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Lateral vibration of a single pile under SH harmonic seismic waves
considering three-dimensional wave effect

YAN Qi-fang, LIU Lin-chao
(School of Civil Engineering, Xinyang Normal University, Xinyang 464000, China)

Abstract: The lateral vibration of the soil under SH harmonic seismic waves is solved by one-dimensional model of wave
motion. On the basis of three-dimensional soil model and taking consideration of wave effect of soil, the radial displacement
and horizontal displacement caused by pile-soil interaction and the lateral soil force on the pile are obtained by means of the
potential functions and variable separation method, and the lateral dynamic equation of the pile is established by considering the
orthogonality of trigonometric function and the continuous conditions at the soil-pile contact surfaces. The influence of the SH
harmonic seismic waves on the horizontal displacement of the pile head is investigated by the concept of magnification factor.
The results indicate that the dynamic response of the pile under SH harmonic seismic waves has resonance. There are three
peaks of the curves of amplification factor versus frequency, and the first two peaks are relatively larger. The pile-soil modulus
ration has little effect on the amplification factor when the pile-soil modulus ration is larger.

Key words: lateral vibration; variable separation method; wave effect; amplification factor; seismic wave

El

it

AR T B s FUBE T 1 A S OB W s E S A PBR

VF 2 @ FIAE R OB K 22 S A SR A O R
7 3, i Lt R 1 P R AR S A A I T
HURAT T L, EERADE N R AR T
FEM BN AR EREAT TR, Kaynia SR I A7 BR G
BIFFC 1 B R A P 80 560 A A S5 TR A £ 50 g i
Makris®V &1y Winkler 3 BB 70 T 5 AR 1 T R

HI Winkler HiFEGERRHE ST 1 B/ R bt - AR

VEFIRIRE SRR, JRenh 1 EA AR T 2 2

EEWHE: ExARRSIELSTIH (10872124); A BB R
i H (112300410105); ¥ M E A E T B AR Z 6 Fk kB H
(2011A1301001); & PHIME 22 k5 & 48T BUM B Bh 1% (2012007)

Yrks BEA: 2011 - 10 - 08



1484 w4+ T % W

2012 4

R R RS (T S A S Ty RO bk s) )
i N R AL VA B A b, SRS T — Rl U S A
PR B 1 Bl o S F) SRR AT T i T X SH
P AE R B - 50 AR ELAE R il A AT AR 0 AL
A, Kb R PR i (AL R BRI B 77 Winkler 3y
FEPRAG R 7 SH BB AE N SAE AR A .
PRI SR SR 2 3+ B i 7 85 Winkler Hhk 42
TR SRATT T I 2 SR 1 T A 2 AR B R . A SCRE
PR RS, FIFESEA B2 TR
JE LRI RSB T SH i L e A T S A (1
IKTIRB I, 2 AR R R ALl 2 RE S IR ) M
PAAER AR KA RIBLIE, PG bt s 4%, S
EBESCH, ARE TR R PR BT B
SEB) J A AR U R AR - L AR ELAE SR 2R
SERAANZ 54K -

1 SHIR{ER T XEIRsIKAE
I 1 RIS 2R y JTI SH b RZ AT
F, Ix BB E MR ORI S  SH i, BD
U,=Ue" 1)
A1, U, SH BT x JTREIRERS, U, AR IR
fH, o~ SH HUZBERRESZR, H NES iR
MR, MKS5EEEEMR, i=v-1 5.
0,0, WA BAE LRI X, v, 2 FRRRR, %t
PRAERE A ANTT I, ATRIT=W=0, V=V(zt).
LA P 2 0 T A5 A RS B 5 R AT I S 4%t ™)

