16(13): 273-278.
CHEN Xianghong, TAO Lianjin, CHEN Xi. Study on
the transverse seismic response of underwater tunnel
shaft[J]. Science Technology and Engineering, 2016,
16(13): 273-278.

(2] ® B4, ARG, WHEM, 4 5 E BN R A 5

% T B T S5 R AR PR REAr BT [T b RTS8 R A
2019, 43(3): 98-104.
SHEN Yusheng, ZHU Shuangyan, ZI Xiaoyu, et al.
Analysis on seismic performance of highway tunnel
shafts crossing soft and hard stratum[J]. Journal of Bei-
jing Jiaotong University, 2019, 43(3): 98-104.

[3] KIMKY, LEEDS, CHOJ, etal. The effect of arch-
ing pressure on a vertical circular shaft[J]. Tunnelling
and Underground Space Technology, 2013, 37: 10-21.

[4] JEONG S, KIM Y, LEE S, et al. Numerical analysis
of the seismic behavior of vertical shaft[ C]//Proceed-
ings of the 7th European Conference on Numerical
Methods in Geotechnical Engineering. Trondheim, Nor-
way, 2000: 465-470.

[5] MATSUDA T. A study on damage of underground sub-
way structures during the 1995 Hyogoken Nanbu earth-
quake[J]. Geotechnical Engineering in Recovery from
Earthquake Disaster, KIG-form, 1997, 97: 339-348.

[6] WANG W L, WANG T T, SUJJ, etal. Assessment
of damage in mountain tunnels due to the Taiwan Chi-
Chi earthquake[J]. Tunnelling and Underground Space
Technology, 2001, 16(3): 133-150.

[7] HUO H, BOBET A, FERNANDEZ G, et al. Load
transfer mechanisms between underground structure and
surrounding ground: evaluation of the failure of the Dai-
kai station[ J]. Journal of Geotechnical and Geoenviron-
mental Engineering, 2005, 131(12): 1522-1533.

[11]

[13]

[15]

[17]

[19]

KONTOE S, ZDRAVKOVIC L, POTTS D, et al.
Case study on seismic tunnel response[J].
Geotechnical Journal, 2008, 45(12): 1743-1764.

FAE Ty, 250, VR, 45 . 1995 4 H 7 [ 4 7% K FF
Hb Ak A 7% DA R B R MU A A R SR R SR LT ] A
T AR, 2018, 40(2): 223-236.

DU Xiuli, LI Yang, XU Chengshun, et al. Review on
damage causes and disaster mechanism of Daikai sub-

way station during 1995 Osaka-Kobe EarthquakelJ].

Canadian

Chinese Journal of Geotechnical Engineering, 2018, 40
(2):223-236.

P Ll AR LRI BT B . R Ll i TR AT A AR
MR E (7] iR TS TR, 1982, 2(1): 67-76.
Coal Mines Planning and Design Institute, Ministry of
Coal Industry. Damage to structures and installations in
the underground excavations of the Kailuan colliery dur-
ing the Tangshan Earthquake[J]. Earthquake Engineer-
ing and Engineering Dynamics, 1982, 2(1): 67-76.
TOSHIMASA K, HIROSHI N, TOSHIHIKO T, et
al. Damage to the tunnel for telecommunications on the
1995 Hanshin-Awagi Grate Earthquake[ C]//Proceed-
ings of Annual Conference of the Japan Society of Civil
Engineers. 1995: 962-963.

CHEN Z Y, ZHANG B. Seismic responses of the large-
scale deep shaft in Shanghai soft soils[ C]//Proceedings
of GeoShanghai 2018 International Conference: Ad-
vances in Soil Dynamics and Foundation Engineering.
Singapore: Springer, 2018: 103-111.

KIM Y M, LIM H, JEONG S S. Seismic response of
vertical shafts in multi-layered soil using dynamic and
pseudo-static analyses[J]. Geomechanics and Engineer-
ing, 2020, 21(3): 269-277.

KIM Y M, JEONG S S, LEE Y H, et al. Seismic de-
sign of vertical shaft using response displacement meth-
od[J]. KSCE Journal of Civil and Environmental Engi-
neering Research, 2010, 30(6C): 241-253.
MAYORAL J M, ARGYROUDIS S, CASTANON
E. Vulnerability of floating tunnel shafts for increasing
earthquake loading[J]. Soil Dynamics and Earthquake
Engineering, 2016, 80: 1-10.

DURAN F C, KIYONO J, TSUNEI T, et al. Seis-
mic response analysis of a shield tunnel connected to a
vertical shaft[ C]//Proceedings of the 15th World Con-
ference on Earthquake Engineering. Lisboa, 2012: 1-10.
LI P, SONG E X. Three-dimensional numerical analy-
sis for the longitudinal seismic response of tunnels under
an asynchronous wave input[J]. Computers and Geo-
technics, 2015, 63: 229-243.

HUANG J Q, SHAO W A, ZHAO M, et al. Simpli-
fied analytical solution for circular tunnel under oblique-
ly incident SV wave[J]. Soil Dynamics and Earthquake
Engineering, 2021, 140: 106429.

YU H T, YUAN Y, BOBET A. Seismic analysis of
long tunnels: a review of simplified and unified methods
[J]. Underground Space, 2017, 2(2): 73-87.



