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1 INTRODUCTION 

Soils in nature are generally heterogeneous, com-
posed by different fractions and organized in a varie-
ty of geometrical configurations as result of the geo-
logical evolutions of a specific site. In physical 
modelling activities for geotechnical purposes a 
simplification of the site conditions is necessary and 
generally the soil is considered homogeneous. This 
simplification is justified when working on soil-
structure-interaction problems for a better under-
standing of the studied phenomenon. On the oppo-
site in wave propagation studies the role of multi-
layer soils is not negligible since they can give origin 
to signal amplifications, modifications in the fre-
quency content, differences in shear strain along the 
soil column, triggering of coseismic effects.  

Geotechnical centrifuge test are particularly indi-
cated to perform parametric studies on wave propa-
gation by considering different source types and po-
sitions: a punctual source on soil surface (Semblat & 
Luong, 1998; Itho et al., 2003); a punctual source in-
ternal to the model (Weissman & Prevost, 1989); a 
source located at model basis (Li et al., 2013).  

Centrifuge studies on multilayer soils have been 
used to study liquefaction triggering (Manzari et al., 
1994). Literature reports tests on sand with different 
relative density or clay at different consistency 
(Rayhani & El Naggar, 2007, 2008) as well as tests 

on sand and silt layers (Lee et al., 2014; Han et al., 
2016). 

In this study dynamic centrifuge tests on multi-
layer soil columns composed by sand and clay with 
different thickness and on a homogeneous sand col-
umn have been carried out. This paper describes the 
setup procedure used to create multilayer columns 
and tests results in terms of wave propagation and 
coseismic effects. 

2 CENTRIFUGE TESTS 

Three centrifuge tests have been conducted at the 
geotechnical centrifuge of IFSTTAR (Nantes). It’s a 
200g-ton beam centrifuge with 5.5m of radius. The 
centrifuge acceleration applied for these tests is 55g 
so to reproduce a soil column of about 20 m with 36 
cm at model scale. The IFSTTAR centrifuge in its 
dynamic configuration is equipped with a 1D-
horizontal shaking table that can apply multifre-
quency signals with a maximum acceleration of 0.5 
g to models up to 400 kg of mass. The Equivalent 
Shear Beam (ESB) container used for the tests is 
composed by 14 aluminum frames connected by 
rubber sheet for a total height of 41 cm. This type of 
container allows applying free field side boundary 
conditions to models. All soil columns are saturated. 
A total of 12 openings spread in the ESB bottom 
plate allow the saturation liquid to seep into the soil 
massif. The three soil columns are composed as fol 
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Figure 1. Sketches of the three soil columns tested. 

 
lows (Figure 1): column 1 is a homogeneous sand 
column of 36 cm; column 2 is composed from bot-
tom to top by 13.5 cm of sand, 9 cm of clay, 13.5 cm 
of sand; column 3 is composed by 13.5 cm of sand, 
18 cm of clay, 4.5 cm of sand. An array of 5 accel-
erometers is installed in the center of the models so 
to measure the signal propagation sufficiently far 
from side boundaries. The accelerometers are dis-
posed to measure horizontal acceleration on the 
shaking direction. The sand used in all the soil col-
umns is the Fontainebleau silica sand NE34, which 
granulometry can be described by the following pa-
rameters: D50=0.22 mm; D10=0.14 mm; CU=1.6. 
The minimum and maximum dry unit weights are 
13.93 kN/m3 and 16.78 kN/m3 respectively. The  
 

Figure 2 Clay layer setup in multilayer columns. 

 
clay layers are composed by Speswhite kaolin clay, 
Specific gravity 2.6. 

Column 1 has been prepared by air pluviation, 
tuning the pluviation to obtain a relative density of 
57% corresponding to a unit weight value of 15.42 
kN/m

3
. The pluviation has been stopped at different 

levels to install the accelerometers. The preparation 
of multilayers 2 and 3 followed a multistep proce-
dure. First the bottom sand level is prepared by the 
same procedure used for column 1, at the same value 
of relative density. The clay levels have been pre-
pared separately by consolidating clay in an external 
container under oedometric conditions and with the 
drainage allowed at the top and bottom faces. Clay is 
mixed with water in order to obtain slurry with water 
content of 70% and then consolidated by applying a 
ramp of increasing vertical stress up to 300 kPa. The 
clay layer is cut according to the dimensions of the 
ESB container, transferred by a suction system and 
deposed on the top surface of sand (Figure 2). The 
dimensions of clay layer are slightly smaller than the 
ESB so to allow the installation. The space between 
the clay layer and the ESB side is then filled by clay 
slices cut in the consolidation container. The second 
sand layer is then pluviated directly on clay and 
stopped at each level corresponding to a monitoring 
point.  

