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A series of prototype dynamic centrifuge experiments is carried out to investigate the inﬂuence of soil properties
and structural parameters on the Soil Structure Interaction (SSI) eﬀect. Established analytical models are herein
experimentally veriﬁed, and are proven accurate in estimating the system's natural frequency characteristics. It
is observed that period elongation is strongly correlated to the relative superstructure-foundation stiﬀness.
Although the present study deals exclusively with the small-strain near-linear range, the experimental response
indicates occurrence of nonlinearity. The identiﬁed damping results remarkably larger than its analytical estimate and proves highly strain-dependent, raising questions on the reliability of existing analytical methods in
capturing the actual dissipation mechanisms. An extended experimental dataset is formed under realistic stress
and strain soil conditions, and is implemented, for the ﬁrst time, for veriﬁcation of existing analytical models
oﬀering valuable insight into the theory and serving as a benchmark for engineering practice.

1. Introduction
The interaction between the superstructure, the foundation and the
subjacent soil has been proven to substantially inﬂuence the dynamic
response of structures and is usually referred to as Soil Structure
Interaction (SSI), or Soil Foundation Structure Interaction (SFSI). This
phenomenon is relevant across a range of disciplines, ranging from
geotechnical and earthquake engineering all the way to marine and
oﬀshore structures. The deformability of the supporting soil aﬀects the
global dynamic response by introducing translational and rotational
degrees of freedom to the system foundation, thereby resulting in increase of the fundamental period of the overall system, as well as energy dissipation through wave radiation and hysteretic behavior of the
soil [1]. SSI eﬀects can be categorized into inertial interaction eﬀects,
kinematic interaction eﬀects and soil-foundation ﬂexibility eﬀects [2].
The SSI phenomenon has been a point of academic interest in soil
dynamics and earthquake engineering for more than forty years. From
the inceptive work of Veletsos and Verbic [3] and the analytical formulations of Gazetas [4,5], to the recent experimental and analytical
works of Anastasopoulos [6–8] the understanding of the complexity of
this phenomenon continues to evolve. SSI eﬀects have traditionally
been considered as beneﬁcial to the dynamic response of structures. In
this context, their omission is assumed to lie on the safe side and, thus,

many seismic design codes (ATC-3, NEHRP-97) suggest their omission.
In design practice SSI eﬀects are only considered for highly sensitive
structures founded on sensitive ground. According to Mylonakis and
Gazetas [9] this tendency reﬂects the simplifying assumptions adopted
by the actual design provisions for the estimation of seismic demand.
According to the same authors however, existence of seismic records
of larger spectral values at the longer period-range indicates the possibility for increased seismic demand owing to the SSI eﬀect.
Furthermore, in the case of stiﬀ structures, the period elongation eﬀect
results in higher seismic demand. Period lengthening further increases
displacement demand and consequently the structural ductility demand. This can be critical for slender structures in terms of serviceability and second order eﬀects. Lastly, the period shift due to SSI could
lead to resonance eﬀects with detrimental implications, when the fundamental frequency of the soil-structure system approaches the frequency peak of the excitation, or the eigenfrequency of the soil. In all
aforementioned cases, negligence of SSI eﬀects is not to the side of
safety.
The present work aims to shed light on the understanding of the SSI
phenomenon through a parametric experimental study conducted in a
centrifuge facility. The main focus is put on the linear, or rather nearlinear, range of the response in order to study the inﬂuence of various
soil and structural parameters on the modal characteristics of the
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ω
f
fD
ζradiation
ζc
ζmat

Nomenclature
Geometric parameters
B
D
h
H

width of a rectangular footing or diameter of a cylindrical
footing
depth of embedment
height of the column
eﬀective height of the equivalent SDOF model

Dissipated energy method parameters

Material properties parameters

u(t)

Go
v
ρ

v(t)
Ekin(t)

shear modulus of soil
Poisson's ratio of soil
density of soil

Epot(t)
Foundation impedance parameters
Etot(t)
Kc
K
C

circular frequency of the response
frequency of the response
damped frequency of the response
radiation damping ratio of the soil
structural damping ratio
material damping ratio, referred to the hysteretic action of
the soil

static stiﬀness of the SDOF model, assuming ﬁxed base
conditions
static stiﬀness referred to the foundation base
radiation dashpot coeﬃcient

ED
ζ

Dynamic properties parameters

Subscripts

M
fc

h
r
sys

concentrated mass of the superstructure
eigenfrequency of the superstructure, assuming ﬁxed base
conditions

structure-foundation-soil system. For the ﬁrst time, a large amount of
dynamic experiments consistently simulating realistic stress and strain
soil conditions is carried out to verify established analytical models for
prediction of soil stiﬀness and damping [4,5]. These formulations have
so far been validated either numerically or experimentally through
statically imposed loads, albeit failing to capture the dynamic characteristics of the SSI system [10]. A previously reported experimental
study of small scale dynamic experiments has been limited to the1g
gravitational level, failing to realistically simulate the stress and strain
conditions of the soil [11,12]. A ﬁrst preliminary insight to the problem
treated herein was oﬀered in [13]. In what follows, the state-of-the-art
is broken down into the major thematic areas tied to this investigation,
in an attempt to oﬀer a comprehensive overview for the interested
reader.

displacement response history of the equivalent SDOF
system
velocity response history of the equivalent SDOF system
kinetic Energy response history of the equivalent SDOF
system
potential Energy response history of the equivalent SDOF
system
total Energy response history of the equivalent SDOF
system
dissipated Energy in one vibration cycle
estimated damping ratio of the system, based on the dissipated energy method

horizontal
rocking
system soil, foundation and superstructure

the prototype model. In this respect, centrifuge testing, which allows for
one-to-one scaling of stress and strain distribution, becomes a powerful
tool for geotechnical experiments. The adopted scaling laws for centrifuge experiments are described in [15–17], while scale eﬀects associated to the underlying assumptions are outlined in [15,18]. These
eﬀects are found to bear negligible inﬂuence in the design of the present
experiments.

2.2. Energy dissipation mechanisms
Despite the extensive research in the topic of soil dynamics, understanding of damping mechanisms remains primitive. Nevertheless,
three main mechanisms of energy dissipation in SSI systems are broadly
accepted. Firstly, radiation damping, which is highly frequency dependent, increases with the foundation width and embedment depth
and is higher in case of deep homogeneous soil deposits [19]. Secondly,
material or hysteretic damping, which is usually simulated as equivalent viscous damping, albeit unrealistic since the experimental experience indicates a strain-dependent hysteretic damping, especially for
larger strains [20]. To incorporate hysteretic material damping and
preserve causality, nonlinear frictional elements were derived by Meek
and Wolf [21]. Finally, structural damping is usually modeled as
equivalent viscous damping and assumed to be constant for each mode
of vibration.

