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Q Proceedings: First International Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil
Dynamics, April 26 - May 3, 1981, St. Louis, Missouri

Scale Modelling of Soil Structure Interaction during
Earthquakes Using a Programmed Series of Explosions
during Centrifugation

A, Zelikson

Laboratoire De Mecanique des Solides, Ecole Polytechnique, Palalseau, France

B. Devaure and D. Badel
Commissariat a I'Energie Atomique, C.E.S.T.A,, Le Barp, France

ABSTRACT Scale models of Nuclear Power plants were constructed to study soil structure interaction
during Earthguakes. The centrifuge of the C.E.S.T.A, Center near Bordeaux, France, was used to simu-
late gravity at 100 g (length scale 1 : 100) on a 1000 kg net weight of soil and structure.

The Earthguake was simulated by a surface wave created by a programmed series of small explosions
suitably modified so that the free field signals of horizontal and vertical accelerometers had
spectra resembling those of real Earthquakes according to similitude laws.

The problem of echoes and suitability of a confined structure was studied without models of struc-
tures. In tests including models of structures movements and stresses in the soil and in the struc-
ture were measured using transducers of acceleration displacement pressure and deformation. The
overall stability was studied.

INTRODUCTION SIMILITUDE

This paper presents a new method for scale mo- In non linear cases material, stress (o) and
delling of so0il structure interaction during stralg (5} 5231§5 have to be conserved giving
earthquakes the main characteristics of which 1 = g e’ = (v } ;.= ) eyt = e T wy
are : = a*= (+") -1 ; g = ¢*-1 (v material velocity,
The soil in situ is utilised in the model. a accelaration, g gravity, p density, t time,
Stress scale is conserved and gravity is repre- ¢ length). The condition q’ = ¢-1 jg fulfilled
sented by a centrifugal acceleration. by utilizing a centrifugal acceleration.
Surface waves propagating along the soil sample

are created by a gerles of programmed explosions FREE FIELD INSTALLATIONS

suitably modified by filters as to have a cho- The maximum capacity of the centrifuge (at

sen spectrum of free field accelerations accor- g = 100) was 1 000 kg, for confining cell,
ding to similarity rules,. structural model, soil, and for the shock gene=-
Quite a number of centrifugal tests of these rator. Accordingly, the installation was built
models have been carried out, the structure re- of Al. About 50 kg of Al were allocated to the
presented being an existing nuclear power sta- air blast modification chamber which included :
tion, proving the validity of the proposed me- 1) an isolating and supporting plate having 10
thod besides giving many useful results concer- emplacements for explosive charges of 1-5 g ;
ning soil structure interaction. However space 2) accoustical resonating cavities ;

in this compact paper does not allow going into 3) mechanical resonating systems of springs and
details, which are left for oral discussions metal plates. The air nressure was applied to
and for publication elsewhere. the vertical face of the soil through a rubber
The research work is the result of a concerted membrane. The blast chamber is foremost in fig.l
action between the Centre d'Etudes Scientifiques which shows the whole model fixed at the end of
et Techniques de 1'Aguitaine (S.E.S.T.A.) of the centrifuge's arm.

the Commissariat 3 1'Energie Atomique, and of
the Laboratoire de Mécanique des Scolides (LMS)
de 1'Ecole Polytechnigque, which stemmed from a
previous programme on the stability of under-
ground cavities subject to shocks carried out
at the C.E,.5.T.A. by the LMS (ZELIKSON, 1975,
1977, -1978)..

The tests were carried out on the 10 m centri-
fuge of CESTA by CESTA staff who also carried
out the preliminary tests and preparations and Figqure 1
built the necessary equipment. The details of
this work are described in DEVAURE (1980).
(Remark : Usually results are presented in the
transformed "in situ" scale. The index m,
designing model, will be added only where confu—
sion is possible. The scale Ap/A is called b Vg B

36l



362

10 g of explosives are enough to create an earth
quake of maximum acceleration of eguivalent to
20 m s7<¢ (2 g) in situ.

The confining cell had a length of 1,3 m, a
depth of 0,4 m and a width of 0,8 m, tapering at
the end towards the blast chamber. This arran-
gement was sufficient to create a field of acce-
leration uniform through the width at the main
part of the cell, in the middle of which was
placed the structural model.

The whole cell including the blast chamber has a
mass of 240 kg, leaving about 750 kg for the
saturated soil.

Firing was initiated by discharge of capacitors
placed on the centrifuge's arm, acting on signals
transmitted from programmed clock system.

The soil was Fontainebleau sand, a fine grain
reference sand in France of uniform granulometry.
It was placed by free dropping from a controlled
hight to a density of 1.52 g/cm” -a medium com-
paction-. (An addition of 5-10 % of ground sand
filler is currently used to reduce permeability
by the length scale, in tests for liquefaction.
This however was not done in these series).
Saturation was carried out first by a very small
water flow, and then by centrifugation before
the test, which makes bubbles 100 times lighter.

