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ABSTRACT

This paper presents the kinematic interaction that exists between an over-consolidated cohesive soft soil and a group
of rigid inclusions by performing two centrifuge tests using the dynamic centrifuge at Gustave Eiffel University in
Bouguenais — France. Dynamic centrifuge tests were conducted at a macro-gravity of 50g and were subjected to the
same predetermined sequence of seismic events constituted of sinusoidal motions and multi-frequency earthquakes of
different peak ground accelerations. Kinematic interaction was studied by analyzing the soil's response in terms of
acceleration and displacement at separate locations throughout the soil profile. Boundary effects were verified, and a
frequency analysis was conducted in order to study the variation of the soil’s predominant frequency. Results indicate
that signal transmissions were observed through the inclusions, leading to a larger response at the inclusions’ head
compared the free field where attenuation was observed during the same ground motion.

Keywords: centrifuge modeling, dynamic, rigid inclusions, kinematic interaction

1 INTRODUCTION

Rigid inclusions (RI’s) are long vertical slender
elements used to transfer loads throughout compressible
soils to underlying competent layers, similarly to
classical piles. They differ from piles by the presence of
a Load Transfer Platform (LTP) that separates the RI’s
head from the foundation. RI’s are primarily used as
reinforcements but contribute to the whole behaviour of
the composite foundation system. They are installed as a
grid pattern into the weak soil and are used to increase
the bearing capacity and reduce foundation vertical
settlement. RI’s are used typically as an economic
substitute for piles either in the case of thick soft layers
making the use of piles unsuitable, or in cases where the
execution of the rigid connection between the head of the
piles and the shallow foundation is difficult. An example
for the use of RI’s is the Rion-Antirion bridge in Greece
(Pecker, 2004)

The performance of RI’s and the effect of the LTP
have been studied in recent decades under static
monotonic loads. A set of recommendations for the
conception and design of a RI’s reinforcement system
under static load was proposed after the French national
project ASIRI (ASIRI National Project, 2012). The
project ASIRI+ launched in 2019 and aims to develop
design procedures for RI’s under complex loads (i.e.
dynamic, vibration). In the last decade, some studies

regarding soil-inclusion-structure interaction of RI’s
under dynamic load were published. Ha er al., (2019)
conducted dynamic centrifuge tests to investigate the
seismic performance of unconnected pile foundations;
Manica-Malcom et al., (2016) wused numerical
simulations to study the seismic behavior of RI’s in soft
clay soils. Regarding kinematic interaction, Medina et
al., (2023) studied the role of rotational kinematic
interaction on the seismic response of large offshore
wind turbines on monopiles.

This paper aims to discuss the kinematic interaction
that exists between a soft soil and a group of RI’s by
comparing two dynamic centrifuge tests conducted at the
Gustave Eiffel geotechnical beam centrifuge in France.
Unless specified otherwise, results are presented in
prototype scale.

2 MODEL PERPARATION

For both tests, a soil profile consisting of a base layer
of 80 mm (model scale) of dense saturated sand,
considered here as a stiff layer; followed by 180 mm of
consolidated clay-sand mix, considered as the soft layer;
and 20 mm of a well graded sand defined as the LTP. Fig.
1 shows a view of the centrifuge models, with the
distribution of instruments (described in paragraph 3.2).
The free field and reinforced soil tests are mentioned as
C-FF and C-RI respectively.
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Fig. 1. Soil models subjected to centrifuge tests (lengths in mm)

2.1 Container type

For the conducted centrifuge tests, a Laminar Shear
Beam (LSB) container was used. It is constituted of
superposed frames, each one allowed to slide
independently to minimize the friction restricting the
soil’s movements during shaking events (Esmaeilpour et
al., 2023). The container has dimensions of 720x380
mm and a reference height of 340 mm. A rubber
membrane was installed inside the LSB to prevent
leakage of water and protect it from small soil particles
(Soriano-Camelo et al., 2021). LSB containers are
therefore used to minimize the boundary effects on the
soil that can develop during dynamic load as shown by
Lee et al., (2012).

2.2 Base sand layer

The base layer consisted of 80 mm (model scale) of
Hostun sand (HN31) and was installed by air pluviation
in order to achieve a relative density of 80%. A dense
sand is required for the base layer to be modelled as a
stiff layer and to prevent liquefaction during shaking. Air
pluviation was conducted using a sand pluviator with a
slot opening of 4 mm and a falling height of 750 mm.
The mechanical properties of the base layer’s sand are
presented in Table 1 (Benahmed, 2001; Saade et al.,
2023). After the pluviation, the sand was saturated by the
procedure proposed by Kutter (2013), which involves
applying at first a vacuum pressure to remove around
90% of the air in the soil, then flushing the model with

CO:s to replace the air. Note that CO; is 50 times more
soluble in water than air. After, another application of
vacuum pressure and CO, flushing is performed in order
to remove around 99% of the air before injecting the soil
with de-aired water until complete saturation. With this
procedure, the degree of saturation can be estimated at
around 99.6% (Saade et al., 2023).

