$29 B 11 Vol.29 No.11 TR %
20124F 11} Nov. 2012 ENGINEERING MECHANICS 283

XEHS: 1000-4750(2012)11-0283-06

2 [E AR - - FEAE B 22 M0 A B AR R 7S 30 17 M [z

HBOF] !, FHpeds 2

(1. VCIRREEOR A MR e TR e, BT 212003; 2. MR RE2 e ) 5 TRERFE R, M 210094)

W OE: BEA- AR, SR BESER @ﬁ@ﬁ&,mﬁ¥ﬂmﬁ B AT B I R HR (R A 30 i
PRI IRG o AZSCHE T — AT S, AR R IIWILLESAT, 3 5gh T F TR AR - - 2 4 ¥ 2 i)
IR o3 1 I R AE P W AR e A o AR G B4 o 5 43 %Lﬁ%ﬁ¢# SR A e e R oA S
ST EE R GAEF TR RISy B R AR AR s 2% SR R 1 R L, 3BT AN [ RS T 000 2 KA i 2 ) 56
Wis FT T RSN AL BRI AN O T I 5 o WIFFUASE SR TN LU KIS AR IR 2 PR IS %

KBRIA: WA BEAWA JhELR. BRbE. NJIvk

FESES: 0347.4;TU473  CERERE: A doi: 10.6052/j.issn.1000-4750.2011.05.0269

TRANSIENT DYNAMIC RESPONSE OF PILE FOUNDATION
CONSIDERING THE EFFECT OF PILE-SOIL-HAMMER
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Abstract: The transient wave eigenfunction method has been proposed to solve the problem of the transient
dynamic response of a pile foundation with the consideration of a pile-soil-hammer interaction. Based on
one-dimensional wave theory and initial-boundary conditions, analytical solutions of transient responses during
impact and separation processes were obtained, respectively. The conditions of the processes that occurred
alternatively were established to research on the sub-impact phenomenon. The frequencies of a pile in a numerical
example were investigated during the impact process and separation process. Considering the high-frequency
response excited by impact, a proper wave truncation number was suggested to choose for transient dynamic
responses. Meanwhile, the propagation of transient stress waves along the pile and time history of an impact force
including sub-impact process has been analyzed. The present study can provide a reference method for the pile
foundation design, the selection of a hammer and the safety assessment of a system in long-term operation.

Key words: solid mechanics; transient response; wave theory; pile; stress wave

SR AFR SO RS BUEVERF S DR/ B8 WFSE 1 2 T MR o rp R 52 185 i 2 1) I A5 30
TP AP T A PRI BT SR A, AER R M I WA R LA N, S AR
NI wy B I P R D U W S S 5 VR P VA E A AEAT AR 0 VR TN N i e sl ke R kAT T
SERER B TR BB, RS A R BRI SR ARSI R G A e s R A 1 2%
il HREEAT . PR B AT KZHETHES ) MR, M2 RBEEE T T — i E . — i
BEFCh, EAUMTEEEA G BEE SRRSO b RS R v . TR R
WRE, VE%EH%IET LR, Zhou B LA SENE MBI ERT, RS —4eRhsfrE SEmT 7

W 3. 2011-05-03; &SHH: 2011-09-30

JHARMEH: MPTRI(1980—), Zo, BRPGHIA, R0, 1L, WFLWE) )%, B3R Fi(E-mail: alitian991221@yahoo.com.cn).

e FIRAER(1963—), T, LRUCAIRA, #3%, WL, WS, {LHEIFESREERK, NHREHERASs % Ssh# iR
(E-mail: yinxiaochun2000@yahoo.com.cn).



284 T T

ho

W A AR TV R AOBh A AR E . A0SR A K
) L ST 0 T DA s v b A R R R,
W5 T X ) 10 T, SCER[8]R I 3% 4
R, SrBT THTREERE A, - S5 A (30 ) e R
Hh A D (AR RS

SEBR TRE, PIIRFE ORI — UK TR mlbfE, vl
8 T 2 b R FEC 10 B E) 1996 4,
G RO B R 0] A5 RN A = . ERAR
W8 B (AR — AT AR FE o, nT Rt AF AR IR FEAR
AR MU T IS, 5 MR AT 5 I 98 1 1 7%
R RN 50 7 R

AR R BT R - AR g R 45 R A
TIFFUHEAE S5 A6 (1 I A A R R M RIS Dy Wi, 23 AT
SERBE R A I T IS RGeSy B (F 2 . T8
o TRESEAIT B, 43 BT R A A B A v ) A 7 ot
B, e e AN B o) AT g [ A0 236 i 25 A4 1)
S, S HTEERR R AR I U T I K LR G5k Bl )
Un)AE- AT