2. Fundamental concepts
In this section we describe the main beneﬁts of centrifuge experimentation, as well as an overview of fundamental energy dissipation
mechanisms that comprise the basis for the identiﬁcation of the system
damping.
2.1. Centrifuge modeling
The impedance of the soil is inextricably connected to the existing
stress conditions. Thus, reproducing the large conﬁning stresses that are
observed even at relatively shallow foundation depths is crucial for the
realistic modeling of soil-structure systems. As mentioned in [14], this
stress-dependency is a key challenge in laboratory geotechnical modeling. The scaling of structural systems has long been studied and
generally proven to provide meaningful results. A thorough work on the
scaling of structural models under dynamic loading can be found in
[15–17]. For geotechnical applications though, scaling of the stress
distribution in the subsoil is non-trivial, while the behavior under the
lower stress level of the scaled soil-proﬁle cannot be reliably related to

3. State-of-the-art in experimental SSI investigation
The signiﬁcance of experimentation is ubiquitously recognized
throughout engineering ﬁelds. Particularly in the domain of SSI, where
numerous analytical and numerical models have been developed, experimental veriﬁcation is necessary for proving these model reliable
and actionable. According to [22], experimental studies on the dynamic
response of foundation can be grouped in the three following categories:
2
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The vast majority of small scale experiments in the ﬁeld of SSI focus
on the highly nonlinear range of the response, which is observed for
large soil strains mobilized during intense ground motion excitations.
The most pronounced eﬀect is the increase of energy dissipation
through the hysteresis. An extensive centrifugal experimental study on
the nonlinear load-deformation behavior of shear wall footings during
cyclic and seismic loading is published in [28]. It is evident that the
hysteretic action of soil oﬀers remarkable potential for energy dissipation during dynamic loading. Another important observation is the
progressive softening of the soil due to increasing rotation, which is
attributed to “uplift and separation of the footing from the soil”. The
limited conﬁdence to be allocated in soil properties, as well as the large
permanent deformations have so far prevented consideration of the
hysteretic energy dissipation mechanism for reducing the ductility demand on the superstructure. In this direction, a new seismic design
philosophy that considers the SSI as a design parameter by redirecting
failure to the soil has already been proposed in [6], termed as “rocking
isolation”. However, the above-mentioned issues have to be thoroughly
taken into account by the designer. Subsequent works [29,30] investigate the eﬀectiveness of soil improvement to reduce the accumulated settlements by increasing the static safety factor for bearing capacity (FSv). It is concluded that soil improvement “may be quite
eﬀective provided that its depth is equal to the width of the foundation”
[29]. It is further mentioned that in case of large safety factors (“larger
than 10 for sand”), the foundation responds through uplifting, while in
case of lower safety factor (“up to 5 for sand”), the response is “sinking
dominated”, due to accumulated settlements. The uplifting response is
preferable, since it does not yield permanent settlements.
The near-linear range of the response has so far been experimentally
studied through static imposed loading, failing to capture the dynamic
characteristics of the SSI system. A single experimental study exists on
small-scale dynamic experiments focusing on the near-linear range of
the response [11,12], which overviews 54 free-vibration 1 g tests of
small scale footing-models embedded in sand. This parametric experimental campaign investigates the inﬂuence of the foundation shape
(circular, square and rectangular) and embedment depth on the dynamic response of footings founded in a, reasonably assumed as,
homogeneous half-space. Free vibration is triggered by the sudden release of suitable static loads that independently excite each mode:
vertical, torsional and swaying-rocking mode. The response is recorded
with velocity transducers located at the top of a block. All damping
ratios were calculated using the logarithmic decrement method. The
identiﬁed frequencies and damping ratios were analyzed in subsequent
works [22,31], in order to verify the homogenous half-space analytical
solutions proposed in [4]. It should be noted that the shear-wave velocity introduced to the analytical model is back-calculated from the
measured swaying-rocking natural frequencies of the surface footings.
Finally, the theoretical estimation of damping refers to radiation
damping, while a constant value of 2.5% was adopted for the material

1. Measurements of the response of actual foundations subjected to
dynamic loading (case-histories).
2. Small- or large-scale ﬁeld experiments under controlled conditions,
in selected sites.
3. Small- and very small-scale laboratory experiments, usually conducted on soil placed in a strongbox, with the footing undergoing
steady-state or transient vibrations. Experiments in centrifuge constitute a special case of this category.
Despite limited data, case-histories constitute the most generally
accepted reference point for engineering research, since they reﬂect
actual conditions alleviating scaling assumptions. A very interesting
study in this domain is described in [23], where the modal and structural parameters of four real seismic isolated bridges are identiﬁed from
acceleration response data throughout 18 earthquakes. Most relevant,
within the framework of SSI research, is the observation on the SSI
eﬀects resulting more pronounced in cases of softer soil properties,
where, most importantly, an even stronger linear relation between the
SSI eﬀect and the relative stiﬀness of the superstructure and the foundation is identiﬁed. It is further noticed that the equivalent shear
modulus of the soil is signiﬁcantly reduced during “moderate earthquakes”, which should be taken into account for the computation of the
foundation impedance.
Another case study is reported in [24], based on the recorded acceleration response of a three-span curved highway bridge under actual
ground motion excitations. The authors underline the dependency of
the modal characteristics on earthquake intensity, noting extended
period lengthening eﬀects, as well as increased damping with increasing earthquake intensity. The period lengthening is attributed to
the softening of the soil surrounding the foundations during shaking,
rather than structural damage, since the latter is not observed during
visual inspection of the bridge. Finally, the authors highlight the reliability of the implemented identiﬁcation methods in capturing the
eigenfrequency of the system, and the unsuccessful identiﬁcation of the
damping ratio, which is estimated with a large relative error of 150%.
A comprehensive overview of measurements conducted on an actual
bridge pier, along with laboratory-scaled experiments and numerical
simulations is oﬀered in [25], where the importance of the reliable
estimation of soil properties for extended bridges under ambient and
low-amplitude vibrations is highlighted. A series of ﬁeld experiments
studying the dynamic behavior of a large-scale concrete bridge-pier
founded on realistic soil conditions, is presented in [26,27]. The measured response was utilized to verify analytical, as well as numerical
models. Eﬀort is put in linking structural damage to variations in the
dynamic response. Analytical expressions of the soil compliance are
veriﬁed in the elastic range. Moreover, the measured nonlinear response of the bridge-piers reveals an increase in the system damping
ratio, which is attributed to concrete cracking observed on the pier, as
well as to the SSI eﬀect.

