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ABSTRACT: An experimental centrifuge study is presented on the dynamic response of a pile group in a
multilayered soil subjected to a series of sinusoidal and earthquake loadings. The foundation consists of a
group of five end-bearing piles that support two different structures. The soil profile is composed of three hori-
zontal layers alternating dense HN31 sand (bottom and top layers) and overconsolidated Speswhite kaolinite.
The reproducibility of the soil foundation is verified using bender element measurements. The dynamic re-
sponses of the piles are analyzed in terms of maximum bending moments and compared to the results obtained
for a single pile subjected to kinematic interaction.

RESUME: L’étude expérimentale en centrifugeuse d’un groupe de pieux dans un sol multicouche soumis a
une série de chargements sinusoidaux et sismiques est présentée. La fondation consiste en un groupe de cing
pieux encastrés en pointe supportant deux structures différentes. Le profil de sol est composé de trois couches
horizontales alternant du sable dense HN31 (couches inférieure et supérieure) et de la kaolinite Speswhite sur-
consolidée. La répétabilité du massif de sol est vérifiée a partir de mesures avec des bender elements. Les ré-
ponses dynamiques des pieux sont analysées en termes de moment de flexion maximal et comparées a la ré-
ponse d’un pieu isolé sous chargement cinématique.

Keywords: centrifuge; soil-structure interaction; multilayer soil profile; pile group; earthquake loading

1 INTRODUCTION Boulanger et al. 1999, Banerjee 2009, Zhang et
al. 2017, Taghavi et al. 2017).

A series of experimental centrifuge tests on
end-bearing single piles and pile groups in a
stratified soil profile is conducted to increase the
existing databases and to validate numerical
models. In order to understand the mechanisms
of soil-pile interaction in the case of pile groups,

The dynamic response of a structure supported
by a pile-group foundation is a complex Soil-
Structure Interaction problem. Nevertheless, few
experimental studies exist on the behavior of
pile groups in clay and stratified soils under
seismic loading (Meymand 1998, Wilson 1998,
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A.3 - Physical modelling and large scale tests
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e Total mass of the superstructure (at 50g): 136.5 t
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o Slenderness ratio: H/B =3.5
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® Mass of the pile-group cap used in both tests
(at 50g): 195 t
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Figure 1. Experimental layout: a) C0O7 test with a short superstructure; b) C08 test with a tall superstructure;
c) top view of C07 and CO08 tests; and d) characteristics of the superstructures.

two tests were performed on a pile group of five
piles supporting two different superstructures (a
short and a tall one). The present article focuses
on the results of these two tests.

2 EXPERIMENTAL SETUP AND
PROCEDURE

The tests are performed in an ESB (Equivalent
Shear Beam) container at 50g using the 5.5 m
radius centrifuge at IFSTTAR (Corté & Garnier
1986). A complete introduction along with the
scaling factors commonly used in centrifuge
modeling is given for example in Garnier
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(2001). Figure 1 depicts the layout of the pile
group tests identified as CO7 and CO8.

The soil profile consists of three horizontal
layers of saturated Hostun HN31 sand (bottom),
overconsolidated Speswhite kaolin clay (middle)
and dry Hostun HN31 sand (top). The properties
of clay and sand are summarized in Tables 1
and 2.

