536 B4 6 ]
2023 4£ 12 1

k o T

Journal of Vibration Engineering

¥ Vol. 36 No. 6

Dec. 2023

% 18+ AN B AR B TR B S
WA RS
REE, EEL, A, EHE, £ 3

(1. REWFHFRRELATHRR, L7 KiE 116026;
2. A6 Tk KI5 TR % 2 K A T @ I E A=, Jbat 100124)

T 5T Novak - [ )i 722 BEE , £33 75 08 B S BE - ZE 2000 A2, 52 T J20R 268 s ik b o A U R K
SR B o AT A AL o Sl 5T A B B B R A3 A ek 4 T SR AR A e R S A3 B A A e sk =, ok T R
Pt R 2% 2 LA B A 3 B T A 5 1 2R v A SRS AT T /K Y BELBC 19 A0 M 2 5 T 45 A R AT IR (T 5 2

A B AT X H, DA W B4 B L R b3 3ok — 5 SO S 4 MR T A 4 5 MO i K F 3

JIBRAC B A B . WESE S R AT « B TN LU A 38 O A 0K - 3y R 2 0 sl BEL T i R340 9 O 5 B R AR e
LAk (9 39 O, 2 A SCAE WA 150K ST 30 R 2 A 8l BELJE W (809 O, Tk J] e rp T T AR 6 o B T 220 B
o JBE BRI/ 2 A AT A TR P 3l 2 (/D T A7 15T 7K SF- 3y BELJE i {200 4% K

KW KFHRE s BB AL + IR AL
XEHS: 1004-4523(2023)06-1485-09

RESES: TU473.171 XEkFRERG: A
DOI:10.16385/j.cnki.issn.1004-4523.2023.06.003

51

[l

AR A — R UL A SRR 2 BTz N
FHT M3 A3k DL K o & A5 46 28 TR A A Y
VT AR R, O T 58 4 B SUHE 2 /K7 IR 3l 9 00 58 3l

BT 2R A S AP IR B0 R Y 0 5T A
XA I RT3 A SR SR KT 4R B8
T, % TASC RIS R AR o EENS
A Fds FAEH

TE 56 4 ¥ Bk 7K 7 4k ) i 58 05 1, Gaze-
tas % °' | El Naggar % '°' fll Mylonakis 5" 5 1] ¥ #E
] 4 187 Ak — R 5 AH B ST Y R R REL S 2% L IR
158 A A M A rp i A S K P 4 3h 3l ) i i [R)
B HE— Db, X AR AR A L W AR R TR SO
SEBE 5 75 4k 4 Bernoulli-Euler 32 #1 Timoshen-
ko ZEAELAY | o3 il 4k Tt T 34 BT R 2 AR A v 9
KOV 3l il BT 2. EERAECUIRR L
i 37 SR FH X 2 B0 (Pasternak ) #b 8 BRI 22 & % JE T
A R BT 0 2808 X AR AR K P Pk Bl 0 5 e TE I R il
I, Gazetas 581 00 bROER S50 v v Dl AR R 4T
#5552k H Novak F 1 W 48 #S , X A [ b 3 2% 14
T A AR BE Y KPR SRR R SR AT TR .

5 B H#A: 2022-04-09; 1&1T H #5: 2022-05-26

Ak, Haldar 26" | Kaynia 2" | T 80 2" F1 X1 4K
S5 B R A3 AR A AT B R PR L SR A T BB
KV B i B A 22 o RO b, SCER[23-24 ] L 22
SRR RS R R R - e e A A
A4 T T A AR AT T0E Bl g BEL B A B e ik =

