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NON-LINEAR BEHAVIOR OF PILE FOUNDATION
DURING STRONG EARTHQUAKE MOTION

By Kenzo TOKI, Fusanori MIURA and Masayuki NOGUCHI

Synopsis

The paper deals with the non-linear behavior of pile foundation during strong earthquake
motion. The finite element method considering dynamic separation and sliding at the contact
surface between footing, piles and ground is adopted.

The influences of embedment of footing on the dynamic response of structures are examined.
The effects of grouping of piles on the seismic response are discussed and compared with
those of to static load.

The results indicate that the embedment of footing decreases the magnitude of responses,
especially shear stress and bending moment of piles and that the dynamic response of group
of piles increases for increasing of number of piles.
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Table 1. Conditions of the models used in the analyses.

N 1 2 3 4
Condition
?ﬁ:;éi\g%rdo:lhﬁ:g ogortggﬁd surface) below on on below
{.\Eo{kr)nealf ggtsiig;ance of the front wall exist not exist not exist exist
th?;re fr::tiisr’iznce at the bottom exist exist not exist exist
Length of a pile (m) 48 56 56 48

= Ya, C3, s, hs

< Yus Cuy Vu, hy

o o 2
D' =3
2 .} 4

¥s, Cs, Vs, hs
I
J

Ist Layer
Y1, Ciy Viy by

e— Yss Ce» Ve, he

2nd Layer

Y2, C2, v2, he

(In case of 1-layer ground)
Yis Cis vy Iy

JL_.; &7 BT &7

Unit; m

Fig. 4 General view of soil-pile-structure system.

Joint Element
(Mode11-1,1-2)
Joint Element

Fig. 5 Finite element mesh of Model 1-1, 1-2, 4-1, 4-2.
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Joint Element
HT1 (Mode12-1,2-2)
Joint Element

Fig. 6 Finite element mesh of Model 2-1, 2-2, 3-1, 3-2.

Table 2. Physical properties of 1-layer ground models.

Unit weight | Shear wave velocity | Poisson’s ratio | Damping factor
7 (tf/md) C (m/sec) v h
Ground r1=1.8 Cy=180 v;=0.333 hy=0.20
Subestructure 7n=3.0 C3=1600 v5=0. 167 hy=0.05

1=2.4 C4=1600 v;=0. 167 hy=0.05
Footing rs=2.4 Cs=1600 s =0. 167 hs=0.05
Pile re=2.4 Cs=1600 v =0. 167 =0.05
Joint Normal spring constant k,=1,000,000 tf/m3

Shear spring constant k,=300,000 tf/m?3

Cohesion C;=10 tf/m?

Angle of friction ¢,=30°

Table 3. Physical properties of 2-layers ground models.

Unit Weight | Shear wave velocity | Poisson’s ratio | Damping factor
7 (tf/m?) C (m/sec) v h

Ground n=L7 C;=100 v;=0. 333 hy=0.20

r2=1.8 Cy=300 v,=0. 333 hy=0.20

Sub-structure 72=3.0 C;=1600 v3=0.167 s=0.05

n=2.4 C4=1600 ve=0.167 hy=0.05
Footing rs=2.4 C5=1600 v;=0.167 hs=0. 05
Pile re=2.4 Cs=1600 vs=0. 167 he=0.05

Normal sping constant k,=1,000,000 tf/m3
Joint Shear sping constant k,=300,000 tf/ms3

Cohesion C,;=10 tf/m?

Angle of riction ¢,=30°
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Table 4. Natural frequencies of the models (Hz).

Wﬂmnd 1-layer 2-layers

Mode \@ Model 1-1 | Model 2-1 | Model 1-2 | Model 2-2
1 0. 430 0.481 0. 449 0.473
2 0.652 0.513 0.771 0.553
3 0.936 0.888 0.898 0.841
4 0.962 0.958 1.061 0. 04
5 1.006 1.033 1.076 1.000
6 1.029 1.104 1.106 1.010
7 1.448 1.119 \ 1.321 1.056
8 1.510 1.228 | 1.477 1.202
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(a) Ist mode
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6th Mode
1.029 Hz

(b) 6th mode
Fig. 7 Mode shapes of Model 1-1.
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Fig. 8 Distribution of initial stresses along the contact surface.
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Table 5. Initial force along the contact surface (Model 1-1).

\ . .
\\ Shaa?/gmgorce Sharing rate (%)
Footing 99.0 8
Shear force 52
Piles 530.7 44 62
Footing 124.1 10
Normal force 48 -
Piles 456. 6 38 38
Total 1210. 4 100

Table 6. Initial force along the contact surface (Model 1-2).