The sand layers are obtained by air pluviation
with an automatic hopper system at 1g (Ternet
1999). The relative density is controlled to be
81%. The sand layer at the bottom of the con-
tainer is vacuum saturated with water to avoid
desaturation at the bottom of the clay layer and
liquefaction of the sand layer (due to scaling
laws the simulated prototype has a higher per-
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Table 1. Properties of Speswhite kaolin clay  Table 3. Properties of the piles
(Khemakhem 2012) Hollow Reinforced
Symbol Material properties Value Property aluminum concrete (proto-
s Unit weight of the grains 26.5 kN/m? (model scale)  type scale)
Wp Plastic limit 30 % Outer diameter 18 mm 0.977m
Wi Liquid limit 55 % Length 335 mm 16.75m
Ip Plasticity index 25% Young modulus 74 GPa 20 GPa
Cc Compression index 0.33 Flexural rigidity 1.43E-04 MNm?2 8.95E02 MNm?2
Cs Recompression index 0.06 Yield moment  5.27E-05 MNm 6.59 MNm
Table 2. Properties of Hostun HN31 sand  Table 4. Characteristics of the reference signals
(Benahmed 2001) (prototype scale)
Symbol Material properties Value # Input PGA PGV la Duration
dso Average grain size 0.35 mm (9) (m/s) (mls) (s)
Cu Coefficient of uniformity  1.57 1 Northridge 0.05 0.037 0.025 11.163
Emin Minimum void ratio 0.656 2 Landers 0.05 0.051 0.031 11.505
Emax Maximum void ratio 1 3 Northridge 0.3 0.220 0.897 11.163
Vs Unit weight of the grains 26 kN/m® 4 Landers 0.3 0.306 1.109 11.505
Yd,min Minimum dry unit weight  13.047 kN/m® 5 SinelHz 0.1 0.157 1.417 16.348
Yd,max Maximum dry unit weight 15.696 kN/m® 6 Sine3.2Hz 0.1 0.049 0.443 5.112
7 Sinel8Hz 0.1 0.087 0.787 9.089

meability). The overconsolidated speswhite kao- 8 Sine2.4Hz 0.1 0.065 0.588 6.808
linite formation is prepared in three layers. Each 9 Sine3.2Hz 03 0146 3.986 5.112
layer is consolidated up to 160 kPa preloading 10 Sine18Hz 03 0261 7.087 9.089
pressure at 1g. The OCR values in the middle of 11 Sine2.4Hz 0.3 0195 5295 6.808
the layers 1, 2 and 3 (Figs. 1a and 1b) are 1.55 12 Northridge 0.05 0.037 0.025 11.163

! ' 7 13 Landers 0.05 0.051 0.031 11.505

2.13 and 3.42 respectively. Finally, the top dry
sand layer is air-pluviated above the overconsol-
idated clay layer.

The soil profile is subjected to four 1g-50g-1g
cycles followed by a stabilization phase at 50g
prior to the application of dynamic loads (based
on the work of Khemakhem 2012).

The soil model is instrumented with accel-
erometers, pore pressure sensors and bender el-
ements (Fig. 1). The last ones are used to com-
pare the shear wave velocity at different levels
between both containers. The results are dis-
cussed in the following section. In addition, the
response of the superstructure is recorded with
accelerometers and laser sensors. Due to the ar-
ticle size limitations, pore pressure and dis-
placement measurements are not discussed here-
after.

The group of piles consists of five tubular
aluminum piles with a minimum distance be-
tween axes of 3.54 diameters (tradeoff between
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center-to-center separation of piles and the dis-
tance of the outer piles to the container to limit
boundary effects). The layout and the distribu-
tion of the piles are indicated in Figure 1. Three
of the piles are instrumented with 14 equally
spaced half-bridge strain gauges along the inner
side of the pile shaft in order to calculate the
bending moment distribution. The uppermost
strain gauges are located at the soil surface level.
The properties of the piles are given in Table 3.

The pile group is installed at 1g using a hy-
draulic actuator. A low driving speed of
0.1 mm/s is used to allow dissipation of pore
pressure in the surrounding soil. The pile tip is
embedded one diameter in the saturated sand
layer. To avoid soil-cap interaction, the pile cap
is kept at a distance of 12 mm above the ground
surface (0.6 m at prototype scale).

Two different superstructures are used in the
tests with a measured fixed-base frequency re-
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Figure 2. Frequency and time representation of the

Northridge earthquake and 1 Hz sine input (proto-

type scale)

sponse at 50g of 1.54 Hz and 1.5 Hz for the
short and the tall superstructure, respectively
(Fig. 1d). The main difference between the su-
perstructures is the slenderness ratio which is
almost 3 times higher in the case of the C08 test.

