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1. Introduction

Since the 1970s, theoretical approaches [VELET-
SOS et al., 1974; GAZETAS, 1983; VOYAGAKI et al., 2013],

field and laboratory studies as well as numerical 

modelling [MYLONAKIS et al., 2000; MARTIN et al., 2001; 
GOURVENEC et al., 2003; GAZETAS et al., 2004; MYLONAKIS

et al., 2006; PECKER, 2006; PAOLUCCI et al., 2008; PITI-
LAKIS et al., 2008; ABATE et al., 2010; PECKER et al., 2013]

have all been used to investigate DSSI phenomena. 

Due to increased interest in performance-based de-

sign (PBD), there is now a greater awareness of the 

effects of the interaction that takes place between the 

soil, the foundation and the superstructure and the 

role that plays in the overall seismic capacity of the 

system [VELETSOS et al., 1975; ATC-40, 1996; PAOLUCCI,
1997; PENDER, 2007; KOURKOULIS et al., 2012].

More recently, a large number of field and lab-

oratory studies have been carried out with the aim 

of investigating DSSI and validating numerical ap-

proaches [GAZETAS et al., 1991; DE BARROS et al., 1995; 

DOBRY et al., 1986; COMBESCURE et al., 2000; MAUGERI

et al., 2000; FACCIOLI et al, 2001; PRASAD et al., 2004; 
GAJAN et al., 2005; KNAPPETT et al., 2006; KUTTER et
al., 2006; UENG et al., 2006; BIENEN et al., 2007; UGAL-
DE et al., 2007; GAJAN et al., 2008; ANASTASOPOULOS et
al., 2013; MASSIMINO et al., 2013]. Laboratory studies 

are particularly invaluable for the known initial and 

boundary conditions and for the enormous quanti-

ty of applied instrumentations. However, very often 

there are also some disadvantages, such as: 1) the 

soil is deposited in very small containers; 2) the soil 

deposit is shallow in comparison to the structure; 3) 

the soil deposit is placed in the container without 

an accurate soil pluviation technique; 4) very simple 

structures, consisting in a short steel column con-

necting two massive blocks (the foundation block 

and a steel rack) are used. 

Common numerical approaches that can take 

DSSI non-linearity into account are: 1) the beam-

on-non-linear-Winkler-foundation (BNWF) appro-

ach; 2) the non-linear-macro-element (NLME) ap-

proach; 3) FEM modelling of the whole soil-founda-

tion-superstructure system. The BNWF approach as-

sumes a system of discrete, closely spaced indepen-

dent springs characterized by an appropriate consti-

tutive law, for simulating the soil medium [HARDEN

et al., 2005; ALLOTEY et al., 2007; HARDEN et al., 2009].

The main limitation of this approach is that it can-

not properly account for the coupling that occurs 

among the various degrees of freedom of the system 
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[PENDER, 2007]. This limitation can be overcome by 

the NLME approach, which has received growing at-

tention over recent years [NOVA et al., 1991; PEDRETTI,
1998; CRÉMER et al., 2001; CRÉMER et al., 2002; DI PRI-
SCO et al., 2006; GRANGE et al., 2008; CHATZIGOGOS et
al., 2009; CHATZIGOGOS et al., 2011; FIGINI et al., 2012; 
ANASTASOPOULOS et al., 2014]. In this approach, the 

entire soil-foundation system is replaced by a sin-

gle element located at the base of the superstructu-

re, governed by suitable yield and plastic potential 

functions. Thus, the footing and the soil are consi-

dered as a single ‘macro-element’. It has the great 

advantage of being a powerful design tool and very 

easy to use. However, the drawbacks are that it gene-

rally requires a large number of model parameters 

calibrated on the basis of experimental tests on DS-

SI systems and supposes a homogeneous subsoil, i.e. 

it cannot reproduce a real soil profile. FEM model-

ling allows a more realistic evaluation of a coupled 

soil-foundation-superstructure system in terms of ini-

tial and boundary conditions, soil profile, geometry, 

nonlinearity of soil and/or soil-foundation interfa-

ce. On the other hand this system is more compu-

tationally expensive than the previously mentioned 

approaches. Nevertheless, when combined with la-

boratory tests, it is the most useful tool for investiga-

ting the complexity of DSSI, and thus for updating 

the BNWF and/or NLME approaches.

For a number of years a group of researchers 

at the University of Catania have collaborated with 

other researchers at the University of Bristol to per-

form 1-g shaking table tests in order to study dynam-

ic soil-foundation interaction (DSFI) [MAUGERI et al.,
2000; MASSIMINO et al., 2001; MASSIMINO et al., 2013]

and dynamic soil-foundation-superstructure inter-

action (DSSI) [BIONDI et al., 2003; MASSIMINO, 2005; 
ABATE et al., 2007a; ABATE et al., 2008a, 2008b; ABATE

et al., 2010; BIONDI et al., 2015]. Some of the very nu-

merous results have been compared with results pro-

duced by analytical and numerical methods and the 

findings published, albeit in different papers due to 

the editorial restrictions on length. 