Fig. 1. Left: planar sketch of a typical model geometry, middle: lumped mass SDOF model, right:
equivalent simpliﬁed SDOF model.
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oscillating frequency of each mode into the formulation. Since the oscillating frequency is an input parameter in this context, an iterative
process is necessary for the estimation of dynamic impedance.
With all the stiﬀness and dashpot coeﬃcients computed, the eﬀective stiﬀness of the SDOF model may be estimated as a serial arrangement of the springs and the dashpots (Fig. 1 right).

damping. For all modes, theoretical predictions, and experimental
measurements of natural frequencies agree within a 10% margin, provided that an eﬀective soil shear modulus is judiciously chosen for each
vibration mode. It should be mentioned however, that small-scale experiments conducted in gravitational level of 1 g do not allow for oneto-one scaling of stress and strain distribution. The soil behavior under
the lower stress level of the scaled soil-proﬁle cannot be reliably related
to the prototype model, since the impedance of the soil is inextricably
connected to the existing stress conditions. Thus, reproducing the large
conﬁning stresses that are observed even at relatively shallow foundation depths is crucial for the realistic modeling of soil-structure systems.
As mentioned in [14], this stress-dependency is a key challenge in laboratory geotechnical modeling, successfully tackled via centrifuge
experiments.
The present work aims to study the inﬂuence of various soil and
structural parameters on the modal characteristics of the structurefoundation-soil system through a parametric experimental study conducted in a centrifuge facility. For the ﬁrst time a broad dataset of
dynamic experimental data is generated to consistently approximate
realistic stress and strain soil conditions, in order to verify established
analytical models for estimation of the system's modal characteristics
[4,5]. The following chapter presents the analytical formulation on the
modal characteristics of the modeled SSI system, along with necessary
assumptions. Metrics for quantiﬁcation of the SSI eﬀect are also explained. Chapter 5 overviews the experimental setup as well as the test
procedure.

Kh⋅Kr′ ⋅K c
1
1
1
1
+
+
=
⇒ Ksys =
Kh⋅Kr′ + Kr′⋅K c + Kh⋅K c
Kh
Kr′
Kc
Ksys

The corresponding equivalent natural frequency of the SDOF system
and the ﬁxed-base frequency can be computed as follows:

fsys =

fh =

fc =

1
2⋅π

Kc
M

(2)

1
2⋅π

Kh
M

fr =

1
2⋅π

Kr′
M

(3)

fD, j = f j ⋅ 1−ζ j2

(4)

The radiation-damping ratios due to the swaying and rocking mode
can be evaluated as a percentage of the critical value:

ζh, radiation =

A simpliﬁed lumped mass SDOF model is selected for the analytical
formulation of the problem addressed herein (Fig. 1 middle). Since the
impulse load is applied on the top of the structure, the ﬁrst coupled
rocking-swaying mode is primarily excited and therefore no additional
degrees of freedom are herein introduced. A comparison to the predictions of analytical models considering more degrees of freedom
conﬁrms this statement, in that the resulting modal characteristics of
the ﬁrst mode demonstrate negligible deviations from the SDOF model
prediction. The following assumptions are adopted for transitioning
from the 3D physical model to the simpliﬁed lumped-mass SDOF model
presented in Fig. 1 (middle):

•

M

The corresponding damped frequencies be derived for each mode
(j), by assuming viscous damping behavior, as follows [35]:

4.1. Analytical model

•
•
•
•
•

Ksys

1
2⋅π

Two additional system frequencies can be deﬁned: the rigid-body
system frequency (a) due to foundation swaying, and (b) due to foundation rocking [34]:

4. Analytical SSI formulations

•

(1)

Ch
2⋅M⋅ωh

ζr , radiation =

Cr
2⋅M⋅ωr

(5)

4.2. SSI indices and metrics
4.2.1. Period Lengthening Ratio (PLR)
The fraction of the system-eigenperiod over the fundamental period
of the ﬁx-based structure. Period lengthening is a direct result of the
existence of deformable soil underneath and surrounding the foundation and therefore constitutes the most common index to quantify the
degree of the inertial SSI eﬀects.

PLR =
Since the structure is excited in one direction, this is simpliﬁed into
a planar problem (Fig. 1 left). The interested reader is nonetheless
pointed to [32] for a 3D study of the rocking phenomenon.
The mass is assumed as lumped on the top of the structure. The halfmass of the column is added to this mass.
The aluminum footing is assumed to be rigid and massless.
The midpoint of the foundation is considered as the center of rotation for the rocking spring.
The axial and shear stiﬀness of the columns are assumed inﬁnite.
In the vertical direction the soil is considered to be incompressible;
an assumption conﬁrmed by large static safety factors against vertical loads (FSV > 10) [33].
Since the intensity of excitation remains low, the equilibrium is
calculated according to the ﬁrst order theory.

Tsystem
Tc

=

fc
fsys

(6)

4.2.2. Soil Structure Interaction index (SSIindex)
The ratio of the physical ﬂexural stiﬀness of a bridge pier (assuming
rigid foundation) over the identiﬁed stiﬀness of the bridge pier-foundation-soil system [23]. This index practically contains the same information with the PLR, which in this case does not depend on the
mass. Consequently, it can be used to compare the degree of inertial SSI
eﬀects between models with diﬀerent masses.

SSIindex =

Kc
Ksys

(7)

4.2.3. System Damping Ratio (SDR)
The System Damping Ratio refers to the contribution of the foundation damping to the system damping and expresses the combined
eﬀect of all damping mechanisms acting in the system. An approximate
expression, weighting the contribution of each damping mechanism
depending on the fundamental frequency of the system, is suggested in
[10]. It should be noted that the material damping is considered as a
constant value, in compliance with the suggestions of [4].

The stiﬀness and the damping of the system are modeled via springs
and dashpots respectively, according to the methodology described in
[4]. The structural damping ratio of the aluminum models is measured
experimentally [33] and the average value of 1.5% is adopted for the
analytical model. The dynamic impedance of the soil is calculated for
the swaying-horizontal mode (h) as well as for the rocking (r) response,
according to the aforementioned methodology [4], by introducing the
foundation geometry, soil properties (Go, ρ, v) and the damped
4
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3