Table 1: Mechanical properties of Hostun sand

Dso €min €max Gs Pd, min Pd, max
(mm) () ) ) (g/em®)  (glem?)
0.35 0.656 1.049 2.65 1.33 1.66

2.3 Soft clay layer

The soft clay layer is 180 mm (model scale) of
thickness (where the RI’s were installed), which was
divided into three sub-layers of 60 mm each. Each sub-
layer was prepared by placing 85 mm of a clay-sand mix
slurry prepared with a water content of 60-65%. The
slurry is constituted of 80% kaolin clay and 20%
Fontainebleau sand. Kaolin clay is best used since it has
a relatively higher permeability than other clay making
the consolidation time shorter (Pérez-Herreros, 2020).
The mechanical properties of kaolin clay are shown in
Table 2 (Thorel et al., 2011; Khemakhem, 2012;
Escoffier et al., 2022).

Table 2: Properties of Speswhite kaolin clay

Ys Wp wi Ip Cc Cs
(kN/m?) (%) (%) (%) ) )
26.5 30 55 25 0.269 0.048

Ys: unit weight of solids Wy plastic limit
C,: virgin compressibility  w;: liquid limit
Cs: rebound compressibility I, : plasticity index

The slurry was then subjected to a pre-consolidation
pressure of 120 kPa using a 1g gravity field hydraulic
press. During the consolidation, an LVDT (linear
variable differential transducer) measured the settlement
of the layer. The recorded maximum settlement is
approximately 27 mm, meaning that the final thickness
of the clay sub-layer is 58 mm, an acceptable value
compared to the required thickness of 60 mm. After the
consolidation phase of each sub-layer, instruments such
as accelerometers, pore pressure transducers as well as
bender elements are installed before placing the
following layer.

2.4 Load Transfer Platform

For the LTP, sands with angular grains are used in
order to assure load transfer to the RIs, therefore a mix
of four types of sands having different granulometry are
used: HN38, HN34, HN31 and HN06-1. Water is added
to the sand mix to achieve a water content of 5%.
Assuming that the required unit weight for the sand is 16
kN/m3, a quantity of sand for 25 mm is first deployed on



top of the clay layer and is compacted using a hammer.
The 20 mm thickness is obtained after by trimming 5 mm
from the top of the layer. Several measurements of the
vertical distance between a reference and the top of the
soil are made in order to determine the real thickness of
the LTP and its density.

3 INSTRUMENTATION & INPUT MOTIONS

3.1 Installation of RIs

Rls have a length of 200 mm and a diameter of 12
mm. They are constituted of aluminum material with
Young’s modulus of 74 GPa (Escoffier et al., 2022). A
total of seven RI’s were used for the kinematic
interaction model, four of them being instrumented by
four sensors measuring bending moments and two
sensors measuring axial forces (strain gauges). The
installation was conducted using an apparatus that
consists of a transparent guide, in which Rls are placed
manually, and a vertical actuator pushed them into the
soft layer at a velocity of 0.1 mm/s until the head of the
Rls reaches the surface of the soil. Fig. 2 shows the
distribution of Rls. The natural frequency of the Rl was
estimated by hammer impact test at around 3.8 Hz
(prototype scale).
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Fig. 2. Plan view of the RI’s in the C-RI test (model scale in
mm)

3.2 Instrumentation

After the installation of each layer (or sub-layer),
sensors such as 1D accelerometers (frequency range: 1
Hz to 20 kHz), noted as “A” and Pore Pressure
Transducers, noted as “P” were installed inside the soil
(Fig. 1). For the C-FF test, three columns of
accelerometers were installed, either at the “center” of
the model, either on the LSB container frames that will
be called “laminar” or at half distance between both that
will be called “quarter”. In addition, pairs of bender
elements to determine the shear wave velocity were
installed in the stiff and soft layers. Finally, LVDT are
placed on the soil surface to monitor the settlement (D1
and D2).

3.3 Shaking events

After installing the LSB in the centrifuge, an increase
of the gravity level from 0 to 50g, followed by
approximately two hours of consolidation. A sequence
of twenty ground motions was applied to the model by
means of an earthquake simulator (Chazelas et al.,
2008). Table 3 shows a list of the input motions with the
achieved Peak Ground Acceleration (PGA) measured at

the base for the two presented tests. Comparable input
motion’s PGA were applied for both C-FF and C-RI.