The present paper is a continuation of this in-

tense research activity and is closely related to a pre-

vious paper [ABATE et al., 2010]. However, that pa-

per [ABATE et al., 2010] referred only to the dynamic 

response of a soil-foundation-superstructure system 

subjected to some input histories (named “runs”). 

More precisely, ABATE et al., [2010] referred only 

to PHA = 0.10g (run II), and 0.53g (run XI), i.e. to 

very low and very high input accelerations. Moreo-

ver, ABATE et al., [2010] investigated DSSI only in the 

time-domain in a visco-elasto-plasticity framework. 

Finally, ABATE et al., [2010] model parameters were 

widely calibrated. The present paper refers to the dy-

namic response of the system to medium input accel-

erations (PHA = 0.35g and 0.40g, run VII and VIII, 

respectively). As a benchmark, the dynamic response 

of the system to 0.53g (the highest input accelera-

tion) has also been taken into account. The shaking 

table test has been simulated by means of FEM anal-

yses, considering the same visco-elasto-plastic consti-

tutive model with isotropic and kinematic harden-

ing (NL) used in ABATE et al. [2010]. However, in the 

present paper some aspects have also been investi-

gated using the linear visco-elastic (LE) constitutive 

model, given that this model is still widely used today 

for routine designs. Finally, in the present paper the 

dynamic response of the system has been analysed 

not only in the time-domain, but also in the frequen-

cy-domain, considering Fourier spectra and amplifi-

cation functions.

The main goals of the present paper are to in-

vestigate the effects of soil non-linearity on the soil-

structure system dynamic response as well as the ef-

fects of DSSI on the behaviour of the soil and struc-

ture in terms of accelerations, predominant periods 

and displacements, and to highlight some crucial 

aspects of numerical modelling when reproducing 

shaking table tests on DSSI. 

2. Experimental modelling

2.1. Shaking table equipment, soil properties and steel 
frame characteristics 

This paper deals with the experimental results of 

a shaking table test performed at the old Earthquake 

Engineering Research Centre (EERC) at Bristol Uni-

versity. The equipment used consists of: 

– a six-degree of freedom shaking table (3m by 

3m);

– a big flexible container (5m by 1m by 1.2m) 

called shear-stack, formed by a series of box-sec-

tion aluminium rectangular rings each of which 

is linked to the rings above and below by means 

of neoprene blocks in order to reproduce soil 

free-field conditions as closely as possible;

–  a 90 cm-deep deposit of Leighton Buzzard sand 

pluviated into the shear stack;

–  a one-storey steel frame (Fig. 1) located in the 

middle of the shear stack with a foundation em-

bedment of 10 cm. 

The sand was pluviated in order to guarantee a uni-

form relative density Dr equal to 50%. The foundation 

was not covered by the sand. Thus the thickness of the 

sand deposit underneath the steel frame was 80 cm, 

while it was 90 cm in the area around the steel frame. 

The Leighton Buzzard sand used in the experiment is 

an un-cemented sand with sub-rounded particles. The 

particle size distribution curve, obtained using the 

ASTM method for particle size analysis, is shown in 

figure 2. The average particle size was D50 = 0.94 mm. 

The uniformity coefficient, defined as the ratio of D60
to D10, was C = 2.128 and indicates the great homo-
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geneity of the particle size. The specific gravity, deter-

mined with the ASTM standard test method (D 854), 

was Gs = 2.679 [CAVALLARO et al., 2001]. The maximum 

weight per unit volume was determined by pluviation. 

The test was performed using a sand spreader, availa-

ble at the geotechnical laboratory of the Polytechnic 

of Tourin, developed by MIURA et al. [1982] and adapt-

ed by LO PRESTI [1992]. The value of the maximum dry 

weight per unit volume was max = 17.94 kN/m3. The 

value of the minimum dry weight per unit volume was 

determined using the ASTM (4254-83) method and 

was min = 15.06 kN/m3 [STROUD, 1971; CAVALLARO et al.,

2001]. A very accurate procedure was used to pluviate 

the sand into the big flexible container, maintaining 

a constant controlled relative density. Although this 

procedure is crucial for physical modelling, it is often 

avoided in large-scale experiments due to the difficul-

ty in using it with big containers. 

CAVALLARO et al. [2001] also performed static tests 

using both the standard Casagrande direct shear box 

and also a larger shear box (100x100x20 mm). They 

found the following empirical correlations between 

the sand relative density Dr, the height of deposition 

hd and the angle of shear strength :

Fig. 1 – Scaled steel frame: a) view of the steel frame during its preparation; b) view of the steel blocks.

Fig. 1 – Telaio in acciaio in scala: a) vista del telaio durante la sua preparazione; b) vista dei blocchetti.

Fig. 2 – Particle size distribution curve of the utilised Leighton Buzzard sand (after CAVALLARO et al., 2001).