3

3

2

fsys
fsys
fsys
fsys
⎛
SDR = ⎜⎛ ⎟⎞ ζh, radiation + ⎜⎛ ⎟⎞ ζr , radiation + ⎜⎛ ⎟⎞ ζ c + ⎜1−⎜⎛ ⎟⎞
f
f
f
f
⎝ h⎠
⎝ r ⎠
⎝ c⎠
⎝ ⎝ c⎠

would be considered as medium-dense but are labeled as “loose” in this
context for comparison reasons. Although the diﬀerent order of depositional intensities does not yield a remarkable diﬀerence in terms of
dry density, however, it proved to be large enough to aﬀect the system
response.
The model represents a SDOF system embedded in homogenous
sand. The dimensions have to comply with the restrictions of the centrifuge strongbox, while the dynamic characteristics should be representative of real structures. Last but not least, the model should be
easy to build and the model-costs should be minimized, since a series of
experiments was to be conducted. In this framework, fourteen (14)
models with square foundation and diﬀerent geometries were designed
and constructed in the workshop of the department of civil engineering
at ETH. The dimensions of these models are summarized in Table 2. All
models feature the same steel mass on the top, while the column height,
the foundation depth and the foundation width vary. Another fourteen
(14) models were constructed featuring circular foundation, while
maintaining all other dimensions unchanged (the column shape remains cylindrical and the foundation width is equal to the diameter of
the corresponding square footings). For labeling reasons, the models are
named after the serial number assigned in Table 2, followed by ‘s’ for
square foundation or ‘c’ for circular foundation. For the initial design of
these models, a rough estimation of the average value of G-modulus in
the topmost 2 m of the soil was assumed to be equal to 50 MPa. By
adopting this value at the gravitational center of the foundation, the
analytical models, described in the analytical part, provide an estimation of the eigenfrequency of the system. A total of 58 experiments were
successfully conducted, providing an adequate amount of information
for the subsequent analysis (Table 3). The procedure followed for the
preparation of the centrifuge models is described in detail in [33].

⎞
⎟ ζmat
⎠
(8)

5. Experimental procedure
5.1. Laboratory setup
The experiments were performed in the drum centrifuge facility of
the Institute of Geotechnical Engineering at ETH Zurich. The geotechnical drum centrifuge facility is described in detail in [36]. The
external radius of the channel is 1.1 m, the height is 0.7 m and the
depth is equal to 0.3 m. Models can be tested in strongboxes ﬁxed to the
channel of the drum. For the purposes of these experiments, a pair of
cylindrical strongboxes are utilized. The internal dimensions of the
boxes are 400 mm (diameter) and 200 mm (height), corresponding to
40 m and 20 m respectively in a 100 g test. An outline of the test layout
is given in Fig. 2.
In order to generate an impulse-type excitation, a prototype tubemechanism was developed, so as to shoot -in ﬂight- small drop weights
(spheres) against the top of the structure. The lower part of the tube is
attached to an actuator-arm and rotates together with the drum channel
and the tool platform, targeting the head of the structure, as shown in
Fig. 4. The upper part leads to the top of the safety shield to a rotary
coupling, which allows spheres to be dropped from the stationary into
the rotary environment. The rotating part of the pipe accelerates the
spheres before they hit the structure. Diﬀerent kinds of spheres, in
terms of material, radius and weight, were used to achieve diﬀerent
levels of intensity. The properties of the spheres are described in
Table 1.
The instrumentation comprises four miniature uniaxial accelerometers, manufactured by Bruel und Kjaer, which provide an almost
ﬂat ( ± 5%) frequency response in the range of 1–10,000 Hz. They are
positioned as follows: (1) vertically on the top of the foundation, (2)
horizontally, parallel to the direction of the excitation, on the top of the
foundation, (3) horizontally, parallel to the direction of the excitation
and (4) horizontally, perpendicular to the direction of the excitation, on
the top of the mass (Fig. 3).

5.3. Test description
Each experiment comprises three stages, when the acceleration response of the system due to excitations of diﬀerent impulses is measured. The experiment initiates with the increase of the centrifugal
acceleration from 0 to 60 g. The lower edge of the shooting tube is
attached to an actuator, which rotates together with the drum channel
and may move locally, independently from the rotation of the centrifuge. The movement of the actuator is operated -on ﬂight-: the lower
edge of the shooting tube is placed adjacent to the head of the structure,
with an angle of 45°, so as to ensure that the sphere will be reﬂected to
the soil after the hit. At this position, the lower edge of the shooting
tube targets the middle of the structure head, as shown in Fig. 4. At this
point, the ﬁrst session of measurements is recorded. At 60 g, only the
lighter spheres with labels 1a to 3 are shot, in order to avoid plastic
deformations. The initial experiments indicated that heavier metallic
spheres (with labels: 4–7) cause a highly nonlinear response, which is
out of the focus of the present thesis and thus, neglected. Subsequently,
the centrifugal acceleration increases to 100 g. The system then corresponds to a diﬀerent prototype equivalent. This time the structure is

5.2. Model preparation
The soil material used is Perth-Sand with a maximum diameter of
0.2 mm; with mechanical properties as described in [37]. One of the
critical parameters investigated in these experiments is the inﬂuence of
the soil stiﬀness on the SSI eﬀect, which is analytically considered
through an average value of the secant shear modulus of the soil at the
gravitational center of the foundation. The shear-modulus highly depends on the density of the sand layer, which can be deﬁned during the
preparation of the soil-model. The preparation of the model should also
ensure that models are built under similar conditions in order to
guarantee the repeatability of the tests. A broadly used method for the
soil preparation that conforms to the above requirements is dry-pluviation. The depositional intensity, deﬁned as the weight of soil falling
per unit area per unit time [38], as well as the height from which the
sand falls, are highly correlated to the dry density of the sample [37]. In
general, larger densities are obtained with higher falling height and
smaller depositional intensity, although the trends are not fully uniform
[37]. In the framework of these experiments the falling height was kept
constant, equal to 40 cm for all the models. The diﬀerent depositional
intensities (volume ﬂow) achieved vary between 1 and 167 g/min/cm2.
The samples prepared with depositional intensities between 1 and 8 g/
min/cm2 comprise an average dry density of 1,72 t/m3 and are regarded as “dense”. Samples of depositional intensities between 112 and
167 g/min/cm2 results in an average dry density of 1,67 t/m3, and

Fig. 2. Centrifuge test layout: left: cross-section, right: ground plan.
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Table 1
Characteristics of the spheres used for the impulse excitation.

Table 3
Description of the 58 conducted experiments.