72 A S0 S K- ik 2 0F 5 5 T A T AE
5T Winkler b AR HE ST T 7KSF 88 0] fof 200K 54
FHF 2 38 SEAR BRE (8 KR Sl A0 AT BT 7R I
IRt b E G TR Novak # )2 1, F H 2 50
AEE ey E T By 1 o N DA R VR S A
B2 368 S 92 SR 1 1 2 3 s 2 7K P IR Bl P
KARNTIEE . UE— 20 Hh, X0 50 25 A 2R A 5
5l 2 b b L A R G 1) B R R AR RN A ML 45 B
C( S VIS o NG W N1 0 8 eI DO VA [ T (e

R A SR B AT R B B WF 5K 2 [T SR R
J2 M RN SEARAE T AR IF . RMER Y, B A AT
SEBR AR Rz 0 20 T R A b
KV 3h (4 AR SC A 58 43 e O BT, AR S
H4 T Novak -1 W28 IS, 2865 5 IR A
ME A FERLN 1952 ), g8 ST 2R 4 v 2 HEA U AR OK
S5 B TR B RO RS AN TSR €7 G s o = R ab R U
N A% 338 0 B 1, 41 S 10 2 AR s o o A S
AR T K ~F- BELATC i A i 227 o At A | 38 3 28

HEWR: BEE SO AR5 H(2021YFB2601102) ; [ % [ 4R34 F i H (51878109,52178315)



1486 & 3 T

%36 &

T

P T AR A BE SR L 2% )2 A B A ik - 2
B X 2 A S AT T8K P BT 5 e LA

1 EFOBNFEERINEL

1.1 HERBEEKRRE

AR SCHI ST B9 2R A o A S B KO R
AR 1 s o Horb 23 SR AR AE T
32 K- 7 95 ff 8 Foe MR T, Fo IR 1 iR (B, 1A
MR i =V — 1. MK L, 52RO
1Y N A AR AR 53 50 R g Ry, LB R RS (R
BB o X T RE S By - JE AR 4y (BD L, Be bk
), [ I B A AR A A SRS b ZE X A 4 R 1) 4
J3, 53 590 N{FI NG o AR L, 6 338 B s a0 3 oy
(R L, Bet 5 ), A B 5% 8 A i 76 T CRI NG
) M X TR HE A B Ah #E AR B A Ay (BRI L, B bk
)l TIRAMETIAR NN T, K
ABET

(1) HE A S04 BE 25300 Bernoulli-Euler 22, Z
W A 55 DA I, Ak o >R FH T 7 5K

(2)BEAM AR S 4% 2 A A E Sy 22 4% 1] [ 1 2
SRS
(3) M-+ R GE R 3 A /N 2200 4 1A B 15 i)

RiF o BE-b S 58 Ak A, JEIE T RS RS A

T (I ]
BT 2R vp A R K P4 30 g 2 A

Fig.1 Dynamic model of horizontal vibration of pipe pile

partially embedded in layered soil

1.2 EfEEE#R

L F Novak i b 28 B3, 56 ¢ 2 BOME 44 1)

PR TR SRR
) a(Aieim) Zﬂia(j%feiwz) {01‘82 o
i 2 i _ — 1’ iwt
(Wt 2u) =, 00 o )
(1)
Z . a(Azeiwz) 2#1'8(3%1'6@/)—{()[82 o
R T L
(2)
. 1 a(rdl)  dul 1 a(ru)
A== JRI=_- —
A r ( ar - a0 ) 2r ( ar
du’

2 ), HE R g T 53 500 R B 0 )2 BORE DN AR ) A% 1)

IR L85 5 AR ' R 55 0 )2 B e 44 1 52 g
Bo,p' =G (1+ 2i8"), Hirp GURD &4 5 R 56 ¢ 2 REA
AR BB U E R e, A =20 /(1 — 2v),
o R A ) BN - AR TR A L s o R B )R B
W AR B i=1,2, ,m—1,m.