 The saturation has been carried out by the 
IFSTTAR saturation system (Figure 3) that allows a 
bottom to top seep of the viscous saturation fluid 
controlled by the hydraulic charge difference only. 
The viscous fluid is a mix of water and HPMC with 
a dynamic viscosity of 55 cSt. The upper sand layer 
is connected to the saturation system by a vertical 
pipe; a rectangular shaped pipe allows then a bottom 
to top saturation of this level. 

Figure 3. Saturation device. 



During the tests the soil models have been sub-
jected to in-flight consolidation: column 1 has been 
submitted to 3 cycles of 5 minutes each of consolida-
tion at 55g; columns 2 and 3 have been submitted to 
a consolidation of about 6 hours at 55g. Settlement 
has been monitored by displacement sensors and 
consolidation has been followed applying the 
Asaoka’s method (1978). 

The earthquake signal used for the tests is derived 
by the Irpinia Earthquake (1980, Italy) and it has 
been attenuated to a PGA of 0.05g. The choice of 
this signal is based on two factors: its frequency con-
tent is representative of an earthquake that could af-
fect a European city and its low PGA is dimensioned 
to be representative of large areas of sedimentary ba-
sins, according to the European Seismic Hazard Map 
(Giardini et al., 2013). These areas are often includ-
ed in the low seismicity zones, moreover a planar 
stratification is justified since basin effects or topo-
graphic effects on wave propagation can be exclud-
ed. 

3 RESULTS 

Results of tests on columns 1, 2, 3 are shown in 
figures 4, 5 and 6 respectively. Data are plotted at 
prototype scale for the six accelerometers inside 
each model.  

Figure 4. Signal propagation in column 1 

 
Time histories and frequency content have been 

considered. Pore pressure sensors have also been in-
stalled, but a problem on the calibration procedure 
made data not completely reliable, so they have not 
been considered.  A synoptic analysis of results for 
the three columns can allow drawing some observa-
tions: 

 On column 1 the signal is amplified for fre-
quencies of about 3 Hz. This is coherent with 
the natural frequency of a sand soil column 
of about 20 m. 

 Signal amplification in column 2 can be de-
tected at sensors 2-C and 2-D, those that are  

Figure 5. Signal propagation in column 2. 

 
in the clay level. This amplification is larger 
than the amplification of the corresponding 
sensors in column 1. The same effect on the 
same sensors can be observed on column 3 
for the corresponding sensors 3-C and 3-D. 

 In the upper sand level of column 2 the signal 
is completely lost during shaking. This is 
probably due to liquefaction l.s. phenomena 
occurred in this layer. Liquefaction starts at 
the top level and propagates downward, the 
reason can be found in the hydraulic bounda-
ry conditions. 

 Some amplification of low frequencies can be 
detected in column C in the upper portion of 
clay layer (sensor 3D). 

 In column 3 the amplification at 3 Hz is less 
evident. 

 The phenomenon of liquefaction is absent in 
the upper sand layer of column 3. This thin 
layer indeed is almost completely contained 
in a single frame of the ESB box. Shear 
strain is artificially reduced and this layer is 
not under free field boundary conditions. 

Figure 6. Signal propagation in column 3. 

 



4 CONCLUSIONS 

This study shows that centrifuge tests can be use-
ful to study wave propagation and associated phe-
nomena on multilayer soil columns. An original set-
up method is presented. The advantages of this 
method are that the clay layer is already preconsoli-
dated before being submitted to the artificial gravity; 
the time for in-flight consolidation is reduced in 
comparison with a clay layer completely consolidat-
ed in centrifuge; no external loads are applied on 
loose sand and no settlement is induced before the 
test; the soil is never subjected to desaturation pro-
cesses. The drawbacks are the operational difficulty 
to move heavy clay layers without perturbations; a 
limit in the clay layer thickness; after the deposition 
in the ESB the lateral sides must be filled manually 
with slices of consolidated clay; the clay is saturated 
with water and there is not continuity between the 
saturation fluids for the two materials. 

Accelerometers data in the centrifuge tests show 
clearly the amplification effect due to the presence of 
the clay layer, even if this effect can be masked lo-
cally by coseismic effects. The multilayer gives a fil-
tering effect on the signal propagation by reducing 
high frequencies and increasing low frequencies, 
even on weak signals. Future data exploitation for 
these tests will regard the shear strain levels reached 
along soil columns and the associated effects. Some 
future tests could investigate some different geomet-
rical settings as well as signals with different ampli-
tude and frequency content. 
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