Ball Id

1a

1b

1c

2

3

4

5

6

7

Foundation

Square

Material
Mass[g]

Plastic
0.08

Plastic
0.15

Plastic
0.33

Plastic
0.51

Plastic
0.70

Steel
0.88

Steel
1.40

Alum
1.65

Steel
4.08

Soil

Loose

Gravitation
Tests run

60 g
14

Circular
Dense
100 g
11

60 g
14

Loose
100 g
11

60 g
4

100 g
4

observed at the beginning of the oscillation corresponds to higher
modes of the model that are not examined in the framework of this
work and thus they are ﬁltered out. In order to track the evolution of
the spectral content of the response, a spectrogram plot is oﬀered in
Fig. 7 (lower left). The eigenfrequency of the system is reduced by almost 11% before eventually reaching a constant value. This very important observation indicates a nonlinear response during the ﬁrst cycles of the oscillation.
6.2. Moment-rotation behavior
The moment-rotation behavior provides valuable information regarding the stiﬀness and the energy dissipation of SSI systems, especially when rocking response proves dominant. Several recent studies in
the domain of SSI deal with this behavior, mostly under cyclic loading
in the nonlinear range, where the hysteretic action of the soil becomes
signiﬁcant [28,29,39]. Before reaching the nonlinear plateau, the response is considered to be linear elastic and the energy is assumed to be
dissipated mostly through radiation. Nevertheless, indications of nonlinearities in the small strain-level have already been mentioned in
[40]. No experimental studies regarding this phenomenon for SSI systems were found. Hence, the plot of the moment-rotation response for
the present free vibration experiments is of particular importance,
especially after indications of nonlinear behavior in the ﬁrst oscillation
cycles in terms of frequency-shift.
The methodology followed for the development of moment-rotation
plots is based exclusively on the acceleration measurements and is
described below:

Fig. 3. Left: picture of the instrumentation, right: schematic representation of the experimental instrumentation. The arrows indicate the direction of the accelerometers.

shot with all available spheres (labels 1a to 7). Next, the structure is
once again shot with spheres 1a to 3, so as to compare the diﬀerence of
the ‘elastic’ response prior to and after the shooting of heavier spheres.
After the last shot, the centrifuge is stopped.
6. System identiﬁcation across scales
The system response is studied on the basis of the output-only acceleration data recorded on the top of the structure, parallel to the
motion (accelerometer 3 in Fig. 3). The sampling rate of the data acquisition system was set to 60 kHz. The analytically derived frequencies
provided an estimation of the frequency range of interest for the ﬁrst
mode, which proved to be in the range of 150–350 Hz for the scaled
models, which corresponds to 1,5–6 Hz for the equivalent prototype
system. The signals were then down-sampled to 10 kHz for the further
processing. In the following, all information will be expressed at the
scale of the equivalent prototype system.

1) A high-pass Butterworth ﬁlter with fNyquist = 1 Hz is applied to the
detrended acceleration signal, in order to discard the low-frequency
noise. As a result, potential nonlinear eﬀects from displacements in
this range are inevitably discarded.
2) The acceleration signal is numerically integrated, yielding the velocity response
3) The same high-pass ﬁlter is applied to the velocity signal.
4) The velocity signal is numerically integrated, yielding the displacement response
5) The same high-pass ﬁlter is applied to the displacement signal.

6.1. Frequency identiﬁcation
A typical response spectrum of the equivalent prototype system is
presented in Fig. 5 (upper right). The damped natural frequencies of the
system are directly identiﬁable from the spectrum. The lowest eigenfrequency renders a clear spectral peak, since the resulting deformed
shape concurs with the ﬁrst coupled rocking-swaying mode of the
system. Since the ﬁrst rocking mode is primarily activated, the subsequent analysis deals exclusively with this mode. To this end, a lowpass Butterworth ﬁlter with a Nyquist frequency of 5 Hz is applied, in
order to reduce the noise and focus on the frequency range of interest
(1,5–6 Hz).
A comparison between the original and the ﬁltered signal is oﬀered
in Fig. 5 (upper left). The transient, high-frequency response that is

Trapezoidal numerical integration is then carried out. A typical
acceleration response of the prototype system is shown in Fig. 5 (upper
left) for lighter spheres (up to number 3), and in Fig. 5 (lower left) for
the heavier spheres (number 4–7). As observed, in the former case the
system oscillates harmonically, indicating that the response remains
within the “elastic” range. For the heavier spheres, however, the response reaches the inelastic region: permanent deformations appear,
indicating dynamic failure of the soil. The unrealistically large value of

Table 2
Dimensions of the models [cm].
Model Id

1s,c

2s,c

3s,c

4s,c

5s,c

6s,c

7s,c

8s,c

9s,c

10s,c

11s,c

12s,c

13s,c

14s,c

h [cm]
D [cm]
B [cm]

4
4
4

5
2
4

5
3
4

6
2
4

6
3
4

6
2
5

6
3
5

6
4
5

7
2
4

7
2
5

7
3
5

7
4
5

8
2
5

8
3
5
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Fig. 4. Left: The shooting tube is attached on the
actuator arm, right: the lower edge of the tube targets on the head of the structure with an angle of 45°.

the plastic deformation is a result of the drift in the acceleration signal,
which is propagated through the numerical integration.
The present work focuses on the “elastic” (or near-elastic) range
and, thus, no further analysis on nonlinear response will be conducted.
However, the clear distinction of the response between the lighter and
the heavier spheres indicates that response induced via lighter spheres
did not approach the nonlinear threshold.
The Moment - Rotation (M-θ) response is calculated directly from
the acceleration and displacement time-history by applying the transformations described in Fig. 6. It is noted that the translational mode is
neglected, while the structure is assumed as rigid and rotating around
the center of mass of the foundation, which corresponds to the ﬁrst
rocking mode. A typical moment-rotation response of the prototype is
presented in Fig. 9. The elliptic form of the loops is representative of
viscoelastic behavior. The ultimate values of the moment capacity for
all the model conﬁgurations are calculated according to [41]. For all
the examined cases, the moment response remains lower than 10% of
the ultimate value.

Fig. 6. Moment-rotation estimation.

Energy method is applied for the estimation of the equivalent viscous
damping and proves to give reasonable results.
According to the Dissipated Energy method, the damping ratio can be
computed by equating the energy dissipation of the actual system with
the energy dissipation of an equivalent viscous system during one vibration cycle. This method is mostly applied for cyclic excitation at
constant frequency, where steady-state response is reached. In the
present case the response is free-vibration and the total amount of input
energy is introduced at the beginning through impulse. Afterwards, the
response is damped out, without forming closed loops, since the dissipated energy is not compensated. In order to apply the dissipated
energy method for free vibration response, some modiﬁcations are here
considered.
Energy is introduced to the system through impulse on the top of the

6.3. Damping identiﬁcation
As already mentioned, the response amplitudes of the presented
experiments remain within the “linear elastic” limits, where the viscous
damping assumption is usually adopted. The elliptical shape of the M-θ
plots indicates dynamic hysteresis, which may however be approximated via adoption of an equivalent viscous damping. Since free vibration response is studied herein, and the linear range is under investigation, the logarithmic decrement method could be adopted.
However, the existence of mild nonlinearities yields a curve that may
not be ﬁtted via an exponential function and the method would thus not
provide reliable estimations. Therefore, a modiﬁcation of the Dissipated

Fig. 5. Typical response of the prototype in time and frequency domain. Upper: for lighter spheres (id: 1a-3), lower: for heavier spheres (id: 4–7).
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structure. The exact amount of the input energy may not be computed,
although the acceleration response of the system can provide a valuable
insight into the energy ﬂow. The velocity and displacement time-histories of the response are obtained through numerical integration.
Based on these, the Kinetic and the Potential energy of the system can
be computed by introducing the mass and the identiﬁed stiﬀness of the
system, while the sum of the kinetic and the potential energy constitutes the total energy of the system.