1 HFEEs

HI AR — o K T-BEAR, T CREBE A i 16
— YA TS MERCOR T 5 f5~10 SRR,
A SO S AR BEAE R ARSI A 1) — LSRRk
A0 - A 5 A 22 8] PR AR EL AT P Ak B 8 5 T R A R
BHJERS DPAT I AR o STHERE R, il 3

AU CRVA )] e o Y I AE coXir A K KA
B, RN AR ST — YRR AT, DRI,
ST T A K 0 22, Ak 25 S BHLJE 2N
FEAT (AT L HPEAT GEBD) RS, W 1 Pos.

LSS S S s
1 5 RE B JE RO R B AR 28
Fig.l TIllustration of hammer impact against pile considering
the damping effect

FF 2484 (AN F () fERTY , DABIARIE L v,
i ok i [ SCSRPERT 1CEEHE) - B0 T 22 2 5000 01
N HPERCR E L E,, B p s py s BOEIEN A4
Ay, B L, KRR RECN f o

HIH) St.Venant #FRLE, AvHAT I, #3204

5 BB R BB R
i+ fir=Cu' (1)
0

ﬁ$:C=B c};q\g%%%%@ﬁ%ﬁ%
2

TR IR w=[u, u,]" AR 51 1h)
Tod s u" AN I TR A EE AR B B i i 5
B HOAT AN, =0
FEATHERL R, S A R GE T oA -
u,(0,0)=0, o,(L,,0)==-F(t)/ 4, (2a)
FEdHR AR A AL, WAL T LA S A
4o(l),1) = 4,0,(0,1), u,(f},1) =u,(0,¢) (2b)
FTRE IR P s TR A A 2% T [ A A3 i
Y e
A E ¢, cos(ky, ) cos(ky, L) = A, Exc sin(k, 1) sin(ky, [ )
k,=0,/c¢, , i=12 3)
Gy B IR, FEAE S BENEAN AT, SN
u,(0,6)=0, o,(/,t)=0,
0,(0,1)=0, o,(L,t)=—F(t)/ 4, C))
HI I 2 AF 3 (4) 15 BB [ 47 405 «
o, =k,c,=2m+Dnc, /1 (5)
TERE T FER QYIS Ky, Ky, 5700 HT
AR 73 B e o B I ) 00 I A P e

2 Bk 7S R e

SR T Wk A Y8 o) 50 2O A 8 3k SR AR A 3k 73 7
X)), MBI u(x,t) 72 i A0 R, 5
HUEFISIR w, (e, t) RIBAIR u, (x,0) P57

u(x,t)=u,(x,t)+u,(x,t) (6)

R RS AR R M- AR R TR, LS AL AR AT
SRS SAT MRS e —IRFTHE RS S,
BEBE > 125, AR ) (BUR BT B D) T, kAR
Jaskhidie TN B IRFEE N, — IRATHESS IR
J PRI REAE T R A Y 3 5% S B PR o 7 £ 7 A
ES AR
2.1 EHIEMEABRE
211 BARA &AL

PR, AT, TP RO R G DAL ]
RPN AR BN, BN i v] R FH R AL R 25



i 2 285

I
g (X;,1) =Z¢m(x1)qn(t*) (7)
n=1

Kefe i=12: ¢ =t—t,, W& m AR M
REWS ) AR s 1, A5 m UKL TFARIN 2 HAE
ST R Vh AT BRI AR [r 1 A s R 4
AL :
c’d’¢,(x,)/ dx} + o) ¢, (x,) =0 (8)
LN -
$, (x;) = 4;, cos(k;, ;) + By, sin(k;,x,)  (9)

m i m-i

Kot A, B, WIS AR EAS AL 2 1

2 .
ZJ‘: Din PP Aidx; =6, (10)
i1
HEAR, KL, 8, N Kronecker B4,
2.1.2  BfIELR

AV A R 15 290 A5 LTS R PR 3
TR, R A A A B R
IR L
6,0+ 4, + 02q,() = O, (0/dr+£dQ, (1) e
(a1
2
Ry 0,00 =3[ P, (5) u, (x.0)dx, . it
i=1

Laplace 2 3 3K 43 :
4,(t)=q,(0)-J(@, ) +4,(0)- I(w,f )+
e “2nb, A D, (w,t) (12)

In“'n

F

Nt

~

wzwla)j—fz/4,
Fya(a-f)

a),f+a(a—f)