Al Hb , 55 0 2 AR A FE AR o i 5 ) 7 B AT R
N

. . d(Aje ””) 2upd(Rie™)  ppd*
(/10Jr 2/10) o iy — o (uz’Oe )
(3)
. oL d(AG ‘”’) 2upd(Rie™)  pid*
(/10Jr 2/10) 00 o = o (ume )
(4)
. 1 9(ruly)  dub 1 9d(rul,)
Ay=— L Ry=— —
A ! ar - a0 o ( ar
du’ . .
S )+ FRH i 53 90 R S 9 ) £ 1

FER 1) 57 B 5 AL FI et 43 00 A AR GRS FE Y B A
B, ph= Gi(1 + 2i80), Ho G &6 43 il Sk wk s £
FENY B V)AL g MBHJE e, AL = 200/ (1 — 2v), H
Moy O BE S b ZE I RS L s ol SRR S ER

A S WS )2 B B AKCOE IR B i
A RRH

a4 i 1zu/ aZuleicu/

E1, — "t m, 8;2 + flue + flule =0 (5)
b4

Sl TR m 4 3 R £ 2 BB 5k
S B B PR AR R I R R
53590 585 152 B RO A5 - 6 A 00k -
2 FH 3 W

1.3 H-TEZHREH

L) A+
A~ 58 A 4 fph % A

i

uV

_ui

r=ri P

=, cosd

(6)

3 P )
ng‘ PR up

=r

rep SING



46l

R AR B R A RN A 2 A A A K ST 4R 3 3 B4 A T e 25 1487

Xt FICBRIm Ak, iR & A

uﬁ-‘ reee =20
. (7)
u?;‘ reee =0
CI) A 4 2E 3R 4
MO, A
lir}nO u, =FHBRME (8)
-4 FEER 43 50 4 2l A5 1
ufo‘ pep = Uy| . cO80
_ _ (9)
uzm‘ r— = *u;‘ r—sind
(1) & hE
BT 450
*u'
L= 1
02* ‘ 0 (10)
E;il,i'a%?\ —0=F, (11)
dz
BENC i B 451
u;|::[,:O (12)
du,, -
g\ —1=0 (13)
2 E o) B K AR
2.1 WM HRE T EAKEE
XF 55 7 2 BOAEON AR S | AR, A
. de' 10y
U=—+——"
or 1 a0 (14)
P
w r d0 ar

K o Mg E R 2 BRI R R
g‘%&c
BB (IO A R (D) R (2) i, AT 45 .

(Ve + 37 p' =0 (15)

(V2 4+ 7)g =0 (16)
, 9° 19 1 9 . o'W’

\ = +——t =

Y ar? rdr o 96° P A 2u

. ple

[/

U

Zi g A7) I R w, A R, )
hwT R A
o' =A'K,(p'r)cos0 (17)
¢'=B'K,(y'r)sind (18)
Krf Ko (o) —Brifs — 382 )E Bessel B A'Hl B
TR E REL

HE— 25 M, SR A5 20 58 1 2 BebE ) 4 A A 4 )
FNIA ) 2 53 ) R
Wo=—[AK (Br)/r+ ABK,(gr)—

B'K,(8'7)/r]cosd (19)
u;:[BiKl(Y]IV)/I’TL B9'K,(y'r)—
A'K, (9'r)/r]sing (20)

At K (o) NE 4 2545 Bessel BR% .
B 1O A0 A (6) AT 45 .
—[2K,(p'r))+9'riKo(y'ri) Ju,

A= — — — - — —
B K (gri) Ko (B'r)+ 9 K. (g'r]) Ko (y'ri)

By riKo(Bri) Ky (y'ri) (21)
2K (B BrKo () T
BK (gr)) Ky (Bri)+ 9K () K,(9'r])
By riK,(Bri)K(g'ri) (22)
T FIR T RSB (2 B A AR A A% 1) £
B wl MR RS wh, AT SRATFES 4 )2 BOAE O A % 45 Ak A
B AKFAER 128

