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Analysis of Lateral Dynamic Characteristics of The Single Pile Affected By

Scour By Means of Green’s Functions

MA Jianjun'*" , HAN Shujuan', GAO Xiaojuan’, LI Da', GUO Ying’
(1. School of Civil Engineering, Henan University of Science and Technology, Luoyang 471023, China;
2. Engineering Technology Research Center of Safety and Protection of Buildings of Henan Province, Luoyang 471023, China)

Abstract: Based on the dynamic model of the laterally loaded partially-embedded single pile, the finite
difference method is used to achieve accurate modeling of the soil-structure interaction (SSI) system, and to
solve the natural frequencies of the single pile affected by scour. Then Green’s function is used to solve the
analytical solutions of forced vibration of the single pile and reveal the changes in lateral dynamic characteristics of the
single pile under scour. Through numerical calculation and parameter analysis, the effect of the soil”s characteristics
and pile’s slenderness on the lateral dynamic characteristics of the single pile affected by scour are studied. As
the scour degree intensifies, the frequencies of each order of the pile foundation are significantly reduced. The
first-order frequency of the pile foundation decreases with the increase of the slenderness of the pile, and the
variation law of the higher-order frequencies is complex. The frequencies of each order of pile foundation
increase with the increase of elastic modulus of soils. If the elastic modulus of soils increases by one time (or
four times) s the first-order frequency of pile foundation increases by about 20% (or 40%).
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Fig. 1 Sketch map of the laterally loaded

partially-embedded single pile

1.2 BRESBE

W (DR () BN B BOE AW v (250)
M w(z,e), ZBESNEVE FFBELJE , L v (2,0) =
Re{y(z.t)},ulzt) =Re{w(z, )", #&A (D
R () (B 4 ) h v =Vie™ Flu=Ue"", Hrhn
w, MR @ YR, U MV 40 ok R B A
J HEL BB A R (AR A A A pR B B R A S (D
(2), 1 1%

 —pA
V(4)+w;'(%V):O,O<z<Z“ (3)

u® —%U”+%U+w? (%’?\U) =0,

[ <z<<l+1,, €Y
DR SR iR ISR S LSS
V’(0)=0,V"(0)=0,
VU)=UW), V' U)H)=U"U),
WVaH=U"u), V'U)=U"U,), )
{U(L)O, U'(L)=o0,
B O M (D, g

— A
SiV;ﬁLwZ(TpIV,):O, 0<+</,, 6)

4 _lﬂ 2 /ﬁ ., —PA _
0.U,; EI(S:U,-JFEIU,JFQ) ( Fl U,)=0,
<2<+, 7
Ao, 2 POBUR T R B R Y Y B iR

r



R AR R SRR . JE T Green BREOE HY 32 w4 P SRR B 1) B ) 2 e A3

PETT LU B A S oa] ik o
U,-7274U;71+6U,74U1+1 +Ui+2
Az’

U,_,—2U,+U,.,
2 o &
Az”
FIEB AU, U, IR G a5, Y
2= Hd‘ U“+1:Os

UI:Al: ( 73U71+2 710U71+l +18U11 T

U(fl) ~~

b

U// A

6U, +U, ,)/(12A2)=0, (9
@O RO A, A7
Jyto’J)HU,=0, (10)

K
BN 1 0 0 ]
N B N 1 0
1 NB N - 0
Js=1. . . . . .|
001 N B N
L0 0 0 4/3 N—2 B+6]
M 0 0 0 == 0]
0D 0 0 0
0 0 D 0 = 0
Jp= ’
0 0 0D 0
0 0 0 0 = D]

u,=[U, - U7]",
B=6-+k,Az"/(ED+2k, Az"/(ED,
N=—4—k Az"/(ED,
i AR BV B e AR Y . X0
T,
R, R A (GO T 5 Y = =0 B,
VO—ZVmLVZ:O

Vll/: Az? ’
, V,—3V,+3V,—V_,
V= . =0, an
Az
#E
J to’J V., =0, (12)
A
M1 —2 1 0 0 |
—2 5 —4 1 0
1 —4 6 —4 0
J1: ’
0 1 —4 6 1
0 0 0 1 e —4

V.=V, V, - V,]",D=—mAz"/(ED,

IO i 3 2 PR A5 AT AR A R
Xt # R

(E+w’F)X=0, (13)
K. X :I:Vl -V, U, - U,,]T,

.
E= ’
Jo

F =diag(D D - D),
AR H E+o’F 1750 0%, A] 4535 4 1L
ELNE 8 A5 B AR

2 ZiEIRZE Green i Ef#

2.1 BERWEE
RBLTE =, b A T30 T R 1) iy 2
f(z,0)=8(z—z,)F,e", (14
A Fo FQ g SN 0 R A R, 6 C - ) 2 Ak
FrvE PR AL, B, 2 C2) Hh o ) 67 78 B A Tl