Me*ﬂ‘/z sin( - [*)j| ,
20

D,(0,t)= {e‘” —e /"2 cos(w 1)+

J(o,f)= e /12 cos(wt’) + fsin(wt’)/ o),
I(o,t)=e/"sin(ot") /o,
hn:y/Jquh+(pAhzsmjhA |
2 2 cos'k,,l
_ 1 sin(k,l)
" o cos(ky,ly)’

q,(0) g, (0) AT HIAG 5 AT 5E o

FSTHEL AR —AMRE R R FTHERREA 73 1
AW I, TS B T A 9T MR 5 70 &

SRRV AR, T HER R B B
FEREAM, ATV S8 B3k sk 0 R ke e
R BRI A, ik
FTRERL AR A O BB R R A o BRI, 56 m ik
ST R 4

u(x,5,) = u(x,t,).

u(x,t,, ) =u(x,t,,) (13)
Rofe m bR m RATREL AR 2m W4T HES 2
BB UH. AN ZI(m=0),

u(x,00=0, a(x,0)=[0,v,]" (14)
22 HBEIEHSABRE
221 EAESRK

SYBSRLRL, HF L RIFT 24088, DL A A o
TSR AR BN A5 o P RF 10 3 A5 B2 85 4 30 ) 2 73
H:

uld(xpt):Z¢|m(x1)%m(t*) (15)

m=l

uZd(x29t)=Z¢2m(x2)QZm(t*) (16)
m=0

Horbe ¢ =11y, oo Bt R ) L R ) A%
byt T B FEFFUR IS Z o KBNS B RERNIL SN
EHITRE, AR B AR IEAR I\ — A, T
AT BN PAT 2 B RSL AR R U 53 ) -
Vmuo=JZZmMmm)
Bo (2) = 271, cO8(ky, X, )

K, ky, Fky, R oy B ISR DA 1 RIAT 2 R 3.
222 BiE &%

W 3 5 Tk R ) 1 A AL R A RN BN A A S AR AR
ANFEHITTRE, R IEAS H— A4 A 15 30 50 B i R AT
1 RN ) TR A -

Gin () + [41,() + 0,4, () =0 (18)
Laplace “Z #fif 15 :

G (1) = T (@,,1)q,(0) + I(;,2 )G, (0)  (19)

H: o =\o], -4,
J(o,)=e""(cos(w,t") + fsin(ot ")/ 2w,))
I(o,t)= e /72 sin(@,t) /@, -

2 (RIS TR 7 A -

92m(t*) + 45, (t*) + w22mq2m(t*) =
J.(jz Wom (X, )(Cgugs —iiy, — fi)dx,  (20)

Laplace AZ#fif 15 :

(17



286 T T

ho

Qo () = T(@5,t )5, (0) + I (05,1 7) G5, (0) +
(-1)" H,,,e " D, (0,,t") 1)

;H\:EP: 602 = \Iw22m _f2/47
J(w,,t) = e /12 (cos(wyt )+ fsin(m,t ") (2w,)) »

I, )=e'"sin(w,t )/,

l)m(ab,t*):=l7(e_“f——e'ﬁwz-cos(abt*)+

20-f e -sin(a)zt*)j ,
2w,
— Ao F= E)'a(a_.f) .
K22mE2A2 ’ 0‘)22m +O£((X _f)
Dim (0) N q.lm (O) ~ Qo (0) & q‘zm (O) ﬁ\%’J EB%’H
73 BRI AG 25 1 E -
u(x’t;mﬂ) = u(x’tgmﬂ) s
ﬂ(x’t;mﬂ) = ”(xa f;m+1) (22)
23 IREEEmREY
FA R R, R S 2 B R A
B, AREUIHAAT, e b B R A
PUAT el R e N 7y B e, S P AT A
FHIH T p(t) WA E « aEful )t 328 A b )
I, A PR RSN, BB 8
AN -

2m

p(H)<0, dp(t)/dt<0 (23)
PIAT 2 B A e A e i R, 3l o AT A 4
PR AR RS 5 o AT 2 Ac s i A A 25T
BN TR 1 B R LR I, PR B R A
BEANFED B HEE AR
AU =u,(0,0,,,) —u(fy,1,) <0,
oAU /0t >0 (24)
1o 1 A I R RO S R A A s T,
kS SR AP ) s B R A s e T R
3 BEfHSaHh
% FEFEAE 3 A AR S, LU o 5 4 T AT
(Z%h: p,=78x10kgm’, E,=210GPa ,
I, =0.5m , d,=0.5m )5+ di bk LSRR ]
B, B AT U Ao A . BB 2 KL
p, =2.5x10°kg/m* , E =30.7GPa , [ =5m ,
d, =0.5m; FEHETHAIAAHE v =4.2 s e R
ARG AE BARRAE T IIME: 0.620; SIATCHAET

W24t =tc /1.