0%V GRvY

HZ =Pz )
ov

E_O (z=H), @)
v=U, (z=0),

R, AEREIER, p b, wt
AT HE MMM R AT, . v=U,+7,, &7, it
IARY, =06, AR (2). (3) FFRHTE R
ARt

oV, _ 1
a_Tzf+a)2Vf :—COZU E ) (4)
o, _
z ) ©
Vf :O (720),

Hao

Hep, v =% /H, U,=U /H, @a=—, Z=2/H,

V,

V=VIH, v,=Julp, VAV KIEE. %EiLR%E
(5), &R 4 N

v =U, D agsin(e,2) (6)
n=1

_(2k-Dr
2

Hep, o k=123 KK 6> AKX

2°

(&) IR IER R e = — 20
(o — o)
t I AT 75 B T T SH i Ik 5] # i) LR AR N

v=U 1+ asing,z) . (7
k=1
T
i £ || Ta
. _ \
Y, 0

1 SH BIERIEM THELHE/ERER
Fig. 1 Pile-soil interaction model under excitation of harmonic SH

waves

2 EEMHITHEERANTIEIRSIKE
T SH Hb R A% 1 - AR R, T

SRS SR A R R R, TR i i b

LTI S R RS, = R R 5 LA

BB L AP ARE B 77

(14202 (48") -2 4 (e")+

2

82 ~ it a ~ i
?(Ure t)Z,OE(Ure Yo (8)

0 i 0 i
A+2u)—— (M) + 2u—(w,8'*) +
(A+2u) = (A&) + 2~ (w,e")

2

a ~ it 82 ~ it
ﬂg(uge )ZPE(Uee ) ©)]

10 140 1[0 oul
’ A:—_ rU +—_67 = — rl] - r )
A A=)+ oo @ Zr[ar( 0) ae}
p NERERE, A uwNEHPHA Lame ¥ %,

20

Aﬂ_goﬁTﬁﬁﬁ@,uE%ﬁﬁ¢@%5EW

e m, xR (8). (9) HATLENL, FHIIA
R AR

L)

or 1 06 (10)
_10¢p oy
Up=——-—"7—
rog or

ﬁqjy Uer]r/H, UHZJHIH, F:%, Xﬂ‘ﬁ (8)\



5 8 10 SR T7, S ISR N SH RIS MR AR SR ACT IR T 1485
(9) RS (19 H
2
(vZ +l26_2+ﬁ2)¢20 , (11) ~ Bk_:CkAk_ ’ (20)
252 Hr, ¢, = 2K, (A Fo) + 9o Ko (9 ) .
(V2 +a_+772),/,=0 , (12) 2K (9¢1) + 9o Ko (94 To)
oz?

1-2v 1-2v _ _
;H\:EF‘; = ) =  » = o
X 22 PNz T

BH B REE (1D, (12) BT RIBHH
FE LR /R RN, B R ST Im A AR N T,
u AEREL u, R AL DU 7 =0 I,
u =0, 0,=0: zZ=1H, &,=0,
U, 0,0, O, MNu, u, o, o, NLENE

o= cosHiAkKl(qu)sin(akZ) ) (13)
k=1

62920 ’

w =sin 49218k K.(g,N)sin(¢,z) (14)
k=1

2k -1
R, P=a?y -, gi=a’—pts a=a, =

A B NEFE R B (10) AISHEAH EAE A 5
1 LRI EH R AR R AR R AL 73 5

T,

T = 0080y (-2 Ky (6eP) - AdiKo(a) + X8 inG 7)
k=1

(15)

. X K () B ~ I
iy =siney - B g,0) 8oy Ko geIsinen?) -
k=1

(16)

3 SH &gt ERIER T EIRTIKEE

g (7). (15). (16) AJLAKAS SH HZ ik
P T 2 e b A EAE IR J2 4% 1) 1A% FOE [ A2 4%
a1 5N

U, =U, cosO(l+ Y a sina,7)+
k=1

0303 -2 K, (0,7) ~ AGKo (6 + 2 Dising, 2),
_ a7)