2m
N{Z—J (o)1 cos0 — t/ysind )‘ o ridd =
0

—ari [ AR (A + 21 VK, (B'r)) +

B'u'n*K,(9'r]) 1= U] (23)
K ol Bl 43 R 5 )2 B A AR 1) B T
AT B 35 U 48 BEAE B 09 052 7% MR A

2.2 MHRTERLIRINFENKE

(] B, b 25 0 J= B A A O A JE S A SR B,
i

do! 1 dy¢i
I

ar r 4o (24)
u; :l 9¢s — 9ty
T 90 ar

N R LY N i i o LRV 2 ¢
K H R BN (24) 7 BIRA K (3) Fn(4) i, T 45

(VZP+88)es=0 (25)
(VZ+98) =0 (26)
P2 P2
. . Pow . Oo@
R
180 /16_'_2/1;) ! flf)

G55 0 A E(8) I B I F wro S B RREL, o
Ry AT PR A
@y =C'I,(Bsr)cos 0 (27)
¢o=D'I,(5ir)sind (28)
K (o) —Br i — KA Bessel BEL; C A D'
HE— 20 HlL SR A A B A0 T FEAR ) RER 1] 6L A%
935N



1488 & 3 T

%36 &

wo=[C' B (Bir)— C'L(Bir)/r+
D”Kl(,@ér)/dcosﬁ
why=—[C'K,\(pir)/r+D'I (i) /r —
D"%Io(%r)}sinﬁ
AP L (o) HEME —AEIE Bessel A% .
B (29) A 30 A () Hr, 73R A5
_ [ 21, (pors ) — mors Ly (pors) Ty, B
BoL (nirs ) I, (Birs )+ 0L ( Birs ) Iy (pird)
Bomoroly (Bor) I (pors) (31)
- (21, (Bire)— BorsL, (Bors) 1u,
B G L (Bir)+ L (Bart) 1 (prd)
Bonoralo (Bore) I, (noro) (32)
BT RO R BB AR M AL wl, FIR
WAL who, AT HE— 20 SR A5 ¢ )2 B ES + 28 X 48 bk
kB KSR 18

2
Nj= J (o) cos @ — tlysind )‘ o prodd =

0

(29)

(30)

nro L C' B (Ao + 2u0) I (Bors) +

D' i I (o) 1= iU, (33)
K ol BT 430 RS )2 B ES  BAR ) B )
YIRS .

2.3 FIEAXEHEME S R3NTEHKE

W (23) F1(33)FRA K (5) IR FE ] 15
cosh(n'z) sinh (7'z)

7' cosh('z)
n” cosh(n'2)E, I, 7”sinh(y'z)E,I,
n”sinh(9'z)E, I, 75°cosh(9'z)E,I,

R RET 2R EPE ZEES LT

Wi B 7KL 8% e Al S R RN BY ) 22 TR) 0 5 &R n 3R

TN

fsinh (o
Kb p(e)— 7'sinh(5'z)

Ui(L) U, (0)
0,(L) 6,(0)
=T (40)
M, (L) M, (0)
Q) (Z) Q;(0)

R H Ak BE I 3% 25 45 F 0 B AR AL s 2 R A%
128 R P ok T SR A A R ATE I RIATE T A K - 52 B e £
BRI ) Z 18 R

U(L) Ui(0)
e, (L) 6,(0)
, =T¢ (41)
M; (L) M;(0)
Q,(L) Q,(0)

A T={T, T, - T - T, Ti}s
H T R A IS R [ S 29 R, 2 TR 5 (12) A

—n”cos(y'2)E,I,

d'ue™
dz*
Ah yr=w'm+ )/ (ETD
L oup(z,0)=U,(z)e”, I X 2 (34) #F 17 3K fig
CIEGY
Ui(z)=Y/{cosh(y'z)+ Y sinh(y'z)+

(34)