Bl 2 25 Y T TRt AR 1 ph o R A
Zeo M2 FRTLAF 20 B RE R it 2 %
NN PR AL RR R R, AT AR AR,
THdE. EBN RN, MMM T 15
I, FERE AR KT B R . B B
B, SRR R AR, BN T E
WA FTHEBRASIIRE, T RN, WO TR
rR I N, HAAE 2 5 I, SR B R

120000 -

—v— il

90000 -

& 60000 -

=
30000 -

B2 ML
Fig.2 Dispersion curves

BE b, PRSI N TE S, AAAE S b
BE TS RE R, ANET IR G R 7 S AORBS
BTITHEAT 2387, 1 RS TE 5T R IR 55 /NS o
(SR IR W (il 20 B & WO SRR S5 (1
B, AN AT AR AR IR E RS AT, X
Al R 2. B34 T £ =0.57 IF A1,
AR R IEBE T B RET AT W5 RS REHE (IR
BB (AT 5 B, SEBE S RE R B IE A IR L,

8 -

_____ n=>5
---------- n =10
n =30
6 n =50
-----n=100
=
= 41
=
24
“
g
- J
[ J P—— ] a—--l-,__i |
0 1 2 3 4 5

BT BRI 7 o/m

3 AR FEEMERE R 1i(0.57)
Fig.3 Energy distribution along the pile with different modes



€T

i 2 287

FE RN . BRSBTS N, THEgh R
R RO, MO B T A . (H R R
UL, B S TN E], T 6 SR TR
N LAY, D A A KT e A i B R
RN, ATLAZNE . W TS, JEECGAT 100
RS, HEAT RSN BT A B

SRR R AR AT o, 7 AR SR T R RS Y
W, WSIEE R AR . B4 4y T R R,
IS 7 AR A P R PR RE . £ =0.80 1, AT A
A T AL SR AR T 4/5 Kb, JES Rl 1 [ S
i BPeshIX IR RAR MK, H A v Al 1
P& B e i e 7 A O T IR Y 5 S . 24 £ =107
(N b 5 Elbrae 21 0 TP NN Z SR T
KA, FRA A AR SO, 5 AT S .
FUAE It FEGE R, JER S 30 2 B, 7 A o ) B )
TR o RV T DA 5 AR i o e v R A
KAWL, BRI R AR, HFAE E R E
S8 Uit IR AR ST o FH I 9 7 v A P A R 1 R
P, G 1 i S N R B AT, AR
BEW, LRSI ARGE RN AEL TN,
BRI _

_l'—l_, 1.0t
J_\_\_ -

‘J_\J_-’—1 1.57

-0.87
-0.61

'0~4‘__’__,__1—| 1.6
<024 b TS

0.0

S 1/MPa

0 : 2 3 4 5
SRR A7 B x/m
4 BB
Fig.4 Propagation of the stress wave along the pile
il Sy ) U — AN E SR, i)
ARSI, WSy vt EE. K54
TR T AR AR R DR . — g R
TR, N ASPAEFERE AR 3 AR R
). (AFESEIERE, RSP T 20T B
TR R 2 0 < V9 A B oA R o PR 2 T e R o I 5

LA, s R, AR T o

TR . gt ol ) o 22, - o A7 A
EEE, HIWHIRRA SR, ISR “fdEL
L =2.00 I, BPHEBE b S S i 2k 4 o e fu
[N, fiEe SR AR, 2904 271KN, KT8 i
i JIMRAE(166kN).

-400 -

-300 4

> -200 1

it /KN

-100

0 i 2 3
Il
K5 gkt
Fig.5 Single impact force

T, AERIRE B AT R R,
AR E I T R . ] 6 43 T AThERL
R bR Ly B 2 8] (il S N TR DR AIEL 6 v
R R ORI T BUE
A e, SRR RAR AL T kb . AEELR
KA, AERRER P RS BRI R 2, iR
Wi 45K ) 680 T3 5 JEH A AR 3T A )
I P AP A

5

-300
-100

2004 % 58 60 ®
z
R
H
5

-100 4 »l

0 T T T |
0 100 200 300 400
Nk

Ko i S ial ok
Fig.6 Multiple-impact force

4 it

AR IC R FT AR IR i T A I 2 ) )



288 T T

)