Fig. 2 – Curva granulometrica della sabbia Leighton Buzzard utilizzata (da CAVALLARO et al., 2001).

a)

b)
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 Dr[%] = 0.555  hd[cm] + 14.7 (1)

[°] = 0.238  Dr[%] + 28.4 (2)

For the shaking table test reported here the 

sand was pluviated into the shear-stack maintain-

ing hd = 60 cm. Thus, using expressions (1) and 

(2) a relative density of about Dr = 50% and an an-

gle of shear strength  = 40° were obtained. For 

the loose sand (DR= 30%) equation (2) gives an an-

gle of shear strength equal to 35°. The latter can 

be considered an angle of shear strength at con-

stant volume. For the very dense sand (DR= 90%), 

equation (2) gives an angle of shear strength equal 

to 50°. These values are in agreement with previ-

ous results obtained by STROUD [1971] and BOL-
TON [1986]. Thus, in the numerical simulation de-

scribed in Section 3 the following values have been 

used:  = 40° and cv = 35°.

According to [HARDIN et al., 1996] at half the full 

depth of the deposit the value of the shear modu-

lus at very low deformation levels is G0 = 25 MPa. 

G0 represents the value of G at very low shear strain 

(10-4-10-3 %) before the shaking table test. The runs 

which took place before those investigated in the 

present paper caused significant shear strains and 

in turn a significant degradation of the shear mod-

ulus, which characterised the sand deposit at the be-

ginning of the runs under investigation. Thus, it was 

necessary to find a new “initial” value for the runs 

investigated here which, depending on the soil con-

stitutive model (See Section 3), might or might not 

vary during the FEM simulation of the runs. This 

new “initial” value of the shear modulus can be de-

tected on the basis of the shear strains yz according 

to the following G/G0 vs yz curve (Fig. 3):
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Similarly, the “initial” value of the soil damping 

ratio for the investigated runs can be detected ac-

cording to the following D vs yz curve (Fig. 3):
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where  = 20,  = 0.9,  = 134 and  = 4.5 were ob-

tained by CAVALLARO et al. [2001] performing reso-

nant column tests (RCT) and different cyclic loading 

torsional shear tests (CLTST, MLTST).

The shear strain measured before the runs inves-

tigated here was approximately yz = 2% as reported 

in ABATE et al. [2010]. Then, according to (3), the op-

erational shear modulus was 0.65 MPa. 

Expression (4) leads to unrealistic values of D
for high values of shear strain and cannot be used 

to estimate the damping ratio values for the numer-

ical simulation. Instead, the values of D can be cor-

rectly estimated following DIETZ AND MUIR WOOD

[2007], who performed shaking table tests on the 

same sand using a small shear stack and applying 

three techniques based on different excitation mo-

tions: random, pulse and sinusoidal. The DIETZ AND

MUIR WOOD [2007] curve (Fig. 3) gave D = 25 % for 

run XI. 

In order to test how sensitive the numerical re-

sults were to the choice of model parameters, ABATE

Fig. 3 – Dynamic properties of Leighton Buzzard sand: a) reduction of normalized shear modulus with shear strain [after 

CAVALLARO et al., 2001]; b) damping ratio versus shear strain [after DIETZ and MUIR WOOD, 2007].

Fig. 3 – Proprietà dinamiche della sabbia Leighton Buzzard: a) riduzione del modulo di taglio normalizzato con la deformazione a taglio 
[da CAVALLARO et al., 2001]; b) rapporto di smorzamento vs deformazione a taglio [da DIETZ e MUIR WOOD, 2007].
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et al. [2010], used the elasto-plastic, distortional-har-

dening ‘Severn-Trent’ soil constitutive model [GAJO

et al., 1999a; b], systematically varying the “initial” va-

lues of G and D. They considered: i) the “initial” va-

lues of G and D from laboratory tests previously di-

scussed; ii) the “initial” values of G and D used by 

GAJO AND MUIR WOOD [1997] for performing a nu-

merical simulation of similar shaking table tests (G
= 2.19 MPa; D = 20%) involving the same sand; iii) 

the “initial” values of G and D (G = 1.15 MPa; D = 

20%) established on the basis of a back analysis ba-

sed on a comparison between the experimental and 

numerical results for run XI. The back analysis was 

performed by trying to optimise the match between 

the experimental and numerical results for the acce-

leration time-histories, since it was felt to be too am-

bitious to attempt to optimise the matching for both 

accelerations and displacements. The latter values of 

G = 1.15 MPa and D = 20% have been used in the 

present paper, because they come from an extensi-

ve back analysis which includes many records. The 

value G = 1.15 MPa is a good compromise between 

the value of G obtained by the laboratory tests on 

sand samples (G = 0.65 MPa) and the value used by 

other researchers (G = 2.19 MPa). So this is the “ini-

tial” value fixed at the beginning of the numerical 

simulations for runs VII, VIII and XI, which are cha-

racterized since the beginning of the shaking by she-

ar strain levels definitively higher than those corre-

sponding to G0 = 25 MPa. The value of G can vary 

during the numerical simulation according to the 

constitutive laws adopted (see section 3.1). Unfortu-

nately, on the contrary, the constitutive model used 

in our test (see Section 3) does not take into consi-

deration a variation of D during the FEM simulation. 

