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Abstract 
The interaction between soil, foundation and structure during earthquake shaking is a complex phenomenon in which 
several mechanisms are involved. Soil-structure interaction (SSI) is formed by two main mechanisms: kinematic and inertial 
interaction, involving wave scattering and impedance problems, respectively. Theoretical studies in the subject abound in 
the literature and show that the effects of SSI on the earthquake response of structures involve mainly an elongation in 
fundamental natural period and a change (usually an increase) in damping. Nonetheless, the experimental validations of 
such studies are still scarce. Such validations can be efficiently investigated with physical scaled model in 1-g or n-g 
devices. In the present paper the soil-pile-structure interaction (SPSI) is investigated by utilizing a set of data selected from 
a comprehensive experimental test program carried out using 1-g shaking table tests. The scaled model adopted in the tests 
comprises a group of five piles embedded in a bi-layer deposit with or without a single-degree-of-freedom oscillator 
mounted on the piles, with or without a rigid connection (cap) between them. The present work focused on the response of 
the scaled model when subjected to both harmonic input motions and the strong motion recorded at Tolmezzo Station 
during the 1976 Friuli (Italy) earthquake. The experimental outcomes are compared with some theoretical formulations 
from the literature. It is found that: (i) the SPSI effects are, as expected, more evident in the system without a stiff 
connection between the piles and (ii) the theoretical formulae are not able to predict in an accurate manner the above 
quantities, due to a variety of factors discussed in the paper. 
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1. Introduction 
Soil-pile-structure interaction (SPSI) is a complex phenomenon which is usually split into two simultaneous, yet 
fundamentally different mechanisms: kinematic interaction (Fig. 1a) and inertial interaction (Fig. 1b).  

 The kinematic interaction stems from the tendency of the pile to deform in a different manner, mainly due 
to stiffness mismatch, compared to the surrounding soil. In the scientific community several analytical and 
numerical studies are available, focusing on the evaluation of this effect notably in correspondence to the 
interface between soil layers with different mechanical properties [1-4]. The inertial interaction is an additional 
contribution to the pile loading due to the oscillation of the superstructure.   

 
Fig. 1 - (a) Kinematic and (b) inertial bending moments (qualitative patterns) [20] 

The combination of these two coexisting yet asynchronous phenomena is not trivial, but the main effects, from a 
structural point of view, can be summarized in the period elongation and the increase in damping ratio [5-9]. 

 Modern building codes [10-13] provide simplified expressions mainly for the evaluation of the period 
elongation due to the soil-structure interaction, but the most useful findings are obtained from data collected 
from real structures or scaled ones, investigated by means of experimental campaigns in n-g or 1-g laboratory 
devices [14-20].  

 In this paper the SPSI is investigated by means of a series of high quality 1-g shaking table tests carried 
out at the Bristol Laboratory for Advanced Dynamics Engineering (BLADE) of the University of Bristol (UK), 
within the Framework of the Seismic Engineering Research Infrastructures for European Synergies (SERIES), 
which was funded by the 7th Programme of the European Commission. The scaled model is formed by a group 
of five piles embedded in a bi-layer deposit. The results presented in this work refer to the response of a Single-
Degree-of-Freedom system (SDOF) with different pile configurations (with and without connection at the pile 
top). In order to better understand the dynamic response, both harmonic and seismic input motions are 
considered. The experimental results are compared with available theoretical formulations for period elongation 
and damping ratio.  

2. Experimental campaign 
The dynamic response of the scaled model shown in Fig. 2 has been investigated by means of the six-degree-of-
freedom shaking table of the BLADE laboratory. The 1-g shaking table consist of 3 m x3 m cast-aluminum 
seismic platform powered eight hydraulic actuators. In order to reduce the influence of the soil container on the 
dynamic response of the model, an equivalent shear beam container (shear-stack) was adopted. The shear-stack 
is formed by eight rectangular aluminum rings alternated by rubber sections, and the resonant frequency of the 
empty container is sufficiently different from the values obtained for the container filled with soil material [21].  