»2,
=B

SN, 2 T 25 G SEATE A 1Rl AR BEL e 20NV PR B A B
AT IWINAF . g T R AR T o i
FER 73 B I R A A Wi A, SIEBU cs h ILA K)
orifre SEILSEBITEEL, SrH T ARSI ma
SLE r I 25 I R AL SRS IR DA SR AR R K
IS, FEE RO

(1) FEAESIEER A Iemt 2 —, TR
{10 553 ) BT o P PRVl i A R o el TR RN
P2 TN R VRN 3 AR A SN, A4S
SLAE R 2 g i Nz BN TR) R AR A T S 0%

(2) FTHES WO S e A i N o BIF 5T R R
W 252 i 2 i 7L, A B TR R A R A IO 5
Wigo JEIETHEL, BT R, VRO R
4f, (BRI, ASCEE — R AV HEL, @il
AT 100 Frs, HEATIRASS) ) m N 3T o

(3) UHELBLR M A, AL N )9
FEAR NI, AT 2 R 45 K40 J B30 3 i 1 o

Bk

[11 Erol H, Giirgoze M. Longitudinal vibrations of a
double-rod system coupled by springs and dampers [J].
Journal of Sound and Vibration, 2004, 276: 419—430.

[2] EZEte. FHRR) Rk B DUR AR BRI )], A

+ TRE2EAR, 1999, 21(5): 617—620.
Wang Kuihua. A study on the accuracy of D’Alembert
solution to pile wave equation [J]. Chinese Journal of
Geotechnical Engineering, 1999, 21(5): 617—620. (in
Chinese)

[3] Zhou X L, Wang J H, Jiang L F, et al. Transient dynamic
response of pile to vertical load in saturated soil [J].
Mechanics Research Communications, 2009, 36: 618—
624.

[4] BB, EAEHE, VRERPE. RN VEREJE L b AR AR v A
O\ 1) P SR PE S N HIWEST ). V5 )2 AE AR, 2008,
25(6): 808 —815.

Que Renbo, Wang Kuihua, Xu Ruiping. Study on
longitudinal vibration of pile with variable sections in the
viscous damping soil and its applications [J]. Chinese

(3]

(6]

(7]

(8]

1]

(10]

(1]

[12]

Journal of Computational Mechanics, 2008, 25(6): 808 —
815. (in Chinese)

WK, REAESE, WIREWI. BEREAR LML AN ) 2 e iR E)
FRA MR AT N 23 AT (3], LR 2, 2010, 27(1): 173—
178.

Hu Chunlin, Xiong Weifen, Hu Shenggang. Study on
steady-state frequency-response of nonlinear axial forced
vibration of piles [J]. Engineering Mechanics, 2010,
27(1): 173—178. (in Chinese)

TR, BRE 7, BEEBR R RE A 9 25 50 DN v AT
X]. PR3 Hebik, 2007, 26(7): 114—118

Ding Ke, Chen Zili, Xie Zhongqiu. Study on transient
response test of a viscoelastic pile [J]. Journal of
Vibration and Shock, 2007, 26(7): 114 — 118. (in
Chinese)

NS, EAEHE, RN, BR eGP [ AR R AR
Ak (4380 73 Wi 23 A L5 T[], o5 ) 2 A4, 2004,
21(3): 330—337.

Sun Yu, Wang Kuihua, Xie Kanghe. Vibration of pile
with normal linear solid shape and its application [J].
Chinese Journal of Computational Mechanics, 2004,
21(3): 330—337. (in Chinese)

Masouleh S F, Fakharian K. Application of a continuum
numerical model for pile driving analysis and
comparison with a real case [J].
Geotechnics, 2008, 35: 406—418.
Mason H L. Impact on beams [J]. Journal of Applied
Mechanics, 1936, 58: A55—A61.

Stoianovici D, Hurmuzlu Y. A critical study of the

Computers and

applicability of rigid-body collision theory [J]. Journal of
Applied Mechanics, ASME, 1996, 63: 307—316.
HBIA, FmEE. RAEAT 2 Ot o I RE K R A 2 ) 2
ST ML LFR2E4R, 2008, 44(2): 43—48.

Tian Ali, Yin Xiaochun. Transient dynamics analysis for
multiple-impact of flexible-rods [J]. Chinese Journal of
Mechanical Engineering, 2008, 44(2): 43 — 48. (in
Chinese)

BRI, FHved. FRPERIIE 2 i D v HIRELD].
TRE %%, 2008, 25(1): 103—108.

Tian Ali, Yin Xiaochun. Computing method for impact
force in multiple-impact flexible system [J]. Engineering
Mechanics, 2008, 25(1): 103—108. (in Chinese)