The structure consisted of a one-storey steel 

frame characterised by a longitudinal frame span 

equal to 111 cm, a transverse span equal to 76 cm 

and a storey height equal to 130 cm (Fig. 1). The 

four elevation beams and the four columns were 

made of hollow square sections (HRS) and meas-

ured 50×50×3.2mm and 40×40×4mm, respectively. 

The shallow foundation consisted of four beams with 

a 190mm wide and 3mm thick rectangular section. 

A steel roof plate weighing 0.65 kN, was located on 

the top of the structure. A surcharge of 1.96 kN was 

applied to this roof by means of eight uniformly dis-

tributed lead blocks. The weight of the steel frame 

without the surcharge was equal to 1.19 kN. More de-

tails on the steel frame can be found in [BIONDI et al.,
2015]. The main properties of the steel frame mate-

rials were: E = 210000 MPa,  = 0.3,  = 7.85 Mg/m3,

typical for steel, and D = 3.6%. The damping ratio 

value of the structure was obtained by means of the 

preliminary exploratory tests reported in [BIONDI et
al., 2015] (see also Section 2.3).

Dr (%) Gs d,max (kN/m3) d,min (kN/m3) emax emin cv ( o) G (MPa)
50 2.679 17.94 15.06 0.79 0.49 35 1.15

Tab. 1 – Main properties of the utilised Leighton Buzzard sand.

Tab. 1 – Principali proprietà della sabbia utilizzata.

Fig. 4a – Distribution of Dytran accelerometers.

Fig. 4a – Distribuzione degli accelerometri del tipo Dytran.
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The main properties of the sand used in the test 
are reported in table I. 

2.2. Instrumentation

The model was instrumented by: 
– 10 Dytran accelerometers (Fig. 4a) placed at 

two different depths in the sand: 40 cm (D27, 
D28, D29, D30) and 80 cm from the shaking ta-
ble test, (S.T.,) (D31bis, D31, D32, D32 bis, D35, 
D35 bis), in order to observe how the accelera-
tion amplitude in the sand varied according to 
the depth; 

– 13 Setra accelerometers (Fig. 4b), 3 of which 
were located on the shaking table in order to 
control the seismic input according to the lon-
gitudinal (S1), transversal (S2), and vertical (S3) 
directions, 3 others (S4, S5, S6) on the shear 
stack walls and 7 (from S7 to S13) on the steel 
frame; 

– 11 Celesco displacement transducers (Fig. 4c) 
located on the shaking table in order to record 
its horizontal displacements (C1719) and on the 
steel frame in order to record the horizontal dis-
placements of the column (C20, C21, C22, C23) 
and the foundation settlements (from C14 to 
C19);

Fig. 4b – Distribution of Setra accelerometers.
Fig. 4b – Distribuzione degli accelerometri del tipo Setra.

Fig. 4c – Distribution of Celesco displacement transducers.
Fig. 4c – Distribuzione dei trasduttori di spostamento del tipo Celesco.
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– 3 Indikon displacement transducers (Ind24, 

Ind25, Ind26; Fig. 4d) situated on the soil sur-

face, in order to record the soil vertical displace-

ments.

Since the input motion was applied parallel to 

the long side of the shear stack and the steel frame 

was symmetrically loaded so that no significant tor-

sional movement occurred, the displacements re-

corded by the C14, C16 and C18 transducers were 

approximately equal to those of the C15, C17 and 

C19 displacement transducers, and those of the 

C21 and C23 were approximately equal to those 

of the C20 and C22 transducers. Therefore, in the 

following sections, only the displacements record-

ed by the C15, C17, C19, C20 and C22 transducers 

have been compared with the numerical ones.

2.3. Test loading sequence

The test was performed by applying a series of 

sine-dwell horizontal acceleration time-histories to 

the shaking table in the long direction of the shear 

stack, increasing the amplitude of the acceleration 

for each successive history (named “run”) and main-

taining a constant frequency f = 2 Hz. The used sine-

dwell history consists of a series of sinusoidal cycles 

at constant frequency, initially building up to the 

chosen maximum amplitude over 5 cycles, then held 

constant over 20 cycles and then reduced to zero 

over a further 5 cycles (Fig. 5). The peak horizon-

tal acceleration measured on the shaking table in-

creased from 0.08g for run I up to 0.53g for run XI 

(Tab. 2).

Preliminary exploratory tests were also per-

formed; they consisted of casual low-level excitations 

Fig. 4d – Distribution of Indikon displacement transducers.

Fig. 4d – Distribuzione dei trasduttori di spostamento del tipo Indikon.

Fig. 5 – Input time-histories for the three runs chosen for 

the analysis.

