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ABSTRACT

Because of its high strength, great bearing capacity and fine durability, pile
foundations have been widely used in civil construction engineering such as high
buildings, large workshops, hydraulic power stations, railways, highwa.y rf.:rads, b{idges,
offshore platforms and nuclear power plants. However the. dynamic interaction of
pile-soil-structure system is very complex and there are some issues that have not been
well solved in engineering practice. An intensive study is required for consideration on
dynamic pile-soil-structure interaction effect 1 the analysis and desigg of
pile-supported structures. Therefore the simplified and yet rational computationfﬂ
method and mechanical model for representation of lateral and vertical dynamic
impedance function of piles, numerical method for evaluating dynamic response
behavior of the interaction system of single pile or pile group and superstructure are
mainly concerned in this dissertation. The main research and results involved in the
dissertation includes the following parts.

. As one of the key issues in the study of dynamic behavior of pile-supported
structures by the substructure method, the dynamic impedance of pile foundation should
be rationally evaluated for considering the effect of soil-pile dynamic interaction. In this
dissertation, based on a certain assumptions and the improved dynamic model of
beam-on-Winkler’s foundation, a simplified mechanical model for computing the lateral
and vertical dynamic impedance of single pile embedded in layered soils is established
by using the principle of soil dynamics and structural dynamics. The softening effect of
soils around pile during vibration and non-homogeneity of soil strata as well as the
discontinuous behavior such as the de-bonding and relative slippage along pile-soil
interface are simultaneously taken into account. It is shown through comparative study
for a given example that the dynamic impedance of single pile numerically computed by
the proposed method are relatively rational and can well agree with the computational
and experimental results currently available. Finally the parametric studies are made for
a wide ranges of main varied parameters involved to examine the effect of the softening
area and softening degree of soils around pile, the contact conditions of pile-soil
interface, the slenderness ratio of pile and the pile-soil stiffness ratio on dynamic
impedances of single pile embedded in layered non-homogeneous soils.

2. The dynamic response characteristics of single pile is one of the most important
aspects in the study of dynamic pile-soil-structure interaction. In this dissertation,
considering the softening effect of soils around pile and the non- homogeneity of soil
strata simultaneously, a simplified analytical method for computing the lateral and
vertical dynamic response characteristics of single pile to harmonic excitation is
established. It is shown through the illustrative studies on a given example that the
dynamic response of single pile numerically computed by the proposed method are
rather reasonable and can well agree with the numerical solutions gained from finite
element analysis by using well-known software. Finally the parametric studies are made
for a wide range of main varied parameters to examine the effects of the softening area
and softening degree of soils around pile, the mechanical conditions of soil strata, the
slenderness ratio of pile and the pile-soil stiffness ratio on dynamic response
characteristics of single pile embedded in non-homogeneous layered soils to harmonic
loading with different excitation frequencies.

3. In engineering practice, pile group is a widely applied form of pile foundation.
Since the pile-soil-piie interaction effect should be taken into account for pile group, the
dynamic response characteristics of pile group are much more complex than that of
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single pile. Based on the definition and solving procedures of dynamic interact@on
coefficient and a certain assumptions, lateral and vertical dynamic interaction
coefficients of two piles are computed. Also the effects of the ratio of distance between
two piles to pile diameter, the angle between the line linking two piles and the
orientation of loading, the pile-soil stiffness ratio and the slendemess ratio of pile on
lateral and vertical interaction coefficients are studied systematically. Then lateral and
vertical dynamic response characteristics of pile group are analyzed by using the
superpose principle. The displacement and the dynamic impedance of pile group as well
as the loads respectively shared by each single pile among pile group are obtained.
Finally two types of pile group with 2X2 and 3 X3 piles are analyzed.

4. The dynamic response of pile-soil-structure system can be solved effectively in
frequency domain if the system is linear. For nonlinear system, however, it will become
very complex and difficult to directly analyze the pile-soil-structure interaction in time
domain by using the frequency-dependent dynamic impedance. In order to consider the
interaction effect and frequency-dependent nature of dynamic impedances, an improved
dynamic Winkler’s model is developed. In this lumped-parameter mechanical model, a
series of springs, dashpots and masses are combined together in a certain form that can
reproduce the frequency-dependant characteristics of dynamic impedances. The relevant
parameters of all physical elements involved in the model are determined by
least-square method. Therefore dynamic impedances of pile foundation can be
simulated by the combination of these physical elements. Accordingly the improved
dynamic Winkler’s model will be easily incorporated in the dynamic equations of the
super-structure and time-domain analysis can be operated for the nonlinear system.

5. The study on earthquake-resistant behavior of pile-soil-structure interaction
system 1s a relatively complicated and primarily important issue in civil engineering
practice. Based on the above investigations, the substructure method for seismic
response analysis of pile-soil-structure system- is presented in this dissertation. At the
same time, a computational model and procedure based on the finite element method for
pile-supported structures, which can duly consider the pile-soil interaction effect is
illustrated. And a FEM computer program for analyzing the seismic response
characteristics of pile-soil-structure interaction system is developed in the framework of
current software in which numerical nonlinear analysis in the time-domain is
implemented. Then comparative studies are performed for an engineering example and
numerical results are computed respectively by the global finite element method and the
substructure method given in the thesis. Through comparative analysis, it is shown that
the results computed by the substructure method can well agree with the computational
results achieved by the finite element method. Simultaneously, the peak lateral
acceleration amplification factors, the peak lateral relative displacements and the
acceleration response spectra of typical nodes of the pile-soil-structure interaction
system excited by three different input earthquakes are obtained. Furthermore, the effect
of amplitudes of input earthquake on the acceleration and the displacement time
histories, the peak lateral acceleration amplification factors, the peak lateral relative
displacements of the pile-supported structures and the internal forces of the typical
sections are examined. All these numerical results and findings will offer an instructive

guideline for earthquake-resistant analysis and engineering design of the pile-supported
structures in practice.