 The sample model (Fig. 2) is formed by 5 aluminum piles embedded in a bi-layer deposit. Each pile was 
an alloy aluminum tube (thickness 0.71 mm), 750 mm long, with an external diameter of 22.23 mm. The model 
has been obtained scaling the prototype using well known scaling law [15] based on geometrical similarity, 
assuming the fundamental scale factor for length (n) equal to 37.5 and equal soil mass densities between model 
and prototype.  
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Fig. 2 – Physical model [19] 

 The bi-layer deposit was formed of dry Leighton Buzzard (LB) sand obtained by pluviation, with the top 
layer formed by LB sand fraction E and the bottom one by a mix of LB sand fraction B (85%) and fraction E 
(15%). The main mechanical characteristics of the soil deposit are reported in Table 1.  

Table 1 – Soil layer properties [11] 

Soil layers Thickness H 
[mm] 

Dry unit weight γd 
[kN/m3] 

Shear wave 
velocity Vs [m/s] Vs2/Vs1 

Phase I Phase II Phase I Phase II Phase I Phase II 
Top LB (E) 340 13.63 13.13 51 54 

1.59 1.57 
Bottom LB (E+B) 460 17.46 17.92 81 85 

 In this work six different kinds of superstructures were considered. The superstructures were formed by 
the same aluminum column (cross section 3 mm x 12 mm, height 100 mm) with different masses added to its 
top, to achieve different dynamic properties. The experimental fixed-base frequency and damping ratio of each 
Single-Degree-of-Freedom (SDOF) are listed in Table 2.  

Table 2 – Experimental frequency and damping of fixed-base oscillators 

Mass 
[gr] 

Frequency 
[Hz] 

Damping ratio 
[%] 

75 38.0 0.7 
125 30.5 1.2 
175 26.5 0.9 
275 20.5 1.4 
475 15.0 1.2 
975 10.4 1.5 

 The whole model was monitored during the experimental campaign with a total of 18 accelerometers 
(among shaking table, shear-stack, free-field column, pile heads and SDOF), 32 strain-gauges for the evaluation 
of bending moments and axial forces (eight pairs at different elevations for piles 4 and 5), and eight linear 
variable displacement transducers in the vertical and horizontal directions (at piles 4 and 5 head).  

3. Test results 
Typical results of the above experimental campaign are analyzed in this section referring to both harmonic and 
earthquake input motions. In order to investigate the soil-pile-structure interaction, two different configurations 
are considered: (i) Free Head Pile with oscillator connected to the central pile (FHP+SDOF – Fig. 3a); (ii) Short 
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Cap connection among piles 4,5 and 3 with oscillator connected in correspondence of the central pile 
(SC+SDOF – Fig. 3b).  

 
Fig. 3 – Model configuration considered: (a) FHP+SDOF; (b) SC+SDOF [20] 

3.1 Sinedwell response 

The harmonic input motion considered in this section is a sinusoidal wave characterized by a frequency of 25 Hz 
and input acceleration equal to 0.09g.  

 The effects of the SPSI are evaluated using several types of transfer function (TFs) computed from the 
ratio between the Fast Fourier Transform (FFT) of the accelerometer responses in different positions. More 
specifically three kinds of TFs are presented:  

- the system response, computed as the ratio between the FFT of the accelerogram at the top of the 
oscillator and the free-field surface; 

- the oscillator response, computed as the ratio between the FFT of the accelerogram at the top of the 
oscillator and its base, that corresponds to the top of the pile; 

- the pile response, computed as the ratio between the FFT of the accelerogram at the top of the pile and 
the free-field surface. 

 Fig. 4 shows the TFs for the FHP+SDOF configuration and the fixed base frequency for each oscillator 
analyzed, compared with the TFs of the piles in the FHP configuration. 

 
Fig. 4 – Transfer functions for the FHP+SDOF configuration 
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 As expected, due to the different resonance conditions, each oscillator has a different response in terms of 
both period elongation (TSSI/Tfix) and damping ratio (DSSI/Dfix), plotted versus the fixed values obtained 
experimentally (Table 2). To better understand the SPSI in Fig. 5 the results versus the so-called “wave 
parameter” (Eq. 1), which can be considered an index of the relative stiffness between the structure and the soil 
[22], are plotted; the shear wave velocity (Vs) considered in the equation is the mean value of the top layer of the 
deposit in which lies the active length of the pile, evaluated experimentally:  

1
σ

= ffixh
Vs

 (1) 