Fig. 5 – Storie temporali delle sollecitazioni impresse alla tavola 
per le tre fasi di scuotimento prese in esame.
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characterized by a frequency range equal to 0 ÷ 100 

Hz and a root mean square value of input motion 

equal to 0.02 g. They were developed in order to 

evaluate the natural frequencies of the sand depos-

it, the steel frame and the whole system under inves-

tigation, by comparing the acceleration time-histo-

ries at the shaking table, at the sand surface, and at 

the base and the top of the steel frame. In particular, 

the preliminary exploratory tests furnished a natu-

ral frequency for the steel frame equal to 3.4 Hz, for 

the sand deposit alone equal to 12.6 Hz and for the 

whole system equal to 3.5 Hz. Details on the prelimi-

nary exploratory tests were reported in [BIONDI et al.,
2015].

3. Numerical modelling 

The shaking table test was simulated using the 

ADINA finite element code [BATHE, 1996] and a 

large quantity of numerical vs experimental results 

were obtained. Due to a lack of space, the following 

sections present only the numerical vs experimental 

results which refer to the input maximum accelera-

tions PHA = 0.35g, 0.40g and 0.53g. The response of 

the whole system in terms of accelerations and dis-

placements is dealt with in Sections 4.1 and 4.2, re-

spectively.

A 3-D FEM model of the whole soil-founda-

tion-superstructure system was created. The soil 

deposit and the foundation were modelled using 

20-node 3-D elements, while the steel frame was 

modelled using 2-node Hermitian beam elements 

and the steel roof plate was modelled using shell ele-

ments, with 5001 nodes and four groups of elements 

in all. Figure 6 shows the mesh and the imposed 

boundary and loading conditions. 

The boundary constraints were imposed on the 

nodes of the base and the walls of the shear-stack: 

RUN PHA (g)

I 0.08

II 0.10

III 0.15

IV 0.16

V 0.20

VI 0.31

VII 0.35

VIII 0.40

IX 0.45

X 0.49

XI 0.53

Tab. II – Peak horizontal acceleration applied at each run.

Tab. II – Massima accelerazione orizzontale applicata durante 
ciascuna fase di scuotimento.

Fig. 6 – Adopted FEM model with boundary and loading conditions.

Fig. 6 – Modello FEM adottato con l’indicazione delle relative condizioni al contorno e di carico.
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all the nodes representing the shear-stack base were 

blocked in the z-direction; the nodes that represent 

the two short walls of the shear stack were linked 

by “constraint equations” that imposed the same 

horizontal y-translation, in order to reproduce the 

shear stack behaviour along the y-direction of input 

motion; the nodes representing the two long walls of 

the shear stack were blocked in the x-direction.

Three load conditions were applied: i) a mass 

proportional load was applied to the whole system, 

in order to take into account the unit weight of the 

materials; (ii) the surcharge applied to the roof of 

the steel frame was simulated by means of a uniform 

load; iii) the sinusoidal input motion in the y-direc-

tion was applied as a horizontal acceleration time 

history at the bottom boundary of the finite element 

model, in order to reproduce the input motion ap-

plied to the shaking table.

There were 4000 steps for each incremental anal-

ysis, with a “constant magnitude” of time step equal 

to 0.004 s, to match the experimental data, which 

was characterized by the same step.

As regards the constitutive models adopted, the 

structure (steel frame and foundation) was modelled 

as a linear visco-elastic material with E = 210000 MPa,

= 0.3, = 7.85 Mg/m3 and D 3.6% (See Section 

2.1). The soil was modelled by the distortional-hard-

ening ‘Severn-Trent’ model [GAJO et al., 1999a; b], 

whose parameters are reported in table III. This 

constitutive model was implemented into the ADI-

NA code by the University of Catania geotechnical 

research group [CARUSO, 2005; ABATE et al., 2007b;

ABATE et al., 2008c]. It is an elasto-plastic constitutive 

model, including isotropic and kinematic harden-

ing, based on the Mohr–Coulomb failure criterion 

and a non-associated flow rule. Moreover, it allows us 

to analyse soil softening and/or hardening as well as 

mean stress and density dependencies of sand. The 

value of G, initially fixed equal to 1.15 MPa, can vary 

Parameter Description Value

G (MPa) Shear modulus 1.15

Poisson ratio 0.3

cv (°) Angle of shear strength at constant volume 35

l Slope of critical state line 0.03

N Intercept of critical state line for p’ = 1kPa 1.969

R Size of kinematic yield surface 0.1

A Dilatancy parameter 1.2

kd Effect of state parameter on dilatancy 2

B Distortional strain hardening parameter 0.0030

 k Effect of state parameter on strength 1

Tab. III – Utilised Severn-Trent constitutive model param-

eters.

Tab. III – Parametri del modello Severn-Trent utilizzato.

Fig. 7a – Horizontal accelerations in the soil for PHA = 0.35 g: Alignments 1 and 2 (NL analysis).

Fig. 7a – Accelerazioni orizzontali nel terreno per PHA = 0.35 g: Allineamenti 1 e 2 (analisi NL).
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during the numerical analyses according to the ‘Sev-

ern-Trent’ model laws. 