Each container has been subjected to 13 suc-
cessive base shakings. Between each base shak-
ing a sufficient time for pore pressure dissipa-
tion has been respected. Two types of inputs are
used: sines with tapered parts and real broad-
band earthquakes (Landers 1992 (Lucern Valley
station) and Northridge 1994 (Tarzana station)
records). Earthquake signals have been filtered
outside the frequency range of 0.4-6 Hz in order
to be in the capacity range of the shaker (Cha-
zelas et al. 2008). The characteristics of the ref-
erence signals are given in Table 4 (PGA and
PGV: peak ground acceleration and velocity, la:
Avrias Intensity).

3 ANALYSIS OF THE RESULTS

Unless otherwise indicated, the experimental
results are given using prototype scale units.

3.1 Shear wave velocity profile

The shear wave velocity is calculated from
bender element measurements performed just
before the first base shaking at several depths
(6m, 9.75m and 15.6m). The results are
compared to a theoretical profile estimated using
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Figure 3. Small-strain shear wave velocity measures

estimated from bender element tests compared to the

Hardin & Drnevich (1972) empirical formulation.

the empirical expression proposed by Hardin &
Drnevich (1972) in Fig. 3.

A good reproducibility in terms of shear wave
velocity is observed for the C07 and CO8 tests in
the clay layer, with a maximum variation of
0.6% between both tests. In the case of the
saturated sand layer a difference of 6.2% is
found. The small deviations observed suggest a
good reproducibility of the shear wave velocity
in the initial state.

In addition, a good agreement between
experimental results and the theoretical
expression is found, specially for the clay layer.

3.2 Evolution of bending moment with time

Figures 4 and 5 show the time evolution of the
normalized bending moment in piles and the en-
velope of maximum bending moment for the
1Hz 0.1g PGA sine input and the 0.3g PGA
Northridge earthquake. Only the part of the
bending moment response induced by each so-
licitation is considered in this analysis: the offset
at the beginning of each input has been removed
and the cumulated residual moment is therefore
not present in the maximum moment envelopes.
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Figure 4. Time evolution of the normalized bending moment and envelope of the maximum bending moment in
piles for Sine 1Hz 0.1g input: a-d) results from CO7 test and (e-h) from CO08 test.

Results are given for two instrumented piles in
the group, the P2 pile in the center and the P3
pile in the outer part of the pile group (Fig. 1c).
To improve visibility, the moment history is
normalized with the maximum bending moment
recorded in both piles. The acceleration recorded
in the dense sand layer under the pile group (at a
depth of 19.55 m and 18.05 m in the case of CO7
and CO08 tests respectively) is also given for
comparison.

The main observation is that the maximum
bending moment at different parts of the piles is
not reached at the same time.

The maximum bending moment in the upper
part of the pile is reached at the level of the
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ground surface for the two inputs and the two
tests. For the case of the Northridge earthquake
and for both containers, it is reached just after
the maximum acceleration has been recorded at
the bottom of the soil profile.

Regarding the maximum bending moment in
the lower part of the pile, the response of both
tests is similar during the first cycles of the Sine
1Hz input. After the first four cycles of the C07
test, the maximum moment profile stabilizes. In
the lower part of the pile, the maximum moment
remains stable both in value (maximum value of
0.53 MNm recorded in P3 pile) and in depth
(around 11 m). In the case of the C08 test with
the slender superstructure however, there is a
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Figure 5. Time evolution of the normalized bending moment and envelope of the maximum bending moment in
piles for Northridge 0.3g earthquake: (a-d) results from CO7 test and (e-h) from CO8 test.

sharp evolution of the moment profile over time.
The maximum moment that is initially recorded
in the lower part of the pile evolves in amplitude
with the cycles. The depth at which the maxi-
mum bending moment is recorded also changes
with the cycles, from a depth of about 11 m to
4 m when the maximum moment is recorded
(0.88 MNm in P3 pile). Fig. 6 shows the evolu-
tion of the envelope of maximum bending mo-
ment in P2 for different time ranges. This evolu-
tion indicates an important modification of the
response of the sol-pile-superstructure system
with time.

In the case of the strong Northridge earth-
quake, the bending moments are found similar
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for both tests with slight differences recorded
around 4 m depth, directly influenced therefore
by the pile head conditions. The maximum
bending moment in the lower part of the pile is
not negligible compared to the maximum bend-
ing moment recorded at the soil surface. It is lo-
cated at a depth of about 9.4 m, with a little var-
iation from pile to pile and between tests
(£0.4 m).