Εkin =

1
⋅M ⋅v 2
2

Εpot =

1
⋅Ksys⋅u2
2

Εtotal = Εkin+Εpot

Table 4
Calibrated values of the average equivalent G-modulus at the gravitational center of
the foundation for the diﬀerent soil conditions.

60 g
100 g

(10)

The damping ratio can be estimated for each pair of time-points that
diﬀer for a time span equal to the period of the system, by introducing
the initial total energy and the corresponding dissipated energy of each
cycle into the formulation derived for the steady-state case:

ζ=

Εtotal (t1) − Εtotal (t1 + Tsys )
1
ED
⋅
⇒ζ=
4⋅π⋅ω/ ωn Εtotal (t1 )
4⋅π⋅Εtotal (t1 )

Dense

31 MPa
41 MPa

36 MPa
45 MPa

value of G-modulus has to be assumed for employing the analytical
model. The calibrated value of the G-modulus is obtained by minimizing the coeﬃcient of variation (CV) between the analytical predictions and the original response. The calibrated values of the G-modulus
are summarized in Table 4 for all diﬀerent soil conditions, where it is
evident that the calibrated G-modulus is aﬀected even for slight variations of the dry density of the soil.
The experimentally obtained eigenfrequencies and the analytical
estimations are presented in Fig. 8. In all cases the coeﬃcient of determination results higher than 88% and the CV remains lower than
5%. Both indices suggest a very good ﬁt between the simpliﬁed analytical model and the experimental results and conﬁrm other experimental studies that reach the same conclusion [22], provided that the
equivalent G-modulus of the soil is properly back-calculated.
The damping ratio of the system is identiﬁed with a modiﬁcation of
the common Dissipated Energy method, which expresses the combined
eﬀect of all damping mechanisms acting in the system, modiﬁed to
apply for free vibration response. From an analytical point of view, the
energy dissipation can be assessed by the System Damping Ratio (SDR),
which has been presented in the Analytical Formulation section. The
damping ratio of each dissipation-mechanism is weighted by the ratio
of the system-frequency over the corresponding “rigid body” frequency.
The radiation damping can be theoretically estimated by applying the
methodology described in [4]. The structural and material damping,
however, are introduced as constant values and require proper assumptions. Consequently, the radiation damping is the only mechanism
that can be analytically modeled, while the structural and the material
damping are considered to be constant in the elastic range (lower level
of strains). According to [4], for lower levels of strain, the radiation
damping constitutes the dominant dissipation mechanism. It is reminded that the response of the system during the experiments theoretically remained in the elastic range, by keeping the Moment response
lower than 10% of the ultimate Moment. Thus, it is reasonable to
compare the identiﬁed damping ratios (IDR) with the estimated SDR, by
neglecting the material damping in the ﬁrst place (ζmat = 0).
The structural damping ratio is experimentally estimated to be
equal to 1.5%, while the material damping of the soil is initially

(9)

With the time-history of the total energy deﬁned, the dissipated
energy can be estimated as the diﬀerence in total energy between two
time-points of the response. The dissipated energy in one vibrationcycle is deﬁned as the diﬀerence between the initial and the ﬁnal
amount of total energy, at the beginning and at the end of each cycle:

ΕD = Εtotal (t1) − Εtotal (t1 + Tsys )

Loose

(11)

The system vibrates freely and thus the excitation frequency is equal
to the natural frequency of the system (ω = ωn). A characteristic timehistory response of the system in terms of acceleration, total energy,
damping ratio and eigenfrequency is presented in Fig. 7.
It is remarkable that 90% of the system's energy is dissipated within
the ﬁrst 3 cycles (in other model conﬁgurations this ranges extends up
to 7 cycles). Interestingly enough, in the same range a “drop” of the
eigenfrequency is observed, which indicates nonlinear response. For
these reasons, it is reasonable to evaluate the equivalent viscous
damping in this range of the response. The method is applied by considering all the peaks of the kinetic and potential energy as reference
points, which leads to four estimations of damping pro vibration-cycle.
The estimated damping ratios are plotted in time, as shown in Fig. 7,
and the average value is estimated. In most cases the damping ratio
remains constant and thus the average value can be considered as the
equivalent damping ratio of the system.
7. Experimental veriﬁcation of fundamental theory
As explained in the Analytical Formulation section, an equivalent

Fig. 7. Typical response of the prototype for lighter spheres. Upper left: acceleration, upper right: total energy, lower left: Eigenfrequency (spectrogram), lower right: identiﬁed damping
ratio in the part of the response, where the total energy is above 10% of its maximum value.
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Fig. 8. Analytical ﬁt to the experimentally identiﬁed eigenfrequencies.

neglected. It is observed that the weighted contributions of the structural damping and the radiation due to rocking are negligible as well.
The analytically computed SDR is actually driven by the swaying-radiation damping.

•
•

7.1. Parametric study of the dynamic response in the “elastic” range
The dynamic response of the SSI system is studied through the
aforementioned SSI indexes. Additionally, the Moment-rotation response provides valuable insights into the stiﬀness of the system and the
energy dissipation. Finally, the eigenfrequency itself constitutes a very
familiar expression of the system stiﬀness in engineering practice and is
thus studied independently.
The inﬂuence of the following parameters on the characteristics of
the response is discussed in the subsequent section:

•
•

• The foundation slenderness, deﬁned as the ratio of the foundation
embedment over the foundation width (D/B), as shown in Fig. 1.
• The relative stiﬀness of the superstructure (assuming ﬁxed base)
over the foundation stiﬀness.
• The impulse intensity: depending on the size of the spheres that
were shot (Table 1)
• The eigenfrequency of the free oscillation and the PLR are con-

other and with the other characteristics of the response. A normalized expression for the frequency is implemented, deﬁned as the
fraction of the identiﬁed eigenfrequency multiplied by the height of
the structure over the equivalent shear wave velocity:
The soil density: Two diﬀerent levels of soil-compaction were
achieved (loose/dense).
The safety factor for bearing capacity (FSV): the safety factor for
each model conﬁguration is calculated according to Terzaghi [42],
by considering the eﬀect of embedment [33].
The shape of the foundation: circular and square foundation
shapes were tested.
Eﬀect of nonlinearities: as explained, the model is eventually
subjected to impulse excitation of larger amplitude that brings the
system into the nonlinear range of the response. The system is
subsequently subjected to impulses of lower intensity, in order to
investigate the possible eﬀect of nonlinearities on the elastic system
response.