In line with the Rayleigh damping approach, the 

damping matrix [C], required by the FEM codes for 

“transient dynamic” analyses, was assumed to be pro-

portional to the mass [M] and stiffness matrices [K]
as follows:

[C] = r [M] + r [K] (5)

where the coefficient r and r were computed ac-

cording to the following relations [CHANG et al., 2000; 

CHOPRA, 1998; LANZO et al., 2004]:

r = D ·

r = D /

being D the damping ratio and  the angular fre-

quency of the involved systems. More precisely, dif-

ferent values of r and r were computed for the soil 

and the structure according to the different values 

of D estimated for the soil (D = 20%) and for the 

structure (D = 3.6%). The angular frequency was

fixed equal to the first fundamental frequency of 

the whole soil-structure system (see Section 2.3 and 

BIONDI et al., 2015].

Finally, as a benchmark, the soil response in 

terms of accelerations was also investigated consider-

ing the visco-linear-elastic constitutive model for the 

soil, with: G = 1.15 MPa,  = 0.3 and D = 20%. As ex-

plained in detail in Section 4, the visco-elasto-plas-

tic ‘Severn-Trent’ model was used throughout (Figs. 

7-23) but only some of the results obtained with this 

model (Numerical NL) have also been compared 

with those obtained using the visco-linear-elastic con-

stitutive model (Numerical EL), see Figs. 11-13. This 

was decided due to a lack of space and because the 

visco-elasto-plastic Severn-Trent model clearly leads 

to more realistic results.

4. Experimental vs numerical results

4.1. Response in terms of accelerations 

As regards the response of the whole system in 

terms of accelerations in the time domain, figures 

7-10 show comparisons between the experimental 

and numerical time-histories of horizontal acceler-

ations. In particular, figures 7, 8 and 9 refer to the 

response of the sand deposit, for PHA = 0.35g, 0.40g 

and 0.53g, respectively, while figure 10 refers to the 

steel frame response. 

Fig. 7b – Horizontal accelerations in the soil for PHA = 0.35 g: Alignments 3 and 4 (NL analysis).

Fig. 7b – Accelerazioni orizzontali nel terreno per PHA = 0.35 g: Allineamenti 3 e 4 (analisi NL).
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Fig. 8a – Horizontal accelerations in the soil for PHA = 0.40 g: Alignments 1 and 2 (NL analysis).

Fig. 8a – Accelerazioni orizzontali nel terreno per PHA = 0.40 g: Allineamenti 1 e 2 (analisi NL).

Fig. 8b – Horizontal accelerations in the soil for PHA = 0.40 g: Alignments 3 and 4 (NL analysis).

Fig. 8b – Accelerazioni orizzontali nel terreno per PHA = 0.40 g: Allineamenti 3 e 4 (analisi NL).
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Fig. 9a – Horizontal accelerations in the soil for PHA = 0.53 g: Alignments 1 and 2 (NL analysis).

Fig. 9a – Accelerazioni orizzontali nel terreno per PHA = 0.53 g: Allineamenti 1 e 2 (analisi NL).

Fig. 9b – Horizontal accelerations in the soil for PHA = 0.53 g: Alignments 3 and 4 (NL analysis).

Fig. 9b – Accelerazioni orizzontali nel terreno per PHA = 0.53 g: Allineamenti 3 e 4 (analisi NL).
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Overall, figures. 7-9 show a quite good agree-

ment between the experimental and numerical re-

sults.

Moreover, comparing the accelerations record-

ed by D31 and D35, which were far from the steel 

structure, with those recorded by D32 and D32bis, 

which were at the same depth as D31 and D35 but 

underneath the steel frame, it is possible to observe 

a soil-structure interaction effect: the accelerations 

recorded by D31 and D35, which reproduce free-

field conditions, are very different from those re-

corded by D32 and D32bis, which were influenced 

by the soil-structure interaction. Numerical simula-

tion captured well this result. During the test, sig-

nificant temporary rotation of the steel frame was 

observed which led to a temporary up-lifting of the 

foundation. This in turn caused hammering on the 

soil, which negatively affected the registrations of the 

Dytran accelerometers immediately below the foun-

dation, especially to the left of the foundation (see 

D32), and on the foundation itself (see S7). The D32 

and S7 accelerometers recorded very great acceler-

ations and consequently this phenomenon influ-

enced the acceleration recorded by S10. The numer-

ical simulation could not capture this unforeseen 

phenomenon.

Figures 11 and 12 show the amplification ratio 

Ra versus the depth d for alignments 1 and 2, taking 

into account the positive and negative peak acceler-

ations respectively; more specifically, the values of Ra
were calculated as ratios between the maximum val-

ue of the acceleration at the chosen depths (40 cm 

from the shaking table, 80 cm from the shaking table 

and 120 cm from the soil surface) and the maximum 

Fig. 10 – Horizontal accelerations on the structure for the three values of PHA (NL analysis).