U, =—U,SinO(L+ > a sine, 7) +
k=1

i s K r B _ . _
sing3 [~ B (g,7) + 8,9, K, (9,7 sin(e, ),
k=1

(18)
WA FE A AR T8 e fi, IR - ik i Akt 2
ur(FO’O’t) :up’ }

- (19)
U, (G, m/2,t) =-u,

X, u, WEEHL)E FIMESEACT % .t 2% 1

H AR A% R A SR AT AR R 7T

Vaps|
P(2)=-[. [0, (%.6,7)c050 - 7,,(F,,6,2)sin A]F,d0
—i5 S T A sIn@) (21)
k=1
N 20-2 2 — 2 — —
A T, :mqul(qkrO)_Ckngl(gkrO) s lp=r/H,
B,

HREA (19 WHE AT UL (200 A5
BT R I RIE AN

u, =U,(1+ > a/sine,7) + Y AD,sin(e,7) » (22)
k=1 k=1

A, Dy =_%K1(qkro)_quo(QL<ro)+M o
0 0
PRI AR, ERSBUER T, HIR3D
R HT,(2.0) =0, (e, HIBLIIEE TN
E.l ﬂ+m @:—p (z)e"! (23)
PP ozt P ot2 S ’
qrbs By | R FRPE R AN R, m R
BRI, Hm -, p, NSRS, 2
W& 5 FEWE I o't Wittt (23) #ATTEENEH, [
BB (20 "R

Y — A ST AsnGD) . (24)
o7’ PP Epros e k k ’
4p @° a
A, 20 =22y,
L E, H

KGR (4 5
u, = A, coshA4,Z + A,sinh 4,7 + A, COS 4,7 +

4 > T Asina,z, (25)
k=1

A, A})l’ A})z’ A})y A34 R 8 R A BT R] )
TR — K PRIESES I R, = Re™ , BERIE S, BT
BRONE, R A 5 TC B S AR

2

— T_41= — —
u,(7)=U,, Zr°4E"dszu"(z):0 (z=0),
(26)

u,(2)=kR (z=1),

n_,= o

d
—u (z)=0, —=F'E —
dfu"(z) 40 5 g7
X, B =R/uH . HPENGL R KM (26) A1
U 1 4P
An:'%a: 3

g = - —
2 e 2cosh 4, i, 'E 27

0 =p’p

-U,sinh 4],



1486 s + I B % #®

2012 4

[—=— TE +U sin4].

A = 2(:032p Ap
EE5R (22)\ (25) &

U,(L+> a/ sine, 2)+ Y D, A sin(e, )

k=1 k=1
= A, cosh 4,7+ A,sinh A7 + A, cOSA 7 +
= > T Asingz . (27
Eﬁ(vw4z Asinaz - (27)

X0 (27) WibHAT IEZ B HE 1S
Epr03 (o - i: )

A,SinA,Z —

E,o (o — 4))D, + 2T o
2
[(f, - f2ktghﬂp + f + '[g}up fo ——— akf )Ug +
k
4P,
- , 28
E YN (003/1 coshi ) 28)

a, — (=) 2,sinh 2 ()4, coshﬂp

ﬁl:'j ’ f = )
H /1,)2 + ak2 %= ﬂb + ak
. a +(-1) 2sin A, (-1 2, cos A,
3k T ﬂpz_akz ’ 4k — lg_akz °

HIE RIS SH R BN T, HREpECAR AR
I HE R R K- P RL RS
%@ =0

L sinh 4,7 -
cosh 4

P p

Z (f4k _ 2k )nai] 74 -
= /1)D +4T, cosi cosh 2, Ei

Opu

[%(cosh A,Z+c0s 4,7 ~tghA, sinh 4,7 +194,sin 4,7) -

ZW( w — falghd, + £y + T, 194, -

kl po a

(29)
2 z=1 I, WS SH MEPEAE M T AETUK A%
N

u,W=— S, +SU, > (30)

28
Opp

A,
1 —

Sp = sin o
2cos 4, 2cosh A

i 4T, (=) fa _ fa
= E, i’ (o — A;)D, +4T, ‘cos A, cosh /1

p

sinh /‘tp -

» (31)

k
S, %(cosh/i +cos A, —tghA, sinh A, +tg4, sin4) -

= 4T, (D
(e — 4D, +4T,

-a,) o (32)