Ulz,t)=U(z)e”, (15)
B AOHRAHRA(2) , 155]
U +a, U +a,U=bF,8(z—=z,) » (16)
A
k, ko —pAQ" 1
al:*ﬁ,azzT,b:ﬁo
FIH Green sR%LL, X (16) 1Y fE R
U(z)Zj:f(z())G(z;zo)dzo, (17)

A £ GO AN E R AL G (252 ) 2 FF R A
Green PR, HH Ry F A
UP~4a U +a,U=0b5(z—2,), (18)
XA A, G (z52,) =U(z32,), X
A8 148 = JififT Laplace 284, A] 15
1

U(s;zo):m(/)le +
(s°Fa, U+ (s*+a DU (0)+
sU"(0)+U"(0)), (19)

A is=o+ic. U U (0) .U (0) .U (0¥ M
SEWR. ONIRE UG sz, B AR e, T 3
4
s'Ha st +a, :H(S —5;)
i=1
I
s;=G—s)DG—s)(s—s)(—s,),
se=s"Fa,s"+a,.
FIH SCHRL L6 ], AT A5 40T 33 48 6 2%
—

L' )=H(z—2,)(A, (z—2,)b,+

St

665



GRS 5 BHIT I 24 Be 22 3 CA SR BF2# /) http://journal. xynu. edu. cn 2023 4= 10 H
A (z—2 )b, +A, (z—2 )b, + :
2R pE s 504(2):EAi(z)si,
A (zg—=20b,), (20-a) =1
4
L +a1s)_A () (5T tars )+ gos(z)ZZA,-(z)o 24)
SL
24 Pz
Ay () (siFarsy) A, () (i Fars)+ i 1S Green 3K G <350
A () Fays) s (20-b) Gz =H G20 (2
n @, (U0 + ¢, (DU (0)+
s a ,
LT =A )G tan+ 0, (DU +g. (DU (), (25)
S L
. ‘ o
AL () i Ha) A, (P a)+ AR DA 2O . ATH
1
A () (sP4a,), (20-¢) 0P () = D st A ()b,
i=1
L7 () =A, ()5, +A, ()5, + "
G T A Bn T A s 0 () = DVSA L (DG Hays) s
A, (s, A, (s, (20-d)
1 0 () = DI sFA () (5, Fay) s
LT =A, () +A, () + ) 2‘” T
O L
A, () +A, (=), (20-¢) oM () —Zs‘" AL (),

:TitIT'H( .
DN

) AT R BR B LA, (2) (1 =1,2,3,

s
(S

—s) (s, —s,)

PR

(S

(sy3—5)Cs,—5)(s,—5,)

Al(z):(slfs'g)(sl

Az(z):

542
(S

—s5,)(s3—s,)"

e’
A’l(z)*m—sl)(M—sp(srss)° b

EENQEIIF IR

AS(Z):(Sgisl)(Sg

by
G(z;%):L*%%e T+

S

+
G L T

SG SG

e o+

L' COU ) +L 1 (— )U”’(O) (22)

S¢ S¢

KR COHRAKCOAHE,
G(z320)=H(z—2)¢ (z—2,) T ¢, (U0 +
@, (DU (0)+ ¢, (U0 +¢; (DU (0,
(23)
A

0, () =D A, (b,
i=1

@, (2) = D A, () Fars),
i=1

g, ()= D A, ()P +a)),
i=1

666

902“(2)125:?'14,-(2)0 (26)
=1

e, i
Ulzsz0)=H((z—z2)¢, (z—z,)+
@, (U0 + ¢, (U (0)+
@, (DU (0) + ¢, (DU (0,
zo)+50;(z)U(O)+
05 (U (0) +¢ (U (0) +
e (U0
U'(zs2) =¢ (z—2)+¢,(x)UW0) +
s (U (0) +¢ (HU"(0) +
o2 (HU”(0),
U’ (z52,)=¢] (2 —2,) +¢) (x)U0)+
o) (U (0) +¢7 (HU"(0) +
o7 (HU”(0), 27-d)
P CHOMRAZ AT, FT A3 HE R w5 o6 HCH

U(z) :J‘ﬂzo)(;(z;zo)dzo =

(27-a)
U'(z ;zo):gag(z*

(27-b)

(27-¢)