Fig. 10 – Accelerazioni orizzontali nella struttura per i tre valori di PHA scelti (analisi NL).
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value of acceleration at the shaking table (the in-

put recorded by the S1 accelerometer). Alignment 1 

can be considered to represent free-field condition, 

while alignment 2 allows us to investigate DSSI ef-

fects. To create a benchmark, as discussed at the end 

of section 3.1, in both the figures the experimental 

values have been compared with the numerical val-

ues obtained using not only the visco-elasto-plastic 

‘Severn-Trent’ constitutive model (Numerical NL) 

used for all the results presented in this paper, but 

also the visco-linear-elastic constitutive model (Nu-

merical LE).

The experimental values show that a de-ampli-

fication phenomenon occurred at 40 cm from the 

shaking table. The NL numerical modelling cap-

tured well this phenomenon, while the EL numerical 

modelling predicted amplification. The de-amplifi-

cation observed was due to the significant nonlinear 

behaviour of the soil, which led to plastic deforma-

tions below the points 40 cm from the table, where 

Fig. 11 – Amplification ratio along two alignments, considering positive peak accelerations (NLand EL analysis).

Fig. 11 – Rapporto di amplificazione lungo due allineamenti, considerando i picchi di accelerazione “positivi” (analisi NL ed EL).
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Dytran accelerometers D27, D28, D29 and D30 were 

located. Obviously, the visco-linear-elastic modeling 

could not capture this non-linear behaviour (See al-

so Section 4.3).

As regards the free-field experimental response 

(alignment 1), the amplification ratio increased af-

ter the de-amplification which occurred at 40 cm 

from the shaking table, but maintained values of 

less than 1, due to the aforesaid de-amplification. Al-

though NL modelling captured this trend approx-

imately, the EL modelling led to an amplification 

and then a small de-amplification, showing an am-

plification ratio Ra > 1. If the alignment through the 

steel frame is considered (alignment 2), a de-ampli-

fication at 40 cm from the shaking table can be ex-

perimentally observed, captured perfectly by the NL 

numerical model, and then a significant amplifica-

tion at the foundation level (D32 and S7), which de-

creased as it moved from the foundation (S7) to the 

steel frame roof (S10). 

Fig. 12 – Amplification ratio along two alignments, considering negative peak accelerations (NL and EL analysis).

Fig. 12 – Rapporto di amplificazione lungo due allineamenti, considerando i picchi di accelerazione “negativi” (analisi NL ed EL).
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The comparison between the NL numerical 

modelling and the experimental response is satis-

factory as regards the overall soil behaviour. In-

stead, the NL numerical modelling underestimated 

the accelerations for the structure response (S7 

and S10) caused by the above-mentioned hammer-

ing phenomenon at the foundation level which was 

observed during the experiments. The comparison 

between the EL numerical modelling and the ex-

perimental results is generally much less satisfac-

tory.

Figure 13 also reports the comparison between 

results obtained with the NL and the LE modelling. 

More precisely, figure 13 reports the horizontal ac-

celeration band plots for the input PHA = 0.53g 

obtained by the NL modelling (up) and by the EL 

modelling (down) at t = 6 sec. The horizontal ac-

celeration band plot resulting from the NL mod-

elling confirms the significant plastic behaviour of 

the soil below the points 40 cm from the shaking 

table, as described above and in section 4.3.

4.2. Response in terms of predominant frequencies 

The response of the system in terms of accelera-

tion has also been investigated in the frequency do-

main. Figure 14 shows the response spectra at D31 

(free-field) and D32 (underneath the frame), which 

can be considered to represent the foundation level. 

From figure 14 it is possible to see a good agreement 

between the experimental and numerical results 

which, of course, show that the predominant period 

is T = 0.5 sec, corresponding to the input frequency 

f = 2 Hz. Both the experimental response and the nu-

merical spectra were computed fixing the structure 

damping ratio equal to 3.6 %, as suggested by pre-

liminary exploratory tests performed on the system 

(see Section 2.3). Figures 15 and 16 report the Fou-

rier spectra of the recorded acceleration time histo-

ries at the control points along alignments 1 and 2, 

respectively. All these Fourier spectra clearly show 

the first predominant frequency of all the signals as 

equal to 2 Hz, according to the input motion and 

the response spectra in figure 14. The Fourier spec-

tra of the recorded acceleration time histories also 

show subsequent predominant frequencies, which 

are multiples of 2 Hz. The trends of the experimen-

tal Fourier spectra are well-captured by the numeri-

cal ones.

Figures 17 and 18 report the amplification func-

tions in the frequency domain (AFs) in the sand de-

posit and on the structure, respectively. These AFs 

were created by normalizing the acceleration at the 

control points (at 40 cm and 80 cm from the shak-

ing table and on the roof of the steel frame) against 

the table acceleration within the frequency domain. 