= (30) mTUEH, X (30) FH—

A B B4y

——akf )sine, 71U o

(fy = Fotgh, + foy + fotgd, —

BRI ACTHOIAE, 28 008 SH IR PEAF
SRR IR A TAL S o

4 HEHEHGISVE

AT T SH 3 R= I A A X B4R ) 1) i A
HLEAN AT, 2P, =0, SINMKRES,
(300 AT

U@
ﬂ_u

= %(coshﬂp +Cc0s 4, —tgh4, sinh 4, +tan4; sin 4,) -

4Tk (_1)k+1
- /1: )D, +4T,

(fy — futghA, + £y + f, tand, —

—-3) (33)

X HLAE B A TOOK P AL 82 B OR R B R S ik
BT SH R rVEH SR AR Tt = B, K] 2
PETRAR P TBOR A T B BTG NI Ho/vs 122K
2k, B RSHKBMEN: EJ u=2000,
p, ! p=15, v=0.35, ro/H=1/20. &l 2 WfLLE H,
Y Ho/vs—0 B, BUKRHETFET 1, il - - Rk
THEIRES . BEAERIER, BRI T B RS (148
L HIZR7E Hove=1.6+ Hw/N=4.7 1 Ho/v=T.8 AbHIEL
WEAE, ULEAME - L RFAEAIIRIG, HETH G
HER, MEE 3 AMEEAXTEN .

40.
30'
%
20
X
=
10|
D P
0 2 4 6 8 10

AR sy
2 MAREFHESERT bz

Fig. 2 Curves of amplification factor versus frequency

K3, 48 Hong=2, 4, 6, 81, HETH/KPAIE
KT B BEAE AR ro/H FBE L BERE L By 12 1
AL ZL o TR T~ B BEHERIAR L ro/H ARIHE KRS
N JE B OO E TR E RE% (B 3D, RS,
TE rolH BUN—BGEE N, TR 7 B BERERAE K B
AL 23T - — K2k, 28 Hoo/ve=2 I AT LLAR B
R R, TAE S PR LA, K2 HEHE S 2 ro/H
<0.1; HIMERK BN H<0.1)Ff, SMZXIHOK
B 7 B KN BN BB e o 7R BE B B D
(Ep/ 1 <1000)) (& 3D, JEOK R BT A5 2 b i 3



% 8

SR T7, S ISR N SH RIS MR AR SR ACT IR T 1487

KAE m A (Heo/vs=8) I RIE I /N, {2 Eyf 1 >1000 B,
TR BRL 7 it A B B R 18 KN 1 2218, it
ML LU ORI 7 LA e, AT, Rt
L, A R E R K KSR TBOR R R/, AR
BT REE RE AT, (R A LRI i R 1 A
JUTBA RN 5 3CHR[91K A Winkler bk R R 8
PN -1 2 [ )3 J3AH FAE AR B, ARSCR A IS A
JRIIFE T RS T TSR, Bt TESR, By
HTAEXS N T, A PEA SO A R 25 18 T 3t
1E SH U RE AR F T IR s 2808
-
Hanlv =8

Haolv =4
S

Holv =6 ,.v'/ Hoalv w2
/ /! >3

0 005 0.10 0.15 0.20
Bt

3 FEISRER AR FRERE KL Tz
Fig. 3 Curves of amplification factor versus ratio of radius to
length under different frequencies
10

8
‘ fﬂlnu’.‘ =8 Holy =4
| //

&

w |\ Heolv,=2
+ 4! ol =6

= ¥ 4

0 1000 2000 3000
LR

4 TEISRERTAREFREtE LR S LT ihLk

Fig. 4 Curves of amplification factor versus ratio of pile-soil

=

modulus under different frequencies

5 & i

CLOBETFK TR B HOK B T B AT O A5 44, i 26 77
TEWME, BE - - R EGILRIIE,

(2) FERCEHIE R, BERIRIRE K, HERER B
PR AT .