 The increases of both period elongation and damping ratio with the wave parameters are clear in Fig. 5, 
and are in accordance with other experimental outcomes [23 - 24]. The damping ratio reported in Fig. 5 is the 
total one and seems not to be affected by the radiation damping, probably because of the absence of any 
constraints among the piles. It should be noted that the changes in vibrational characteristics indicated in Fig 5 
are not supported by elastodynamic theory, as linear system behaviour should be independent of structural mass 
[13], and can be attributed to nonlinear effects in the soil due to increasing base shear and overturning moment 
with increasing mass. In addition, the datapoints indicated in the graphs cannot be connected to form a single 
curve, as they correspond to different values of the so-called mass ratio (γ) [14]. 

 
Fig. 5 –Dynamic response of the system: period elongation (left) and damping ratio (right) versus wave 

parameters for FHP + SDOF configuration 

 The comparison with the FHP configuration in Fig. 4 shows the effect of the inertial interaction in the 
kinematic response of the pile. First of all, there is no difference among the TFs of the pile 4 and 5 in the FHP 
configuration and the TF of pile 4 in the FHP+SDOF configuration. These three TFs are very different from the 
TF of pile 5 in the FHP+SDOF, due to the effect of the oscillator at the top of the pile, that causes an increase of 
the TF amplitude until the elongated frequency of the oscillator and a significant decrease right after this 
frequency. This behavior, which is related to the difference between the Foundation Input Motion (FIM) and the 
Free-Field Motion (FFM), has been observed in several previous works [25-26], and a series of numerical 
investigations [27] is aimed at investigating the influence of nonlinearity and ground motion incoherence on 
pile-soil kinematic interaction. In order to see more clearly the effect of the oscillator on pile response, the left 
side of Fig. 6 shows the smoothed TFs vs the dimensionless frequency (f/ffix), defined as the ratio between the 
frequency (the x-axis of the TF) and the fixed base one of each SDOF considered (ffix). Due to the period 
elongation (reported in the right side of Fig. 6) the decrease after the peak is always less than 1 and the 
amplitudes that the TFs reach increase with the increase of the period elongation.  

 Fig. 7 shows the TFs for the SC+SDOF configuration and the fixed base frequency for each oscillator 
analyzed. Unfortunately, it is not possible to compare the TFs of the piles in the short cap configuration (SC) 
with the ones in the SC+SDOF, due to problems in data acquisition during SC configuration tests. 
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Fig. 6 – Smoothed TFs for pile response (left) and period elongation (right) for FHP+SDOF 

 
Fig. 7 – Transfer functions for the SC+SDOF configuration  

 As illustrated for the FHP+SDOF configuration, Fig. 8 shows the variation of the period elongation and 
the damping ratio with respect to the wave parameter. Due to the connection among piles, the period elongation 
is almost negligible for this configuration; as a matter of fact, the cap connection tends to replicate the fixed base 
condition. The effects of pile connection are clear also in terms of damping ratio response: the radiation damping 
generates, in the majority of the analyzed cases, a decrease of the damping ratio compared to the fixed one 
(DSSI/Dfix < 1).  

 
Fig. 8 – Dynamic response of the system: period elongation (left) and damping ratio (right) versus wave 

parameters for SC+SDOF configuration 
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 Fig. 9 shows the smoothed TFs for pile 4 and 5 response versus the frequency divided by the fixed base 
frequency of each oscillator: the decrease in terms of amplitude (Fig. 9 – left) is almost one for all the cases, due 
to the negligible period elongation (Fig. 9 – right). Furthermore, the cap connection causes almost the same 
response in both the monitored piles.  

 
Fig. 9 – Smoothed TFs for pile response (left) and period elongation (right) for SC+SDOF 

3.2 Earthquake response 

The input motion considered in this section is the accelerogram recorded at the Tolmezzo Station (A270) during 
the 1976 Friuli (Italy) earthquake. A scaling factor (SF) of 12 has been adopted to ensure that the model is tested 
in the optimal frequencies range of the shaking table (i.e. 0-50 Hz). The maximum acceleration of this input is 
around 0.1g.  

 The oscillator considered in this section is characterized by an aluminum column 100 mm in length with a 
mass at the top equal to 150 gr. The fixed base characteristics of this oscillator, obtained experimentally, are ffix= 
27.02 Hz and Dfix= 0.59 %.  