Key Words: pile-soil-structure system; dynamic interaction; single pile; pile group;
non-homogeneous soil strata; softening effect; dynamic response
characteristics; dynamic impedance; relative separation,; relative slippage;
dynamic Winkler’s model; finite element analysis
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Fig. 1.1 The main failure modes of pile foundations under seismic loading
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. :(zn——l)nvs, (n=1,2,3,)

" 2H
AP WENER, HALERE, o, ABUASLENAREE, K ()Ne8
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AT XIAE  BANREZRYEAE, {(v)=[c, D E F]'. 7( )42
P 2R B0 HEAE I

L Lin {s Lia
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— 1, 1 Lis — Iy
L (t” +rr‘2) (tr'2 “rfl) Ly — 1 Ly +1, i
Hop
ty=e’"sinfz, t,=e"cosfz,, ty=e’"sinfz,, t,=e'"cosfz
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PINAEH RBRGYEBJE EE, v 2 LR BT UIi HiB i

MNTEGIGER &K, BRREUENT TS EBE T a3
IR RER SRR MU R, RN, BT RIEAXFENERENSENE, 2/

e e ————————
']9'




KB Ik FHEFARL
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BB Rt AT TR A4 .

F S RAREN LY 34
Tab.2.1 The characteristic parameters of soils

t P E D,=D, vy

LERE - ARR /m fem® g /MPa /% s
¥—F 1.7 1.75 0.30 50 8.00 85

gy 4.6 1.88 0.35 76 6.00 94

gaih i B=E 6.4 1.96 0.35 9 5.00 156
BIE 33 213 0.40 212 0.20 238

BHE 10.0 2.35 0.45 294 0.15 283

BB 17 1.83 0.40 87 5.00 165

BoE 46 1.92 0.45 106 4.00 134

AME L B=R 6.4 2.06 045 134 3.00 232
BHE 3.3 2.24 0.47 273 0.06 324

BLE 10.0 243 0.50 357 0.04 357
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P, ‘ P, ‘

/ -—U —II-U
F, ‘ P ‘

/ -'-U .-U

B 7.4 Novak ARB 647§ ~ (548 % &
Fig. 7.4 The load-displacement relationship of Novak's mode!

7.2.1.3 Nogami # &

Nogami #1177 L& /£ & Matlock #ZY 1 Novak BB 424 1l 7.5 Fi 7,
EFRERY G S B T R G A T B S A AR, o, i RIGH R M E L
FRERAR, ERUEMBESEIOHE T ES Matlock BEARR, Bl A0t
BB E, FERARERPHSN, RHETHHRTLEE. B
as MEEF R BHRAR, FARBEHEG T3 HER. AT cEREg T
Matlock #R%, fr L Nogami # AT 15 B T 7R 5 A WIEIE SR 1950 45 5 5 Matlock

m

lggi




KB I A FHEFHELL

e el —
—————

R AHIT

Nogami BB &% T Matlock fEAYHT Novak BB B KA FE, BEAT LIRS
T HFELR M, el BES s P, HiZEEREE R — + R E A4
X} 43 B FAE X 1B B RN LA K& 1 R ) B D) AR .

M
. _% o——@

SR Ei limsiL; by

— MW/ —WW—/ — AW

o i

T 1
-

TR A

H

B 7.5 Nogami A%
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Fig.7.6 The nonlinear dynamic Winkler s model proposed by Matlock

7.2.2.2 Mitwally 3k &4 30 7 Winkler 425!

W AT B AR T AR RSN RN R R R T — SRR A A . h i,
Mitwally A Novak $1 32K & 7] B30 S WA o) SR T —Fh ek o ak — + 48
HAFRIEh) Winkler #AY, W 7.7 FiR. XFEEOEEEE + A Rk 9 bt A 55
WL DA P B M B AT R, S SRR s o Eh — +
S FIAERS M B

Mitwally 3Rk 25l /) Winkler AV AT DUERI FE E AT 8RR Tk — - RE R E
B WA A LB BB IR S e, R A RS
ZEIIAERO LTS8, FFEFEITENA.

7.2.2.3 Nogami 3 %% 30 7 Winkler #£ %

AT - EHEEARER LS I, Nogami 34 HyNREHH
Winkler 1 S ARAY [F) i QLIS TSR R RIS R B 2B 4>, il 7.8 Fior, mipim
5% 34 Nogami ARZUARALL, B 5 4R S0 3% O 3055 FIRE JB 98 40 5%, S S AR AU ) py ave 25
HEEE A TR .

Nogami JFLLPERTI3) 7 Winkler AR 8, G ERGSER 7B
HOUERL, AR A L EEMIT . B — + REEACB &M T i

R BIHIANT 7 8 UL R T8 R A9 24T s 0on,
—— e e

* 161 -

Hl'-




X1 k¥

| ~

-~

a3
—% .::Lﬁ
T #
.
-

o #

~<

B 7.7 Mitwally 4 £ 3) /7 Winkler &%
Fig.7.7 The nonlinear dynamic Winkler s model proposed by Mitwally
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Fig. 7.8 The nonlinear dynamic Winkler s model proposed by Nogami
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Fig.7.9 The nonlinear dynamic Winkler s model proposed by Naggar
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Fig.7.10 The nonlinear dynamic Winkler s model proposed by Otani
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Fig.7.11 The nonlinear dynamic Winkler s model proposed by Rojas
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Fig. 7.12 The sketchy representation of nonlinear dynamic Winkler s model proposed by author
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Fig 8.1 The sketchy diagram for whole analysis of dynamic pile-soil-structure interaction system
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