L
J Fo0(z—2z)(H(z—z)¢,(z—z,) +

@, (DU + ¢, (U (0) +
0, (U0 + ¢, (HU”(0))dz, =
Fo(H(z—z¢,(z —2,) +
@, (DU + ¢, (U (0) +

§D1(Z>U”(O)+§D>(Z)U”/(O)) (28)
AR M, L B S 149 By g e R pR ERORT R R
Uz, t)=F,(H(z—z2¢ (z—z,)*+

@, DU+, (DU (0)+¢, (DU 0+



R AR R SRR . JE T Green BREOE HY 32 w4 P SRR B 1) B ) 2 e A3

o5 (U (0))cos(2e) 29
2.2 IEEBEEHEE
mEAT R DA RR N

VP +V=0bF,6(z—=z,), (30)
SR, 30) f# K
V(z)ZJL]"(zo)G(z;zo)dzoo (3D
0
[R)BE, X 3 (30) W By 25 (8] 48 4 = Jiti T Laplace
7 e K K B 396 AR e Tu 55
G(z32)=L""'( 4+K e O+
o V) +L~
( 1+ YV (0)+ +
—1 1/ 1 4
L'« 1+K)V (O+L ' I+K)V 0,
(32)
RV L
_ oA
K El Jr=o0"1Iitr,
V0. V(0. V() . V(O ZTFE T,
RIBE, 2 (32) 1T 15 3]
G(z32)=H(z—z2)¢, (z—z)+
¢, (V) 4 ¢, (V' (0)+
O OV + ¢ (HDV7(0) (33)

A

¢ ()= DB, (b ()= >,B (),
1:1 17411

¢ ()= D B, (s $,()= >,B, (.
i=1 i=1

4
gs (2) = ZB,. (). (30

AH IV b iltiiﬁ&*ﬁ%mzﬁwﬂm” BN
Viza)=F,(H(z—z)¢ (z—z,)+
¢, (V) + ¢, (V' (0)+
¢ (V(0) +¢; (2)V”7(0))cos(Qt)
(35)

3 HEITE

3.1 MEERWIE

R B UE AT PR 25 439 AL A5 L A HERA I L 43 R
i PRENDERGAST % () 3 2 % A1 | Winkler
M LA RS R Viasov b R RYY SR K BN
8. 76 m [ I B 1) [ A A0 Bt v A B AR b 1Y
L, 35 PRENDERGAST %5 8137 I & 45 5 %f
e,

FE R S5 X A R R AT 43 M IS 38 o R
LA 2 R B 31 T P )2 50 4 v ok 8 oo ) % B O
oL R R0 AT R BB 40 AN E BRI i R
1 D S N G o e o I (B E P < (378 SRR U A TR
LT BEEME LR IT, L E 3 A il %
G, 43 )2 A0 e b TR 55 3 (O o S5 0 AN 2 A of il
TEEE CREAS W) T A RS 2. 19 mo L B BERE S K
8.76 m. vl 2 g% fy 0 B, AR S E B ) B AR K N
2.19 m M FHEE K 6. 57 m, Al KR K 10 DR
TCHT 30 AN SR BB TT PRI SR — 1, — 2
BF, b LB R R 4,38 m.2.19 m, FIH A
T R I S S A O T AL e AR
PRENDERGAST % {8 A 51 oy
1. 0E, ED1
1*1/3 )" ’
Winkler #5518 >

ko=

B, =n(A, + 3G, >J <d90>2rdr;
Vlasov HEEIT8] >

B, = (A, + 3G, >J <‘j‘5"> rdr,

b, — znGAJ‘

{f. DY SRS B ET i AE B B4 NI EE L 2
o b BRI R R

sinh(y (1—

P 2
@ rdr,

SD,)»

sinh(y) ’
Y AR TN 1,

MM RAYHESHENT K L=8.76 m,
HME R=0.17 m,N4E r=0. 157 m. %% p=7.8X
10° kg/m®, i PERE Rl E =2, 02X 10° MPa, JA ¥
A v=0.3; 8 I (W O BIAM L v, =0. 3,
PEH AR TR 20 kKN/m’® , Sk R

_(oxuf(lJrv,\.)(l—Zv,\.)
1—v,
Krfo, MEMERBERE v, Ny R 46 0 B (P +
213 m/s"),

2 g5 T TR BT A B 0 3R 5 B 3 T AR
X L B R R R B0, R Winkler B8 5R
TS — % N 37,576 Hz FE % 5. 134 Hz, H
HEHMRIRE 1~3 m B S5LMERETE. 5
Winkler #5EAH F , Vasov #5582 (8 55 P b L 1) 57
VIOV o R AT 1 568 — B R RS AR T Winkler #5275
FRAS 45 B MR Winkler #5804 — A Hb
667

o(r)=

s (36)