 In Fig. 11 the TFs of the two configurations considered (FHP+SDOF dashed line, SC+SDOF continuous 
line) are reported, together with the fixed base frequency of the oscillator.  

 
Fig. 10 – Transfer functions for FHP+SDOF and SC+SDOF configurations for the scaled Tolmezzo record 

(Friuli 1976, SF12)  

 As expected, the type of configuration generates a significant difference in the system response, in both 
period elongation and damping ratio (Table 3). The SC+SDOF configuration generates results very similar to the 
fixed base ones: this is more evident in terms of the period elongation than the damping ratio. In contrast, the 
effects of the SPSI are important in the FHP+SDOF configuration.  
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Table 3 – Seismic response of the system in FHP+SDOF and SC+SDOF configurations 

 TSSI/Tfix  DSSI/Dfix 
FHP+SDOF 1.170 5.247 
SC+SDOF 1.004 1.255 

 

3.3 Experimental vs Theoretical  

In this section the experimental results in terms of period elongation are compared with several analytical 
solutions proposed in literature [28-32]. In order to have a general behavior of the system analyzed, additional 
results obtained in the same experimental campaign and published by the Authors are considered [20]. In 
particular, the latter results refer to White-Noise input motion, that excites the system with a range of frequency 
from 0 to 100 Hz with a constant amplitude.  

 Fig. 11 shows the comparison between the experimental results and the literature formulas for the cases 
considered. First of all, it is necessary to underline that the experimental data are slightly different for the three 
kinds of input motion, for both configurations: the harmonic input (i.e. White-Noise and Sinedwell) generates 
period elongation of the system bigger than the Earthquake one. Fig. 11 reports also the analytical formulae by 
Gazetas [31] and Kumar and Prakash [32] for the single pile response. The discrepancies observed are due to the 
elastodynamic theory that does not account for non linear behaviour of the soil, which is evident in the 
experimental tests. Other classical calculations were also carried out but they are not reported herein for sake of 
brevity [28-30].  

 
Fig. 11 – Experimental and theoretical period elongation for FHP+SDOF and SC+SDOF configurations for 

White-Noise (WN), Sinedwell (SD) and Earthquake (EQ) input motions  
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the Seismic Engineering Research Infrastructures for European Synergies (SERIES).  

 In order to study the main effects of the Soil-Pile-Structure Interaction (SPSI), different pile-structure 
configurations in a bi-layer soil deposit were tested on a 3 m x 3 m 1-g shaking table device. In this study the 
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- type of foundation: (i) single pile foundation, the so-called Free-Head-Pile (FHP) configuration; (ii) pile 
group configuration, the so-called Short-Cap (SC) configuration, where the group is formed by three 
piles;  

- dynamic characteristics of the Single-Degree-Of-Freedom (SDOF) oscillator connected to the 
foundation, obtained using the same column but different masses at its top;  

- input motion: harmonic excitations and scaled recorded accelerogram from the Friuli 1976 Earthquake 
(Italy).  

 The main goal of this paper has been to investigate how the above listed variables can modify the SPSI 
looking at the period elongation and the damping ratio. These properties have been evaluated using the fixed 
base properties which were obtained experimentally, fixing the oscillator directly on the shaking table.  

 The results in terms of both period elongation and damping ratio indicate that:  

- for all the input motions considered, significantly higher SPSI effects are recorded for the oscillator with 
the single pile foundation (FHP+SDOF), as compared to those with the pile group foundation 
(SC+SDOF); 

- for similar values of input amplitude, the harmonic excitations generate higher SPSI effects than the 
transient earthquake records in both configurations.  

 The comparison of the measured period elongation with the analytical formulae available in literature, 
based on linear theory, is problematic as, on one hand, the experimental results for different oscillation masses 
cannot form continuous curves (i.e. each dot refers to a different γ parameter) and are affected by nonlinear 
phenomena; on the other hand, the analytical formulae suffer from various issues including dimensionality and 
arbitrary treatment of coupling stiffness terms.  

 Furthermore, it has been found that the inertial interaction affects the pure kinematic response at the pile 
head in both the configurations, causing a decrease in Foundation Input Motion (FIM) that, beyond the natural 
frequency of the system, becomes dramatically lower than the Free-Field Motion (FFM).  
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