%

124 S

I A B EE RIS S A B8 7K S 3 7 ) A A A

2011

[20]

ZHAO M, DUAN Y W, HUANG J Q, et al. Analyti-
cal solutions for circular composite-lined tunnels under
obliquely incident seismic SV and P waves[J]. Comput-
ers and Geotechnics, 2022, 151: 104939.

ZHANG B, CHEN Z Y. General Winkler model for ki-
nematic responses of shafts in linear soil[ J]. Internation-
al Journal of Computational Methods, 2020, 17(5):
1940004.

ZHANG B, CHEN Z Y. Effects of nominal flexibility
ratio and shaft dimensionless parameters on the seismic
response characteristics of deep shafts[J]. Soil Dynam-
ics and Earthquake Engineering, 2019, 120: 257-261.
ZHANG JH, YUAN Y, BILOTTA E, et al. Analyti-
cal solution for dynamic responses of the vertical shaft in a
shaft-tunnel junction under transverse loads[J]. Soil Dy-
namics and Earthquake Engineering, 2019, 126: 105779.
ZHANG JH, YUAN Y, BILOTTA E, et al. Analyti-
cal solutions for seismic responses of shaft-tunnel junc-
tion under longitudinal excitations[J]. Soil Dynamics
and Earthquake Engineering, 2020, 131: 106033.
ZHANG J H, XIAO M Q, BILOTTA E, et al. Ana-
Iytical solutions for seismic responses of shaft-tunnel
junction under travelling SH-wave[J]. Tunnelling and
Underground Space Technology, 2021, 112: 103910.
AR AL . L YUREIE ) O i AR AT T WS %
% —3D Wil 43 VET AR HMELT]. AR 2 aR R
Al (i MR %), 2021, 77(4): 215-228.

SHIBA Y. A theoretical study on the analytical model
used in the seismic design for underground vertical shaft

structures-on the utility of the “3D-soil-and-beam mod-

[30]

[31]

el” [J]. Journal of Japan Society of Civil Engineers,
Ser. Al (Structural Engineering &. Earthquake Engi-
neering (SE/EE)), 2021, 77(4): 215-228.

ST JOHN C M, ZAHRAH T F. Aseismic design of
underground  structures[J]. Tunnelling and Under-
ground Space Technology, 1987, 2(2): 165-197.
SANCHEZ-MERINO A L, FERNANDEZ-SAEZ J,
NAVARRO C. Simplified longitudinal seismic response
of tunnels linings subjected to surface waves[J]. Soil Dy-
namics and Earthquake Engineering, 2009, 29 (3) :
579-582.

YUHT, ZHANG Z W, CHENJ T, et al. Analytical
solution for longitudinal seismic response of tunnel lin-
ers with sharp stiffness transition[J]. Tunnelling and
Underground Space Technology, 2018, 77: 103-114.
LIU S B, YANG B G. A closed-form analytical solu-
tion method for vibration analysis of elastically connect-
ed double-beam systems[J].
2019, 212: 598-608.

X AR, EOSCHR, AL, AT S5 R PR AT B
WX BN # 1: [T]. 26 A J1 % 5 LA 24, 2013, 32
(8): 1618-1624.

LIU Jingbo, WANG Wenhui, ZHAO Dongdong, et

al. Integral response deformation method for seismic anal-

Composite Structures,

ysis of underground structure[J]. Chinese Journal of Rock
Mechanics and Engineering, 2013, 32(8): 1618-1624.
MAKRIS N, GAZETAS G. Dynamic pile-soil-pile inter-
action. Part Il : lateral and seismic response [J]. Earth-
quake Engineering &. Structural Dynamics, 1992, 21(2) -
145-162.

Analytical solution for horizontal seismic response of shaft structure
primary lining and secondary lining

ZAHNG Bu'?, LU Li-dong', ZHONG Zi-lan"*, JI Ruo~yu', DU Xiu-[i"*
(1. Faculty of Architecture, Civil and Transportation Engineering, Beijing University of Technology, Beijing 100124, China;
2. Key Laboratory of Urban Security and Disaster Engineering, Ministry of Education, Beijing University of Technology,
Beijing 100124, China)

Abstract: Based on the elastic foundation beam theory, the mechanical model for the seismic response of the vertical shaft is estab-
lished. The shaft primary lining and secondary lining are simplified as Euler Bernoulli beams and the normal interaction between the
primary lining and secondary lining is simulated by using uniformly distributed springs. The differential governing equations of the
shaft under the horizontal seismic excitation are derived. The rapid solution of the horizontal seismic response of the primary lining
and secondary lining is achieved through the distributed transfer function method and the correctness of the analytical solution is ver-
ified by comparison with the finite element numerical simulation method. The peak seismic response at the top of the shaft is para-
metrically analyzed from the perspectives of elastic foundation stiffness, secondary lining stiffness, shaft outer diameter, and stiff-
ness of the elastic connection layer between the primary and secondary linings, respectively. The results show that the peak seismic
response at the top of the secondary lining is greater than that of the primary lining. With the increase of the elastic foundation stiff-
ness, the peak response of the top of the primary lining and the secondary lining decreases. The increase of secondary lining stiff-
ness leads to the obvious increase of peak response at the top of secondary lining. With the increase of the shaft outer diameter, the
peak response of both the primary and secondary linings increase significantly. When the elastic connection layer stiffness increases,

the peak response of the primary lining increases slightly, but the peak response of the secondary lining decreases significantly.
Key words: seismic resistance of underground structures; shaft seismic response; shaft primary lining; elastic foundation beam
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