[ R 107
+ vy u,e” =0

Yicos(y'z)+ Yisin(y'z) (35)
X YL YL YR Y R E R A
BT, AR AGRE LR R B O i R s
GipSE
O,(z)=7'[Y{sinh(y'z)+ Y;cosh(p'z)—
Yisin(p'z)+ Yicos(p'z)] (36)
M (z)=—E.Iy"[ Y{cosh(p'z)+ Yisinh(y'z) —
Yicos(p'z)— Yisin(p'z)] (37)
Q) (z)=—EIl"[Y{sinh(p'2)+ Ycosh(p'z)+
Yisin(n'z)— Y{cos(p'z)] (38)
#E— 25, 20 (35) ~ (38) W] & H 5h n F H BE
B
U;(z) Y,
0,(z) _, Y,
M, (z) 1 Y,
Qi(2) Y,

(39)

cos(y'z) sin(7'z)

—7'sin(y'z) 7' cos(y'z)
—”sin(9'2)E,I,
nsin(y'z)E, I, —n°cos(y'=z)E,I

(13)f AL (A1), 778
M;(0)
. :Kp
{@mﬁ
st

K,:—{T(m) '1‘(1,4)} [7‘(1,1) '1‘(1,2)}

U,(0)

6,(0) (42

T(2,3) T(2,4) T(2,1) T(2,2)
g b A — 2R AR A A SO A
TUACE B Koy B2 IE A -
(0
Qu—gi)EO;—K
A KA K o CRBETIUAY K- SR Fsh e .

J(2,1)=K,+iK, (43)

3 EHlawH

AR SCE AL B 5 T T 34 S R R S e o
A A HEIK VI 2l g 2 TR R S T 45 368 107 A T 7K



46l

ek, A 0 58 R SRR Y 2 B A S B K T % 20 30 I L A A e 2

1489

-5l 1 BRI A 25 R TT o Her o b I ARV D)
Gy R 302 INE LR, ol RS [ R T 4y R
L Lo AT 08 T 00 225 S R v T SR D 09 40 3 Ay [
B w , T FE S 250 BT PR MR f= w/(2r0 ), BT,
ARSCR I MATLAB $ 05X (43) Fr s i b 473158
LB SR 7 ST IR SVEEREN 2§ Rl (|l

L=20m, ro=0.38m,
L./L=01,,/L=0.3,L/L=0.3,l/L=0.3,0,=
2500 kg/m”, & % # V= 3200 m/s, ¥ & JH ¥ He
vi=0.25, pi=py=2020kg/m*, E!/E!=1000,
E}/E!=1250, E}/E}=1500, & = £/=10.05, v\ =
vo=0.3,

ri=0.5m, m=3,

B
S}

— ARICGRALFE(E,/E=2500)
— A CRAAE(E,/E=1500)
— AR A#(E, /E=1000)

_U.)
(=)}
T

".»J
(=]
T

i
n
T

v A CEEE/E=2500
o BHCERESE,/E=1500)
o EF CHEE(E/E=1000)

0.6 ?/O,C_.o-o—o—o—o—o—o—%
0 1 1 1 1 1 1

0 4 8 12 16 20 24 28 32
f1Hz

(a) FETRBIRIBE
(a) Dynamic stiffness of pile head

K./(10°N * m™)
b

—
N

3.1 BTMEEEMEIE

N T B AUEAS SR T 0 R AR A e rp A
A E A W% 3h 2 7 BT A7 1 24 10 BRPE B AR
SCf 5 C A R O S BT i 22 AT AR AR XS g e . BLAK
o, A L—~0m,L,—~0m,m=1,7,—~>0m, K XZE
AR A 2 A A A K T B 3l A A 5 AL R A 2 SOk
(32 ] v Jir i 2 3 M 4 rp SEARAE K P PR 3 Tl b, JF
HEf ok st . A SCGR AR S B Sk
fiffE 3 AN [ - R B BE A R T R X B A
BLANE 2 Frs o B 2 0] DL A SCHE R T A 0 R AR EE
M A rp A B T0UK T BT IR A 5 C A SOk AR )
G R