The sequence was constituted of two initial small
amplitude earthquakes that were used to determine the
soil’s predominant frequency; three sets of sine motions
with different frequency, each set composed of three
motions with increasing PGA; finally, two sets
earthquakes, each with different PGA.

Table 3. Signal type and PGA of the sequence's input motions

Signal PGA(9)

C-FF C-RI
landers 0.05g 0.075 0.072
northridge 0.05¢g 0.080 0.074
sine 1 Hz 0.05g 0.102 0.119
sine 1 Hz 0.15g 0.217 0.261
sine 1 Hz 0.25g 0.360 0.364
landers 0.05g 0.079 0.079
sine 1.8 Hz 0.05g 0.095 0.086
sine 1.8 Hz 0.15g 0.240 0.275
sine 1.8 Hz 0.25g 0.408 0.397
landers 0.05g 0.088 0.075
sine 2.4 Hz 0.05g 0.073 0.141
sine 2.4 Hz 0.15g 0.191 0.292
sine 2.4 Hz 0.25g 0.313 0.412
landers 0.05g 0.086 0.080
landers 0.15g 0.169 0.196
landers 0.30g 0.312 0.328
northridge 0.05g 0.071 0.084
northridge 0.15¢ 0.208 0.225
northridge 0.30g 0.433 0.464
landers 0.05g 0.078 0.075

4 CENTRIFUGE TESTS RESULTS

The results obtained from the centrifuge tests on the
kinematic interaction between the RI’s and the
surrounding soft layer are discussed in terms of
boundary conditions, transfer function, stress-strain
curves and influence of the input motion on the
kinematic interaction.

4.1 Boundary conditions

The maximum acceleration profiles of the three
columns of accelerometers installed during the C-FF test
(Fig. 3) shows for the first set of sines (1 Hz) a good
resemblance between the center and the quarter columns,
especially in the soft layer, reflecting little boundary
effects. The container's response was similar to the other
columns during the small (0.05g) and medium (0.15g)
amplitude sines, but different during the large amplitude
(0.25g). It was also observed that the displacement



response of the soil in ahead the container, meaning that
the response is governed by the soil rather than by the
container, therefore the model’s behavior is not
influenced greatly by the LSB.
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Fig. 3. Maximum acceleration profile of the three soil columns in
the C-FF test.

4.2 Frequency analysis

The predominant frequency of the soil was
determined by computing the transfer function (TF)
between the soil’s base and surface. It corresponds to the
ratio of the Fourier transform of the acceleration
response at the surface and at the base. Fig. 4 shows the
amplitude of two TF computed using the acceleration at
the base of the model and the base of the clay layer.

The result shows a similar pattern either using the
accelerometer in the sand or in the clay, meaning that the
response of the soil’s column is mostly controlled by the
soft layer (Pérez-Herreros, 2020).

Clay
—Sand+Clay:

0 0.5 1 1.5 2 25 3 3.5 4
Frequency (Hz)

Fig. 4. Transfer function amplitude computed using acceleration
response at the model’s and clay’s base.

A time-frequency analysis using the Stockwell
Transform (Moukadem et al., 2015) was conducted to
study the evolution of the soil’s response during the
seismic event. Fig. 5 and Fig. 6 represent the time-
frequency representation for the TF between the base
(input motion) and the soil’s surface (either FF or RI
using both tests) during a small and high amplitude
earthquake respectively. The results show that prior to
the earthquake, frequencies of around 2 — 2.2 Hz are
amplified. It corresponds to the frequency of the soil
under small distortions (elastic). A drop in the frequency

is witnessed during the application of the earthquake: it
is small during the small amplitude (1 — 1.1 Hz) and
much more pronounced during the large amplitude (0.4
— 0.5 Hz). This means that important nonlinearities and
large deformations develop even during the large
amplitude, reflecting a degradation of the secant shear
modulus and an increase in the damping ratio of the clay.
It can be also seen that after the large amplitude motion,
the soil recovers part of its properties since the
predominant frequency increases, but remains smaller
than the small deformation frequency, reflecting
permanent damages.
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Fig. 5. Time-Frequency representation of the transfer function

during a small amplitude (northridge 0.05g).
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Fig. 6. Time-Frequency representation of the transfer function
during a large amplitude (northridge 0.3g).

