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SUMMARY

Extensive large scale experimental investigations on a shaking table
were carried out in order to determine the dynamic earth pressures on
symmetrical and non-symmetrical embedded structures caused by seismic
excitation. The dynamic earth pressure is split in two parts: an elastic
oscillating part and a plastic part - the sum of both in addition to the
static initial stresses leads to the total dynamic earth pressure. Numeri-
cal investigations with FE calculations were carried out for verification
of experimental data of the elastic part and to study dynamic soil Struc-
ture interaction, especially kinematic interaction.

INTRODUCTION

Investigations of earthquake effects on structures have to consider
the dynamic earth pressure problem. Determination of its characteristics,
amount and distribution is necessary using it for input data in a dynamic
analysis regarding a safety and economic design. For practical purposes,
dynamic earth pressures are often calculated by the quasi-static method
developed by MONONOBE/OKABE (1) for design of retaining structures
(plastic solution). Considering basement walls during earthquakes there
is no certain movement of the wall to produce a state of plastic equili-
brium behind the wall. In addition, occasional failures of structures
designed by that method show that it's not as conservative as is often
supposed. Basic papers regarding the dynamic earth pressure problem were
presented by SEED/WHITMAN (2), NAZARIAN/HADJIAN (3) and WHITMAN (4).
KAUSEL et al (5) consider the seismically induced sliding of massive
structures with special emphasis on dynamic structure characteristics and
interaction of soil-structure. To clarify the physical phenomenon of
dynamic earth pressure in terms of its static and dynamic components as
well as its influence on the response of structures extensive large scale
experimental investigations on a shaking table have been carried out.
Beside verification of experimental results like distributions of
pressures and response of structures with Finite Element calculations,
interaction effects are illustrated.
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EXPERIMENTAL INVESTIGATIONS

Tests have been carried out at the test area of the "Grundbau-Insti-
tut", Technical University Berlin using a large shaking table (8,0x2,0 m)
which is moved horizontally by an 100 kN actuator of a hydraulic pulse
plant. To study the influence of different parameters a harmonic base
excitation was chosen. Fig. 1 shows the test equipment for an unsymmetri-
cally embedded model structure. Fig. 2 presents the investigated models,
allowing interaction between structure and surrounding soil. Recorded test
data are stresses, displacements and accelerations - the former are mea-
sured in the interface structure - soil by piezoresistive stress trans-
ducers and the latter are registrated from the model structure as well as
from the soil layer (base acceleration up to free field motion). The sand
has a high relative density (D = 90 %) an angle of internal friction of
¢ = 45°, dgo = 0,2 mm, p = 1,65 kN s?/m4, U = 1,68, vg = 134 m/s,

G = 30.000 kN/m* and v = 0,33. Test parameters are frequency, amplitude
and duration of excitation. For more detailed informations about test
field and test procedure see (Ref. 6, 7, 8).
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Fig. 2: Investigated is
models

NUMERICAL INVESTIGATIONS

The numerical model is based on the FE-Method. A computer program
system "DYBAST" (Ref. 9) was developed at the TU Berlin for calculation of
dyqamlc behavior of two - and three dimensional soil structure problems.
This system uses transmitting boundaries for simulation of energy radia-
tion. Fig. 3 shows a typical FE-model including three typs of elements:
beams e}ements for the structure, elastic plane strain elements for soil
and semifinite layer elements for transmitting boundaries (Ref. 10, 11)
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All calculations assume linear Lt
elastic behavior of the soil and a
nearly rigid structure. The dynamic
load is defined as the base motion H
at the bottom (rock). Calculations i
are in the frequency domain. __________%___

T
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RESULTS | Vi

The response of the FE-model ;
(see fig. 3) was investigated for %
different embedment ratios of the Tgexp liQN)
structure and several frequencies.
Fig. 4 shows for example plots of Fig. 3: Finite Element model
displacements versus time (model A:
Hg/Hs = 0,5) for the.frequency .
Q=32 (a-= 2“).The experimental response
behavior oflmzﬁel B is shown in fig. 5. Dis- t=20
placement amplitude is of oscillating charac- EEEEEEET———r—
teristic analogous to the harmonic excitation B0 ==
(f = 6 Hz, Ug = 1,5 m/sec*) with a slight ESS=s=====ccc=mes
decrease over time. The significant "stop" ‘ ===t
during change of movement from direction A ===
to B follows the peak acceleration value of — i
the shaking table. At t = 0,2 sec the dis-
placement amplitude has a value ob up =
2,46 mm. Also the course of horizontal —
stresses on both sides of the model struc- 1
ture is of oscillatory nature. During t= 5T
movement of the model towards the back- =
fill (side A) pressure developments of :
both pressure meters in the interfaces
are similar except for a slight retarded
course of P 2. An analysis at t = 0,2 sec
gives a retarded increase of both pressure
meters during the structure moves outwards
until its vertical position of the model
structure is reached. With further move- t=T/2 "
ment in this direction (to side B) the :
increase of pressure becomes stronger i
especially for P 1. With time this in-
crease becomes smaller for P 1 and
slightly stronger for P 2. This increa-
sing pressure amplitude follows the
outward movement of the structure and this
leads to a decrease of dynamic earth
pressure at side A. Measured dynamic earth
pressure consists of three significant
parts: 1) static initial stress e;
2) elastic dynamic part €S and 3) plastic
dynamic part aeS. Distribution of the two