5.5
5.0 — AICRASE(E,/E=2500)
CT —— RGERIAR(E/E=1500)
45 F — AICBIHR(E,/E=1000)

L v CHICEEY(E,/E=2500)
B sl o BHXBBYE/E=150)
“ 2ol © DHICEEY Y

: E/E~1000
2| GESION0)
[=
<, 20
< L5

10}
05/ oo

"

0 4 8 12 16 20 24 28 32
f/Hz
(b) AT

(b) Dynamic damping of pile head

Bl 2 A SGRAEE S A SOk e B (L0 m, L,>0m,m=1,r>0m)

Fig. 2 Comparisons of degenerated solution in this paper with existing solution in reference [32] (L, ~0m,L,~0 m,m=1,

r&>0m)

3.2 FIBEAXEHEMETKTE B IEE RS

P 3 i 7 S 1AL AR A ] 2 HA A8 AV T /K
SERHBT BT B . Hoh Lo/ L R R AR AL LA

12
0.8} g T T e
)
~
e,
”2 ol i i .
M- .\..\. ............
04 [ JI=0.05—LJL=0.1 Vg
....... LJL=02 —---LJL=0.25 s,
-0.8
0 4 8 12 16 20 24 28 32
f/Hz
(a) PETRENRIEE

(a) Dynamic stiffness of pile head

L RES B Z . A 300, 7EH Al %
TEAE SO0 HEA B AE Al 2 1A S8 A A T30
ACF BB R 2 3% . FLR M BEE A LR
PE TR SF- 20 W2 1 3l BELJE i B8 K

1.8
—--LJL=0.05—— LJ/L=0.1 e

LS s LJ[=02 —---L/L=0.25 /_/'
B 12t
~ 09}
=
J 06}
N

03fF .7

0
f/Hz
(b) HETBIF

(b) Dynamic damping of pile head

&3 A LS HE TR 1 BE ST Y 52 )

Fig. 3
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Analytical solution of dynamic impedance for the horizontal vibration of
partially embedded pipe pile considering soil plug effect

LIANG Zhi-meng', CUI Chun-vyi', XU Cheng-shun®, WANG Kun-peng', XIN Yu'
(1.Department of Civil Engineering, Dalian Maritime University, Dalian 116026, China;
2.Key Laboratory of Urban Security and Disaster Engineering, Beijing University of Technology, Beijing 100124, China)

Abstract: Based on Novak’s plane strain theory, a horizontal vibration analysis model of the pipe pile partially embedded in visco-
elastic layered soil is established by comprehensively considering the influence of the soil plug effect of partially embedded pipe
piles. The analytical expressions in the frequency domain of the surrounding soil and soil plug are obtained respectively by introduc-
ing the potential function and variable separation methods. The analytical solution for the horizontal impedance of the partially em-
bedded pipe pile in layered soil is derived by using the pile-soil coupling conditions and the transfer matrix method. The degradation
of the obtained solution is compared with the existing theoretical solution to verify its rationality. On this basis, the influence of pile-
soil parameters on the horizontal dynamic impedance of the pile head is further discussed by conducting an extensive parametric
analysis. The results show that: the horizontal dynamic stiffness and dynamic damping amplitudes of the pile head increase with the
increases of buried ratio; with the increases of the elastic modulus of surface soil, the horizontal dynamic stiffness and dynamic
damping amplitudes of the partially embedded pipe pile head increase, while the influence of the middle and lower layers around the
pile can be ignored; with the decreases of soil plug length, the horizontal dynamic stiffness amplitude of the partially embedded

pipe pile head decreases, while the horizontal dynamic damping amplitude of pile head increases.
Key words: horizontal vibration;pipe pile; horizontal impedance;soil plug effect; partially embedded
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