4.3 Stress-Strain curves

The shear modulus and damping ratio can be
quantified by representing the stress-strain hysteresis
loops. The time-dependent shear stress and strain were
computed using the procedure of Zeghal & Elgamal,
(1994): shear stress at the depth z; was calculated by the
equation

7(z,0) = f pit(z,1) dz €))
0
Where p corresponds to the density of the soil and ii to

the acceleration time history recorded by accelerometer
i; and shear strain at depth z; was computed assuming a



1D wave propagation condition and using a first order
approximation, expressed as the equation

u._ _u.
y gy <z<zf)=—

2
|zi.; - zil
Where u; = u (z;,¢) is the displacement time history of
accelerometer i obtained by double integration of the
acceleration. Fig. 7 shows the stress — strain hysteresis
loops obtained at three different depths during the two
sines 1 Hz 0.05g and 0.15g and for both tests. The secant
shear modulus was computed as the average slope of
each loop while the damping ratio is calculated by the
equation

N4
 dnw

Where AW is the dissipated energy and W is the elastic
energy (Masing et al., 1926). Results show that during
both tests and all motions, large shear strain were
observed at larger depths, and they decreased with the
upward propagation of the signal. High shear strain
values reflect important plasticity and irreversibility, as
well as energy dissipation, explaining the smaller
distortions at shallower depths. Comparing both tests:
for sine 0.05g, the distortions and damping ratio during
C-FF were larger and the shear modulus is smaller than
during C-RI; however, for sine 0.15g, a similar trend was
observed only at depths of 6 m and 9 m whereas a small
increase in distortions and damping ratio was observed
at 3 m. Therefore, it indicates that Rl tend to decrease the
maximum shear strain and damping ratio overall the
soil’s column and especially at large depths.

(3)

Depth =3 m  sine 1.8 Hz 0.05g
10 sine 1.8 Hz 0.15g 10

Depth =2.55 m

0 - 0 -
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: . =3, G =0.68 MP
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20 20
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(a) C-FF (b) C-RI

Fig. 7. Stress - strain hysteresis loops calculated during the sine
1.8 Hz 0.05g and 0.15g at three different depths and during both
tests

4.4 TInfluence of the input motion’s properties
The effect of the amplitude and the frequency of the
input motion on the response of the C-RI was compared

with the response of C-FF. Fig. 8 shows the maximum
acceleration asu obtained from accelerometer installed
on the cohesive layer surface (either FF or RI’s head)
with respect to the input motion’s PGA.

Regarding the result of C-FF, during sines of 1.8 Hz
and 2.4 Hz, asur is almost the same regardless of the
PGA, and is very small compared to the 1:1 line, which
means that the input motion's energy dissipated
significantly. However, during the Sine 1 Hz input, asurt
increases with the PGA until reaching a peak after which
it starts to decrease. This might be due to the drop in the
predominant frequency when subjected to the large
amplitude sine 1 Hz (see paragraph 4.2), making it
further away from the frequency of the signal. Therefore,
it indicates that as far as the frequency of the base
shaking is far from the response frequency of the soil
column (1 Hz), the response of the free field is
independent of the PGA. However, as observed for the
test C-RI, under sine motions with similar PGA, the
responses for the three frequencies (1, 1.8 and 2.4 Hz)
are relatively similar. Also, at small amplitude motions,
the response of the C-FF and C-RI are almost similar,
whereas at higher amplitudes, the results of C-RI show
an almost linearly increasing relationship with an
average slope still smaller than the 1:1. This indicates
that even high amplitude motions experience signal
transmission through the Rls. Thus, contrary to the FF,
the input’s PGA has an influence on the response at the
RI’s head.
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Fig. 8. Evolution of the maximum acceleration and displacement
at the surface of the soft layer with respect to the PGA and PGD
at the base of the container.

To further investigate, the kinematic interaction factor
(KI) — defined as the ratio between the maximum
displacements at the head of the Rls and the FF — is
represented as a function of the input’s frequency in Fig.
9. It is shown that for small PGA, KI < 1 and the results
are similar regardless of the frequency (the RI head
moves less than the soil). However, for higher PGA, a
clear dependence of the frequency is observed. The sine
with a frequency of 2.4 Hz witnessed a KI larger than the
sine of 1.8 Hz and 1 Hz. Under higher PGA, the
displacement response near the RI might be governed by
the dynamic properties of the RI and the frequency of 2.4
Hz is closer to the natural frequency of the RI, thus
inducing larger displacements at the head. Therefore, the
response of the system with RI is not only dependent on



the PGA, but on the combination of the system’s
(RI+near soil) frequency and PGA of the ground motion.
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Fig. 9. Kinematic interaction factor as a function of the input’s
frequency using sine motions.

5 CONCLUSION

The kinematic interaction between soft soil and a
group of RI has been studied on two dynamic centrifuge
tests. It was observed that boundary effects of the
container on the soil’s response were little in the region
between the RI and the container that can be considered
as a free field. The frequency analysis showed that the
behavior of the model is very non-linear since the
predominant frequency drops even during small
amplitude motions. This drop is accompanied by the
degradation of the secant shear modulus and an increase
in the damping ratio. The RI are seen to decrease the
distortions and the damping ratio except at shallow
depths. Finally, it was observed that the response at the
RI’s head is related to the combination of the input
motion’s PGA and frequency.
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