(3) TERK HLR N, ST BT TR RS TR
RPN L SN L AL

EERCE

[1] MATSUI T, ODA K. Foundation damage of structures[J]. Soils
and Foundations, 1996(S1): 189 - 200.

[2] TOKIMATSU K, MIZUNO H, KAKURAI M. Building

damage associated with geotechnical problems[J]. Soils and

Foundations, 1996(S1): 219 - 234.

[3] FINN W D L, GOHL W B. Response of model pile groups to
strong shaking[C]// Proceedings of the Conference on Piles
Under Dynamic Loads. New York, 1992; 27 - 55.

[4] KAYNIA A M, NOVAK M. Response of pile foundations to
Rayleigh waves and obliquely body wave[J]. Earthquake
Engineering and Structural Dynamics, 1992, 21: 303 - 318.

[5] MAKRIS N. Soil-pile interaction during the passage of Rayleigh
waves. An analytical solution[J]. Earthquake Engineering and
Structural Dynamics, 1994, 23(2): 153 - 167.

[6] FSLA&E, JHKIE, F i, 5. B AR T Bz o i
BERIRE RN 73 BT [3]. $R3) TAE2A4R, 2001, 14(2): 205 -
209. (WANG Li-zhong, FENG Yong-zheng, KE Han, et al.
Lateral dynamic response of single pile in multiple layers soil
during the passage of Rayleigh waves [J]. Journal of Vibration
Engineering, 2001, 14(2): 205 - 209. (in Chinese))

[7] EHEZR, 71 BRBE TR A% e 2 5T Bk v ) Rk
e REAFEFE[I). HREh LAEE AR, 2006, 19(2): 258 - 264.
(WANG Hai-dong, SHANG Shou-ping. Research on vertical
dynamic response of single-pile in radically inhomogeneous soil
during the passage of Rayleigh waves[J]. Journal of Vibration
Engineering, 2006, 19(2): 258 - 264. (in Chinese))

[8] E¥EZR, Mo~ BB AT 5 REAE A ELAE 1 A
7] 3 77 B S AR [J]. TRE 1%, 2006, 23(8): 74 - 78.
(WANG Hai-dong, SHANG Shou-ping. Computational
research on vertical dynamic response of single-pile considering
pile-soil interaction during passage of Rayleigh waves[J].
Engineering Mechanics, 2006, 23(8): 74 - 78. (in Chinese))

[9] xUpkiEE, EE, ¥ BE. SH /e F Ak LR 3h
AHELAE R /AT ]. A% ASERH, 2010, 27(10): 25 - 28.
(LIU Lin-chao, YAN Qi-fang, YANG Xiao. Analysis on
pile-soil lateral dynamic interaction under SH harmonic wave
excitation[J]. Journal of Highway and Transportation Research
and Development, 2010, 27(10): 25 - 28. (in Chinese))

[10] XUAREE, # B, BETH T A%V 10 N AR ) - e
KTIREIIF T[], LFES1%%, 2010, 42(7): 168 - 174. (LIU
Lin-chao, YANG Xiao. Lateral vibration of pile groups in
soil based on plane strain model[J]. Engineering Mechanics,
2010, 42(7): 168 - 174. (in Chinese))

[11] & &, M5, & 8, &5 WA oA KPR S)E)
TR A TRESAR, 2009, 31(3): 408 - 415. (YU
Jun, SHANG Shou-ping, LI Zhong, et al. Dynamical
characteristics of an end bearing pile embedded in saturated soil
under horizontal vibration[J]. Chinese Journal of Geotechnical
Engineering, 2009, 31(3): 408 - 415. (in Chinese))






%34% B8 = + T B ¥ #H® Vol.34 No.8
2012 4 8 H Chinese Journal of Geotechnical Engineering Aug. 2012