\\ Shar(ltrfl/gmf)orce Sharing rate (%)

Footing o1 | 3

Shear force 34
Piles 337.9 ] 31 36
Footing 22.7 2

Normal force 66 —
Piles 697.4 64 64

Total 1088.1 100
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Fig. 9 Distribution of dynamic stresses along the contact surface.
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Fig. 10 Sharing rate of seismic force (vertical direction).
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Fig. 11 Sharing rate of seismic force (horizontal direction).
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Fig. 12 Maximum response values normalized by those of Model 3-1 or 3-2.
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Table 7. Maximum response values.
ST
\\\ Model | 1y | 91|31 4112|2232 42
Position Ttem
Acceleration (gal) 105} 127 | 126 | 112 | 183 | 235| 230 | 201
Point A Velocity (kine) 47 50 50 48 50 57 58 51
Displacement (cm) | 13.4 [ 14.9 | 15.0 | 14.1 | 17.3 | 20.6 | 20.7 | 18.3
Acceleration (gal) 87 91 87 88| 107 122 121 | 111
Point B Velocity  (kine) 40 43 43 41 37 45 45 38
Displacement (cm) | 11.2 (12,0 12.1|11.5 | 12.7 | 14.7 | 14.7 | 13.1
Point C 10.7 { 11.4 | 11.4 | 10.9 | 11.6 | 13.3 | 13.3 | 11.9
Point D Displacement (cm) 8.4] 9.0| 9.0| 84| 6.3| 80| 80| 6.3
Point E 57| 56| 5.6 57| 22| 2.2 2.2| 2.2
3.5 MOBMMEAHICRIETI—-FUTORA T.4r o o 1.4
y
hoRE - Ty A&

Fig.13 3isHER (Fig. 4 DEH F) K60 1.0 ‘ — 1o
ZBBISIORKMEE, Fig.12 LHEEC—E A 9 o ?
HROBAIIE EFNI-1OENT, ZEhi I a
DA EFIVS-2T ERMLLTRLESD  °FT 4 0.6
bbb, T C'Gliﬁ & jj. Mo (EHEE%FE\ 1-layer ground 2-layers ground
H) o, BXECHEBEAL A FEIEL 544 T
WIS 7oy ICOVWTREET S0 0, 2OH, 1, % R g

AHITRLTH S, 2D 7 —F VI DBRAN
SNT, HETOEREERICBY 2EBIERD

Fig. 13. Maximum response stresses at the pile head

normalized by those of Model 3-1 or 3-2.
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(a) Model 1-1, 1-2.

ﬂ Joint Element

(b) Model 3-1, 3-2

Fig. 14. Finite element mesh of the models used to

estimate the bending moment.
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Fig.15. Relationship between bending
moment M and normal stresses
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Fig.16. Distribution of maximum bending moment,
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Fig.17. Distribution of maximum bending moment,
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72, Fig.18 {CRT & T A DRI
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W E LT MBS C=0 if/mh,
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B hoEL N #582E AT C,=0
tf/m?, ¢;=30° ELTV3, A Jm&E

BERIRIE % f& 1E LT El Centro Fig.18. Finite element mesh of non-linear ground
(1940) oNS, UD @ F 54> (NS B model.
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Fig.19. Hysteresis curve of ,,-7,, of element K.
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Table 8. Maximum response values.

- Linear ground Non-linear
Position Ttem model ground model
Acceleration (gal) 314 296
Point A Velocity (kine) 88 88
Displacement (cm) 30.3 24.4
Acceleration (gal) 157 145
Point B Velocity  (kine) 66 66
Displacement (cm) 22.1 18.9
Point C 20.2 17.9
Point D Displacement (cm) 10.7 10.1
Point E 3.8 3.8
1.4 o1.4
O Acceleration
r A vVelocity B
L b ® Displacerent
1.2 ° 41.2
- . =
o © °
1.0 - & < & *—1.0
0.0 L—t L L L L 0.0
A B c D E

Fig.20. Maximum response values of linear ground model
normalized by those of non-linear ground model.

ThHbo

Ric Table 9 BHiORLEE, T4bDH Fig. 4IORTHBEOERF, F, HOPHIKS2ERG, 6
BLUBSEHOER H, H' oAk 3R HOIST GLOMT ERISID 0, L HABIEH ., D
B RERISHER U DTH 5, £/ Fig.21 i3 Fig.20 SEHIC IR 7 VOSSR T B8
ALTRUL 6 OTH S, ChEDROMTERIES 0, RIZEASHROWE, ERBEICEEIOTL

Table 9. Maximum dynamic stresses in the pile (kgf/cm?).

i\\&\ Left pile Center pile
Ground . R : -
7 ; Linear Non-linear | Linear Non-linear
Point Sw ground ground ground ground
Pile head a, 36. 60 36. 50 23.20 23.10
(Element F, F') <, 6. 64 5.92 5.40 4.35
Middle of the pile ay 41.60 41.50 20. 80 20. 80
(Element G, G") Tye 5.38 5.37 4.60 4.36
Pile tip g, 38.60 38.40 14.80 14, 80
(Element H, H") Ty 2.78 2.75 2.77 2.75
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1.5 ~1.5
oy | Txy
VAL Left pile | © [ AR
1.3k Center pile| ® | & | | 1.3
A
1.2p -41.2
ap o 8 q11
A
1.0 —oo—04 1.0
o0k  Pile Middle  Pile 0.9
L head point tip L
0.0 Ly s Ly 0.0