From these results it can be concluded that the
response of the system in terms of maximum
bending moment depends on the type of loading,
its intensity and frequency content but also the
characteristics of the superstructure which in
this case is essentially the slenderness ratio. The
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difference in the response between C07 and C08
tests for the 1Hz Sine signal is related to the dif-
ference in terms of slenderness ratio between the
two superstructures and therefore the presence
of a higher rotational component in the response
of CO8 test that amplifies the response of the
piles in their upper part and influences the reac-
tion of the surrounding soil.

For the case of the Northridge earthquake, the
frequency content of the applied signal is the
reason behind the similar results obtained for
both tests. In contrast to the Sine 1Hz signal, the
Northridge earthquake signal energy is concen-
trated in the frequency range from 1.5Hz to
3.5Hz, whereas the response frequency of the
soil column has been estimated close to 1Hz for
the 0.3g PGA Northridge earthquake. The load-
ing frequency being relatively far from the fun-
damental response of the soil column and of the
soil-structure system, amplification effects are
less important.

3.3 Inertial vs kinematic interaction

The maximum bending moment envelopes rec-
orded in both tests for the P2 pile (center pile)
are compared in Fig. 7 to the envelopes from the
CO04 test, consisted of a single pile without mass
at the pile head in the same soil profile and sub-
jected to the same inputs (Pérez-Herreros et al.
2018). This comparison is a first attempt to ana-
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lyze the importance of the kinematic and inertial
interaction effects on the bending moment pro-
file pile response.

In the case of the Northridge earthquake, the
same shape of maximum bending moment
profile is found from the pile tip to a depth of
about 7 m. Therefore, the response in this part of
the pile is esentially controlled by the kinematic
interaction due to the embedment of the piles of
a diameter in the dense sand layer at the bottom
of the soil profle. The response at the upper part
of the piles is influenced by inertial interaction
effects.

Concerning the Sine 1Hz input, a close re-
sponse is found for the three tests only from a
depth beyond 11 m. This indicates that inertial
interaction effects play an important role in the
pile response in the first 11 m.

This comparison helps to better understand
the results presented in the previous paragraphs
regarding the time evolution of the bending
moments, especially for the case of the 1Hz Sine
input in the CO8 test.

The response of the system for that particular
case can be explained by the interaction between
the kinematic and inertial effects. The amplitude
of the response in the upper part of the piles de-
grades the surrounding soil and thus the soil re-
action. The decrease of the soil reaction is ac-
companied with an increase of the
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displacements, the rotations and the bending
moment in the upper part of the pile which, as
already observed, is essentially controlled by the
inertial loadings at the pile head. At the same
time, the diminution of the reaction in the upper
part of the pile has an influence on the kinematic
origin bending moment. The soil reaction in the
upper part of the pile being smaller, the pile is
able to better accommodate kinematic defor-
mations induced by the pile tip embedment in
the dense sand layer at the bottom of the soil
profile. As a consequence, the bending moment
in the lower part of the pile is reduced as shown
in Fig. 6.

It can be concluded that the interactions of in-
ertial or kinematic origin can be brought to in-
teract together and may result in a complex evo-
lution of the response of the system with time
under certain configurations.

4 CONCLUSIONS

Dynamic centrifuge tests were conducted to
study the behavior of end-bearing pile groups in
a layered soil supporting two different super-
structures. The following first conclusions are
drawn:

o Despite the complexity in the fabrication of
the soil profile, the differences between the
two tests in terms of shear wave velocity
remain below 6.2%, which proves a satisfac-
tory repeatability of the soil profile.

e The maximum bending moments in differ-
ent parts of the pile are not reached at the
same time during the loading.

e The response of the system in terms of
maximum bending moment depends on the
type of loading, the intensity, the frequency
content and the conditions at the pile head.

e The interactions of inertial or kinematic
origin can be brought to interact together
and may result in a complex evolution of the
response of the system under certain config-
urations.
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