T
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Fig. 4 Model A-response
over time
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dynamic parts resulting from expe-
rimental investigations in the
interfaces between model structure
and surrounding soil are presented
in fig. 6 as well as numerically
calculated horizontal stresses for
the elastic part &S (Ref. 9). The
aim of the analysis is the verifi-
cation of the stationary elastic
part &S, The Finite Element model
used represents the test data and
parameters. In the corners of the
model base a partly plastic state
of soil is regarded as well as a
reduced base friction. This non-
linear problem was solved by a
process of linear iterations in
which shear-modulus was updated
succesive to the corresponding
nonlinear stress - strain rela-
tion. Though the characteristic
of the pressure distribution are
verified quite well the values
itself show a difference factor
of 2,0 except near the base. The
smaller experimental stress eS

of model A (in comparison with
those of model B) are verified

by an analogous FE-model with a
homogeneous soil layer. It
should be outlined, that the
plastic part of dynamic earth
pressure (aeS) for model A is
approximatly zero. This indi-
cates a nearly elastic behavior
of the surrounding soil for ex-
citation levels applied. Fig. 7a
shows the horizontal transfer
function ug (relative to the
base) for point P (center point)
of model A. Parameter is the em-
bedment ratio of the rigid struc-
ture. Dimensionless frequency
parameter is the ratio of layer
depth Hg to the wave number k =

;ﬁ. Putting the resonance fre-
quency of the layer wj in the
relation to Hy = Hs:@ with vs =

shear wave velocily, one get the
dimensionless resonance locations
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Fig. 5: Model B - displacement and
pressure developments

684



Ae1YH 0,5

0.5 Ae%ryH

&s/y-H SIDE®

D =

AN\ ;

i
)

\

\

//

=z —
N

AH
®
®

B4—t

BOTTOM
T 10—
-—

Ug

a) model B

Fig. 6: Comparison of horizontal stresses

(dynamic part)

(Hot = 1,575 Ho2 = 4,71

(SN

. 1
Hoj = 7
Ho3 =7

25)

)

Internal damping ratio g is chosen to
5 percent. The depth of embedment has

a strong influence on the resonance
development. The first location of

resonance at Hgq = 1,75 shows an ex-

cessive singularity while the reso-
nant amplitudes at Hy» and H,3 are
strongly damped. The second

The excessive amplitude-course at
Hoq for all embedment ratios shows
that the damping effect due to loss
of energy over time appears for
higher Hy-values only. It follows
that below the first eigenfrequen-
cy no geometric energy absorbing
occurs. A study of an equivalent
damping matrix for the trans-
mitting boundaries shows that the
values of the damping matrices are
nearly zero. Hence there is no
significant interaction between
structure and soil for the in-
vestigated ratios below Hyq. For
higher Hy-values influence of
interaction increases as well as
geometrical damping. This follow
clearly from fig. 7.
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Fig. 7b shows the transfer-function for

i model B with similar characteristics like

SkY

it's at H

for the ratio Hg/H

for model A. The locations of resonance
i change due to asymmetric embedment. With
e increasing ration Hp/Hg the resonance

: locations of different layer depths

i ] SR affect each other. For side A this loca-
SE=E=s sse=Z2 SN tion his at Hyj = 1 J while for side B

*

i= Ho s -
OF oI T=T/2Hg /Hy
= 0,75 the first

Hence follows

resonance location”of the right layer at

H*

= 2,5. For this case there is a

coupled vibration of both layers. This

Fig. 8: Model A - real parts of
displacement fields

3,0. For the ratio Hg/Hg = 0,25 there is
no influence on the resonance locations
for different embedments on both sides of
the structure. Hence the locations are
equal to model A. Fig. 8 presents the
real parts of the displacement fields
for the first, second and third eigen-
frequency of the soil layer for model A.
This correspond with the discussed loca-
tions of resonance in fig. 7. For fre-
quency o = 18 the displacement field is
approximately identical to the free
field motion, as the structure has nearly
no influence on response. For w = 49 and
w = 82 interaction effects are signifi-
cant regarding the smaler wave lengths

of the vertical propagating shear waves.
Fig. 9 represents the kinematic inter-
action for different embedment rat&os
for both models. The real part of R

g
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follows from fig 7b where the undisturbed
resonance locations of the left and right
layer lie in the range of Hy = 1,0 ./.

is indicated as f, and the imagi-
nary part as f,. All figures show
the dominant iﬁfluence of the
first layer resonance frequency.
This means that in the mathematical
model "kinematical interaction" is
fairly good represented by the
free field model (see Ref. 12).

As outlined kinematic interaction
becomes more importend for higher
frequencies and increasing embed-
ment ratio. For this reason it's
more difficult to formulate an
approximation of the complex
transfer functions in the higher
frequency range.
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