Increasing the depth of the foundation relative to the width has a
direct increasing eﬀect on the system stiﬀness. The PLR does not appear
sensitive to this parameter, while the identiﬁed damping does not show
a clear tendency. The M-θ behavior of two extreme cases of foundationslenderness are presented in Fig. 9. This comparison plot clearly illustrates the eﬀect of the embedment depth on the stiﬀness of the system.

sidered as parameters in order to examine the relation between each

Fig. 9. Moment-rotation response of models with diﬀerent foundation depth (prototype).

9

Soil Dynamics and Earthquake Engineering 103 (2017) 1–14

P. Martakis et al.

impulse, indicating stronger nonlinear eﬀects. Considering the fact that
the maximum moment amplitude remains below 10% of the ultimate
moment, the observation of nonlinear eﬀects contradicts the theoretical
perception of the “linear elastic range” at small strains. The IDR also
becomes larger with increasing intensity, which leads to larger strains
(Fig. 11 right). The strain dependency of the IDR conﬁrms that the
dominant dissipation mechanism is hysteretic and supports the conclusion that nonlinear behavior takes place even at small strains.
The identiﬁed damping plotted against the normalized frequency
indicates a linear decrease (Fig. 12). The experimentally observed trend
contradicts the analytical predictions that suggest larger damping values for higher oscillation frequencies, following the assumption of
viscoelasticity. The IDR increases with increasing PLR, while the analytical estimations are not indicative of such a trend (Fig. 13). Higher
values of frequency, as well as lower values of PLR are indicative of
stiﬀer systems. Thus, both tendencies of the identiﬁed damping imply
that damping decreases for stiﬀer systems, as a stiﬀer system generates
lower strains and thus mobilizes less soil hysteretic action. The PLR
does not demonstrate any sensitivity to the eigenfrequency of the
system.
Higher soil density results in an increase of the system's frequency
and a decrease in damping of an order of 10%. Considering the very
small diﬀerence between loose and dense soil in terms of dry density,
the identiﬁed eﬀect on the modal characteristics implies that the system
response is very sensitive to the soil density. It is known that soil density
aﬀects the shear strength and consequently the G-modulus, which is
highlighted as the driving soil parameter for the analytical model. Both
the increase in eigenfrequency and the decrease in damping reﬂect the
increase of system-stiﬀness due to the “stiﬀening” of the soil.
Adoption of a safety factor for the bearing capacity of the soil
against static vertical loads (FSV) comprises a common engineering
practice. A higher safety factor is universally considered to operate
towards the safe side for static loading. In case of dynamic excitation
however, the role of the FSV is controversial. The presented results indicate an expected raise of the system-stiﬀness with increasing FSV
(Fig. 14 left), as the FSV increases for deeper embedment and larger
footing dimensions, both leading to a stiﬀer foundation. On the contrary, the SSI eﬀects, both in terms of PLR and damping, are signiﬁcantly reduced for larger values of FSV (Fig. 14 right, Fig. 15 left).
The key issue in this case is the “stiﬀening” of the foundation. It is
shown in Fig. 10 that the SSI eﬀects escalate with increasing relative
stiﬀness. As a result, stiﬀer foundation prevents the ampliﬁcation of the
SSI eﬀects. Particularly to what damping is concerned, it is mentioned
that the stiﬀer the foundation is, the less material damping is mobilized.

The slope corresponds to the stiﬀness and increases substantially with
increasing embedment. Another interesting observation is that the
stiﬀness appears lower during the ﬁrst couple of cycles. This “softening”
of the system at the beginning of the oscillation, which has already been
visualized in the spectrogram plot (Fig. 7), is indicative of nonlinear
response. Considering the fact that the Moment-level is lower than 10%
of Mult, it is concluded that nonlinear eﬀects are present even in the
theoretical “linear elastic” range of the system response, according to
elastoplasticity theory.
At this point it should be noted that the rotation of the system is
calculated through double integration of the high-pass ﬁltered acceleration signal. As a result, the potential low-frequency nonlinearities of
the displacements are inevitably ﬁltered out, and so what is oﬀered is a
suboptimal approximation. Utilization of displacement measurements
in future tests will be sought to reﬁne this estimation.
The relative stiﬀness of the superstructure and the foundation indicates a strong relation to the PLR and consequently to the SSIindex
(Fig. 10 left). The information in the latter case is expressed exclusively
in terms of normalized stiﬀness, and thus remains independent from the
mass of the model. Both the coeﬃcient of determination and the
coeﬃcient of variation indicate a very strong linear regression, which
highlights the relative stiﬀness as the driving parameter that controls
the level of period elongation. Considering the fact that the simpliﬁed
analytical model proves highly accurate in predicting the eigenfrequency, it may be concluded that period elongation may be computed with suﬃcient conﬁdence. It should be underlined however, that
a proper estimation of the equivalent G-modulus of the soil is necessary
for the calculation of the foundation-stiﬀness.
The experimental proof of this regression supports the case-history
observations on actual bridge piers, described in [23], and provides a
valuable benchmark for the assessment of real structures, as well as of
further experimental data. The identiﬁed damping demonstrates an
increasing trend with relative stiﬀness (Fig. 10 right). For the same
superstructure, stiﬀer foundation yields lower strains and therefore
mobilizes lower material damping.
The impulse intensity level is deﬁned qualitatively, depending on
the size of the spheres described in Table 1. The identiﬁed eigenfrequency is independent from the intensity level, as expected, since the
intensity level is low and the response remains in the theoretical “elastic
region”. However, as described in Section 4.1, a drop in eigenfrequency
is observed at the beginning of the oscillation, which indicates nonlinear response. This drop is quantiﬁed as a percentage of the identiﬁed
eigenfrequency and is plotted as a function of the impulse intensity
level (Fig. 11 left). The drop increases with increasing intensity of the

Fig. 10. Left: SSIindex – Relative stiﬀness, right: IDR– Relative stiﬀness.
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Fig. 11. Left: Impulse intensity level vs. Eigenfrequency drop right: Impulse intensity level vs. IDR.

Fig. 12. Left: IDR – Normalized frequency, right: SDR – Normalized frequency.

Fig. 13. Left: IDR- PLR, right: SDR-PLR.
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Fig. 14. Left: Eigenfrequency – FSV, right: PLR – FSV.

eigenfrequency, the eﬀect of the partial embedment seems to be compensated by the local compaction of the soil. In Table 5 are summarized
the trends of the SSI eﬀects observed in the experiments.