STRUCTURAL MODEL

For soil structure interaction the pertinent 3
degrees of freedom of rigid motion were chosen.
The rigid Al model had to represent a structure
having the following features : base diameter
38.8 m, hight of mass center, G, 22.5 m above
the base, mass 52 250 ton, moment of inerty
around G of 23,900,000 t m2., It was chosen to
represent a similar structure, reducing lengths
by 2/3, The similaritx between thoge strgctures
ig : g = ’ =1, ¢ =47 =2/
g§ =1 = VQ = t* =ngl/2 = 0.8 .

The model had the following features :
hight 0,3 m with symmetrically distributed
masses, base diameter 0.26 m, mass 15,3 kg,
inerty moment 0.315 kg m?.

TRANSDUCERS

Accelerometers in the soil were Endeveco Picomin,
of 0,14 g mass, fixed on 0.7/0.5/0.1 cm, plastic
plates acting as antennes and by mobilising a
mass of soil many times the mass of the transdu-
cer minimizing perturbation. (The cable is very
thin). On the structure, larger ones were fixed.
Displacement relative to the cell was measured
by capacity transducers. Total pressure along
the base of the structure was measured by pla-
cing straingauges on membranes flush with the
base. Total stresses in the soil were measured
by units of 3 miniature normal stress transdu-
cers fixed on Al prisms 0.7/0.7/0.5 cm.

Pore water pressure :

Miniature transducers were placed within a small
volume of sand, inside a rubber poach. They

were carefully saturated and tested in the labo-
ratory, then placed in the model's soil.
Allowing only the very minimum of flow, they
measure static pore pressure normally, and dyna-
mic pore pressure in undrained conditions. They
use thus acting as liquefaction indicators.

FEASIBILITY PROBLEMS

1) Echoes :

Reflections from the walls only are considered
as perturbations violating the conditions of
infinite horizontal dimensions. Echoes were ex-
tensively studied "on the ground" in a

substitute cell, where the soil's surface was
covered by a Latex membrane, and soil rigidified
by vacuum. A falling mass, so studied as to give
a signal of 1000 m s~2 amplitude and 0.4 ms
duration, was used to determine the echoes'
amplitudes and also to measure the attenuation
as a function of the distance from the source
DEVAURE [1]). It was found that echoes could
safely be neglected in a zone of 0.25 m diameter
at the middle of the cell. The suitability of
the cell's size was further checked by compa -
ring measured "earthquake" structural model
movements to those calculated on the basis of
half space theories. The attenuation of free
field and of the structure's motions after a
single shot gave a further check.

2)

Pseudo-velocity acceleration spectra of free
field signals were compared according to scaling
rules to réal earthquakes (Fig. 2). Both single
shots and series of shots compare well with
actual earthquakes, both in amplitude and in
frequency. Another comparison is made by calcu-
lating the response of the model to a scaled
down real signal and comparing with measured
accelerations on the model. The conclusion is
that the signal correctly represents real
earthquakes.

3)

4) The signal to noise ratio under water of all
the transducers is satisfactory, and the whole
gives meaningful and comparable results.

Earthquake generated :

Results of repeated tests are very similar.

In conclusion,

the method is proved.
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CALCULATION

Calculation was carried out for the model as-
suming a rigid motion of vertical and rocking
vibrations of a structure based on the soil's
surface, and replacing the soil by lumped para-
meters, calculated by the usual formulag based
on a measured wave velocity of 300 m/s. The
variables are Zy, Zp respectively the vertical
and horizontal displacements of the mass cen-
ter relative to the soil and Z4 = 0.15%, ¢
being the rotation. The forcing term was the
vertical and horizontal free field accelera-
tions measured at the future location of the

model. The equation is :
z. 2250 0 o[z 1"
v v
ZulFl O 1380 1380 Zy
Zy 0 1500 1760} | 24
. 6.15 0 0 z, - Yy
+10 0 5.5 5.5 241 = - Yy
0 5.96 9.39]z 0
?]

The free field of Fig. 4 was used to calculate
the results presented in Fig. 5 and 6. Such
calculations are very useful in testing the
effect of echoes and in comparing the influ-
ence free field signals in the model and

in situ.

RESULTS

Some results from a simple shot of high inten-
sity the free field of which is given in

fig. 7, are shown in fig. 8,9. It is interes-—
ting to note that pore pressures follow the
pressures caused by the structure motion .

The amplitude of pore pressure variations shows
that liquefaction is possible if not probable.
Generally, the soil was compacted by the struc-
ture after each shot. The in~-situ values are
10-20 cm for the tremor of fig. 7 and ten times
smaller in single and multiple shocks of

about 1.5 ms™“ maximum acceleration.
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