H36E Ha

17 BT 95 272 B8 27 41 C AR B2 JO

http://journal. xynu. edu. cn 2023 4E 10 H

A SH A TR N R )iz, FLTE R UL Y o il
WIEJEEWN . A H Winkler HbJA5 A fr 15 45 1 5 512
DA &7 B — 30, A SCR A Winkler M B4 81 F 17
G

HHUE Green pRBUE SR AR FE A7 #2 1Y IE B 1
W SCHR 19 ) HERR 4 =0. 3 m, K4l A=10, 1
AR a, = 0. 3, AL AL &, JF 5 S0k
C19J% bb. & 3 45 th T s Wi S % U/
U B EHRE « iy fkth. hE 3 mlm, A
iz ] Green R Fir 5 545 R 5 STk (19 10
AR —H KR TR T B IE R

40

—=— XK [9] RRMHE
—e— Xk[12]iHEAE

354
—— Winkler #1317
30 4 —— Vlasov HizEER
25 H
N
oo}
~. 20
& 15 o
10
S .
0 T T T T T T T T T
0 1 2 3 4 S
TR E fm

B2 BRESFITENE-—MAEXS
PRENDERGAST % Il 2 %5 £ 31 tt
Fig. 2 Comparison of the first-order frequencies calculated
by the finite difference method with the result of the

measurement by Prendergast et al.

1.0
0.8 —a— CHER[19]
: —e— A3 GreeniK ¥k
0.6
S
=
&
S 0.4+
0.2
0‘0 T T T .| T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

PR z/m
Bl 3 Green HEIEITEMMES L 531913
Fig. 3 Comparison of pile’s displacement calculated by
Green’s functions method and literature [ 19]
3.2 MRMERSH
A5 WG R AR X 43 3 AT Bl ) 2R R

PR RZm . A 3. 1 ARG S EO X (36) , T 15
HIEBVEREE E, S 67. 41 MPa, HE S fif 28 H i

668

R 1) i 2, FLIR AR Fo D9 1000 N

P 1Ay T o S OHE AT Y B A AR B
P A AL R AF B0, Forh 3 A ol kil 55 9 43 51 02 0, — 1
=2 vhRi 52, MR 1 A] A, BRRE Y 25 B A0 3R 3
W oA 25 202 %) 354 A T R /) L 33 o T R
F% R J3E it o ) 3 R A W i/ - R B A T AR
T RS

R 1 MRIER XA S B SARE R

Tab. 1 Effect of scour on the frequencies of the single pile
Y Wi/ Hz
ER w, w, ws @,
0 37.58 171. 46 197. 54 233.29
—1 12.77 75.83 179. 89 217.39
—2 6. 40 39.11 100. 11 190. 07

63 I 5115 e S i g T S DA R
FREERAL IO . WP 4 73 o BT 25 B Wil 7 74 A7
OO 16 43 % 247 il v ) 55 28 1 8 Jon o 8 K, LA B I
T S5 ALk ) A % L o ) R BE A 3 o TR S
Ot ) R AP ] 3 X A 1 3
F1% 24 TR TR S D 555 5 AR B DN 1) 157 % 1 (L S 25 3

(@3B —KrmIR U(z)(V(2))/m (b)3E KIS U(2)(V(2))/m
003 002 -001 000 1263 60B4 00

6.0E-4
0.0 0.0
R R -0
2 05 PSS 0.5 PR
N
Wﬁﬂﬁm-zEEZ 2252
T —— w0
_—— —— g1
T WA
o . TR
(OB=KrWR U(z)(V(z))/m (d)SEPYB WIS U(z)(V(z))/m
-1.6E-4 -8.0E-5 0.0 8.0E-5 -40E-5 -2.0E-5 0.0 2.0E-5
0.0 L 0.0 ‘\ :
0 E 25280 >
ST s wu%<
=
B2 -2 Phi -2 \
2 — -0
— W50 i
L -1 e /
10 I B2 W ZREE2

B 4 R 2 B X B AE B 0 R B 22 M
Fig. 4 Effect of scour degree on dynamic response of

the single pile
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Tab. 2 Effect of soil’s elastic modulus on the frequencies

of the single pile

SR W%/ Hz

i /MPa w, w, ws w,
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Tab. 3 Effect of slenderness A on the frequencies of

the single pile

K4t BA/ He
A @1 @3 w3 [2h
20 21.35 60.42 91. 96 157.18
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40 19. 24 94.51 115. 87 128. 50
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