FE a6 HH
Fig.21. Maximum response siresses of the pile of linear

groung model normalized by those of non-linear
ground model.
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2 ONLOFRRET B0 7 —F ¥ /R & HAR - OBMEICY o 4 ¥ PERZESIL, CAICX-T, ZOE
TR BEERLEERICANLEFVEET>TVS,

P x o m m
1
1

Fig.22. Finite element mesh of the soil-piles-
structure system,
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No. 3171}, 2&MDFEAICIZ No. 1 & No. 5 ICZOHOMEEREEL, flico0 TR ER UM
HEREELTRTCHLTOS, UT, BREFAVEEFINGL, 2AHOEFVEEFING 2, 5FIK
DEFNEEFNGS EFERT LT D, WBEZENPORIBAEEL TS,

5.2 BROLERCHEYT R

3 ELERICRAIEES 2120 200gal, 117 gal jcfEE L7 El Centro (1940) @ NS & UD 4o
REBANCHT BEFING L, EFIG 2, EFIVG 5 OREHEES Fig. 23 1IKRk7. Kiz @) »5JEK
KFEF I OBKRNMGEE, HEE, BUBETHD, L5 A~T 3 Fig. 22 \ORLTH R AEZERT B,

Model G1 =w==--Model G2 -——-—— Model G3
0 20 40 60 o 6 20 0 102
0 100 200 A 0 0 ¢ A / A
st I 8
g Bis
| o
13 E}
F| 13
L o o
+ Hi H
L i .
s e N -
Jﬂ 100 200 JU 20 40 60 0 10 20 w020
Acceleration b) Velocity () Displacement (d) Displacenent
a) hecererats e ) P {em

Fig.23. Comparison of maximum response values between
Model G1, Model G2 and Model G5,
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KEZEMERLISDTHZ, COXMLHSHELS I, BHLHEICYT BIGERIZEFTING 5 E/N
T, BEFNGLHBREKRERZD, MHOABDODLBOFPEERBREDVSDELE TS, £ LT OE™IZ
MBI BT ACEREIFOEALIL>TH S,

Z LT, MBS ERSEEMBEAVTENMREAEL, ChICK > THIBRITS T 2B
ZHOISEA L HBRRETT 5. BHSROZHRICIINVL 205505, KL{BVLNEBDIRD 2 D dH
39,

(1) AEXZEICHT 2BMER
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TTiT, e: BHRIER, p¢ —EEMICHT 2 BMOKFEXRT, »: BROKEXHFNIERORETHRL
TfETH %,
i) ZEAricns 2RNHR

ZZIT, yo: —EAINCHT BEROERL, ¥ [—EAIXMOERK] 8249 6 B OFMT
53, L LEBOEARETIR—EATICHT RN SIUBHHOLM 2RO TN B0, L0 2REER
BETER, 22T, ZCTRRAEFEENICHOTENSRICHT 2BHEETI .

P :’g’_t; ...................................................................................................... 10)

ZZW, n: BLOWOAE, yo: —EANCHT BBAOEMNTH S, COERINE, BROZX
OWDSEAICHSTICH B LTER LTV B4R =1 &30, ZOFHNE L TOREELE A
T3CERL, SRTEREFAUEGOERELLE LEDBEIKE =1/n L1256, ZLT, —ficik
¢ R OHDEICH B EEZOND, BB OERICL FHERIRBHRELRTHIER (9 TEA NS
HREALbDELS,

Table 10 i LD 338D OEF 0D REICE Y BKLEMAEE LD TRT . RICIBEKRE (1 Hz, 200
gal) 27 —F ¥ 7 L EBBEDICAT UEAOREEMSRUTH S, £ LT Table 11 K ZOEZAY
TROLBHPE ¢ 27T RICIHET I/n OESGRLTH S, ChEOBIRHETIBNTE ¢
DfEiENFN 0.537, 0.237 THY, 0.5 BLU 0.2 ICHMETRS B, VFHd 0.5 BKT0.220E
SUBE LTORE, $0bb, —EANTIRBOTHERLD SEREIWNS S BRIHRIBFDLNS,
Lo LB BHEHETICBOTIE e DERENEN 0.5 .2XDE/NEVEEE>TVE, THbD,
BHEATTIBOTIZRRIFELTEY, ZOHE ORI UTHRZERT 20T E LTD
RSB REE LB DI LT, BMSANTIRBO TR M E—HICE - TEHLTHD, ok
DU, BRICHD STHED S DERIRAENS L LB E LTOHIRSRRIMHTERLE00
LEZOND, A5 TUAEBOREXOBROFBEESNKEL, Chdb—HEL - THAOEE
BhRAELH-TebDELELADOND, LHALIENS, COXIBHEFCELTREX LAMRINIICE

Table 10. Maximum horizontal response displacement at the pile head (cm).

\\Force Seismic Sinusoidal Static
Model ~_ (El Centro) (1Hz)
Model G1 10.1 2.55 7.93
Model G2 11.3 2.95 7.39
Model G5 12.7 2.68 6.70
Table 11. Comparison of effects of group of piles between in case of dynamic
analyses and in case of static analyses.
e 1
) Model G1/Model G2 0. 447 0.432 0.537 0. 500
Model G1/Model G5 0.159 0.190 0.237 0. 200
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