The analytically estimated SDR shows an opposite trend, which could
foment the misleading perception that the system damping increases
with increasing FSV, and thus lead the design to the unsafe side.
The eﬀect of the shape of the foundation is prominent in terms of
eigenfrequency and PLR. The circular footings are less stiﬀ than the
square ones, as depicted in Fig. 16 left. Consequently, the PLR is larger
for circular footings, since the superstructure stiﬀness is the same
(Fig. 16 right). Regarding system damping, no clear trend can be
identiﬁed, although based on the previous analysis, it would be expected that damping would be larger for circular footings, since the
foundation stiﬀness decreases. Nevertheless, it should be considered
that circular footings of diameter equal to the width of the corresponding square footings provide smaller surface in contact with the
soil, and thus, less material damping is mobilized.
The eﬀect of nonlinearities is investigated through examination of
the modal characteristics of the “elastic-range” response before and
after the nonlinear response of the system, triggered by higher-amplitude impulse excitation. The eigenfrequency of the system does not
change remarkably. On the contrary, the IDR shows an average decline
of 7.5%. During the nonlinear response large strains are generated and
the sand-grains are locally rearranged and compacted. Consequently,
the contact area between the foundation and the adjacent soil is reduced and thus, less material damping is mobilized. In terms of the

8. Conclusions
In contrast to current perception, this study argues that negligence
of the SSI eﬀect might not always lie on the safe side. The seismic demand increases for stiﬀer structures due to period elongation, whereas
more ﬂexible structures suﬀer from increasing displacement- and ductility-demand. Furthermore, the period shift could lead to resonance
eﬀects with detrimental implications. Experiments in centrifuge oﬀer a
unique opportunity to study the SSI phenomenon through parametric
experimental sessions of scaled models in realistic stress and strain soil
conditions. In existing literature only few well documented SSI case
studies are found, while the small-scale experimental studies fail to
capture realistic conﬁning-stress conditions. Experiments in a centrifuge facility overcome this obstacle, having to face however other
challenges, termed as scale eﬀects. Most of these experiments focus on
the highly nonlinear range of the response, during cyclic or earthquake
loading. Before reaching the nonlinear plateau, the response is so far
considered to be linear elastic and energy is assumed dissipated primarily via radiation. Nevertheless, indications of nonlinearities in small

Fig. 15. Left: IDR - FSV, Right: SDR – FSV.
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Fig. 16. Eﬀect of the foundation shape on eigenfrequency and PLR.

• The identiﬁed damping ratio results remarkably higher than the

Table 5
Summarize of the trends observed in the experiments.
Increasing
parameter:
Eigenfrequency
PLR
SDR

D/B

Relative
stiﬀness

Intensity level

Soil density

FSV

+

+
–
–

+
–
–

+
+
+

•

Foundation
shape
–
+

strain-levels have already been mentioned in [40]. No experimental
studies regarding this phenomenon for SSI systems came to the attention of the authors.
The most important ﬁndings of the present work may be summarized as follows:

•

• The simpliﬁed analytical model proves adept in estimating the ei•

•
•
•

•

•

genfrequency of the SSI system, albeit after proper calibration of the
G-modulus.
In order to ensure that the system response remains in the elastic
range, the amplitude of the base moment remained below 10% of
the ultimate moment during all present experiments. Nevertheless,
nonlinear characteristics, such as eigenfrequency-shift and straindependency of damping, were identiﬁed. The observation of nonlinear eﬀects contradicts the theoretical perception of a “linear
elastic range” of the response at small strains.
Due to nonlinear eﬀects, the identiﬁcation of the equivalent viscous
damping may not be achieved through standard methods.
Therefore, a modiﬁcation of the Dissipated Energy method, that
applies for free vibration response, is suggested and implemented.
The eigenfrequency of the system increases with increasing foundation dimensions and soil density and is 10% higher for square
foundation in comparison to circular.
The PLR and the SSI indices in particular, indicate a strong linear
dependence on the relative stiﬀness between the ﬁxed-based superstructure and the foundation. Considering the fact that the simpliﬁed analytical model proves highly accurate in predicting the
system's eigenfrequency, it is concluded that period elongation may
be computed with suﬃcient accuracy in the analytical sense. It
should be underlined, however, that a proper estimation of the
equivalent G-modulus of the soil is necessary.
For the same structural model, the PLR is inversely proportional to
the foundation stiﬀness. Consequently, larger foundation and stiﬀer
soil suppress the period elongation eﬀect.

•

•

analytically predicted SDR, indicating substantial contribution of
the material damping mechanism.
Most importantly, the identiﬁed damping is not a parallel oﬀset of
the analytical predictions, as would be expected for constant material damping. Opposite tendencies between theoretical and experimentally identiﬁed damping are observed in terms of numerous
parameters, exposing the insuﬃciency of the analytical model in
capturing the actual dissipation mechanism even in the small strain
range.
The system damping is highly strain-dependent, and is thus attributed to the hysteretic action of the soil. Considering the fact that the
response is limited to the “linear elastic range”, the existence of
hysteretic damping contradicts the analytical perception that radiation is the dominant dissipation mechanism in the small strain
range.
A slight increase of soil dry density results in an increase of frequency and a decrease of damping in the order of 10%, implying
that the system is very sensitive to the dry density of the sand and
consequently to the G-modulus, which is highlighted as the driving
soil parameter for the analytical model.
The eﬀect of the foundation shape is prominent in terms of eigenfrequency and PLR. The circular footings are less stiﬀ than the
square. Consequently, the PLR is larger for circular footings, since
the superstructure stiﬀness remains unchanged, leading to an increase in relative stiﬀness. Regarding the damping of the system, no
clear trend could be identiﬁed. Although the reduced foundation
stiﬀness allows for larger strains, the reduced contact-surface with
the soil decreases the mobilized damping.
After undergoing nonlinear strains, the damping of the system in the
elastic range decreases by 7.6%. This is attributed to the reduction
of the contact area between foundation and soil due to local compaction. To what the system's eigenfrequency is concerned, the effect of the partial embedment seems to be compensated by local
compaction of the soil and the consequent increase of its shear
strength, therefore no signiﬁcant diﬀerences were observed.

It need be noted that this analysis overviews a ﬁrst attempt, which is
subjected to a number of limitations, namely the lack of direct measurement of the structure displacements, the applied load and the soil
strains. The study is limited to a simpliﬁed type of structural foundation
and ideal ground conditions. Moreover, the scalability of the energy
dissipation is not a straightforward issue and, thus, further research is
required in order to extrapolate conﬁdently the results to a practical
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setting. That being said, this comprehensive experimental investigation
oﬀers valuable insight to the underlying mechanisms involved and
motivates for further targeted research. A more extended study is to
follow, addressing the aforementioned concerns.
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