At 40 cm from the shaking table, the experimen-

tal AFs (D27 and D28) generally showed de-amplifi-

cation (Fig. 17). Approaching the foundation level 

(D31 and D32), the experimental AF amplifications 

were seen to be greatest within the frequency band 

span from 2.5 Hz and 5.5 Hz. For D32/S1 at PHA = 

0.35 g the frequency at which the experimental AFs 

reached their maximum amplitude was 3.6 Hz, very 

close to the natural frequency of the whole system 

(3.5 Hz). Foundation hammering influenced the ex-

perimental results for higher PHA (0.53g) at D32, 

while the D31/S1 experimental AF reached its peak 

at 3.7 Hz. Numerical AFs captured the experimental 

AFs at 40 cm from the shaking table quite well. The 

comparison at 80 cm was less satisfactory but overall 

the numerical AFs generally showed their peaks at 

frequencies very close to the estimated natural fre-

quency of the whole system.

The experimental AFs involving the steel frame 

were also very interesting (Fig. 18). At the lowest 

investigated peak horizontal acceleration applied 

to the shaking table (PHA = 0.35 g) the frequency 

at which the maximum amplification reached its 

peak was 3.2 Hz, very near to the natural frequen-

Fig. 13 – Horizontal acceleration band plot (PHA = 0.53g) 

for the NL analysis (up) and for the EL analysis (down).

Fig. 13 – Andamento delle accelerazioni orizzontali nell’intero 
sistema (PHA = 0.53g) per l’analisi non lineare (in alto) e per 
l’analisi elastico-lineare (in basso).
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Fig. 14 – Experimental and numerical elastic response spectra on sand surface (NL analysis).

Fig. 14 – Spettri di risposta elastici sperimentali e numerici sulla superficie del deposito sabbioso (analisi NL).

Fig. 15 – Fourier spectra along alignment 1 (NL analysis). 

Fig. 15 – Spettri di Fourier lungo l’allineamento 1 (analisi NL).
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Fig. 16a – Fourier spectra along Alignment 2, regarding the soil (NL analysis).

Fig. 16a – Spettri di Fourier lungo l’allineamento 2, relativi al terreno (analisi NL).

Fig. 16b – Fourier spectra along Alignment 2, regarding the structure (NL analysis).

Fig. 16b – Spettri di Fourier lungo l’allineamento 2, relativi alla struttura (analisi NL). 
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Fig. 17a – Experimental and Numerical Amplification Functions in the sand deposit: Alignment 1 (NL analysis). 

Fig. 17a – Funzioni di amplificazione sperimentali e numeriche nel deposito di sabbia: Allineamento 1 (analisi NL).

Fig. 17b – Experimental and Numerical Amplification Functions in the sand deposit: Alignment 2 (NL analysis). 

Fig. 17b – Funzioni di amplificazione sperimentali e numeriche nel deposito di sabbia: Allineamento 2 (analisi NL).
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cy of the whole system (3.5 Hz) estimated by means 

of the above mentioned exploratory tests. This peak 

moved leftwards as the input PHA increased, in line 

with the increase in the soil nonlinearity [VUCETIC et
al., 1991]. In fact, as the amplitude of the imposed 

motion increased, larger strains arose in the soil de-

posit leading to a reduction in the soil shear modu-

lus. Therefore, there was a reduction in the natural 

frequencies of the soil deposit. The S10/S1 numeri-

cal AFs amplifications were seen to be greatest with-

in the frequency band around 3.5 Hz, i.e. around the 

natural frequency of the steel frame on sand. Howev-

er, the peaks were definitely lower than those of the 

experimental AFs. 

4.3. Response in terms of shear strains and stresses 

The response of the soil was also investigated in 

the time domain in terms of profiles of maximum 

shear strains with depth (Fig. 19) and shear stress vs 

shear strain curves (Fig. 20).

More precisely, figure 19 shows the profile of 

maximum shear strains with depth along Alignment 

2 for PHA = 0.53g. Similar results were obtained con-

sidering other alignments and other PHAs. The max-

imum shear strain increased quite significantly going 

from the soil surface to the base of the deposit. Great 

values were reached below the Dytran accelerome-

Fig. 18 – Experimental (on the left) and Numerical (on the right) Amplification Functions on the structure (NL analysis).

Fig. 18 – Funzioni di amplificazione sperimentali e numeriche nella struttura (analisi NL).

Fig. 19 – Profile of maximum shear strain with depth, 

in the soil along the Alignment 2, for PHA = 0.53 g (NL 

analysis).

Fig. 19 – Profilo delle massime deformazioni di taglio con la 
profondità, nel terreno lungo l’Allineamento 2, per PHA = 0.53g 
(analisi NL).
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ters D27, D28, D29 and D30, located 40 cm from the 

shaking table. These great shear strain values char-

acterized the non linear behaviour of the soil. These 

values were also a good fit with the experimental re-

sult obtained computing the shear strain through 

the horizontal displacement measured at the foun-

dation level and at the base of the shear stack (see 

BIONDI et al., 2015). Figure 20 shows the shear stress 

vs shear strain curves at different depths in the soil 

along Alignment 2, for PHA = 0.53 g. Similar results 

were captured along other alignments and for oth-

er PHAs. From figure 20 it is possible to see an accu-

mulation of shear strains and stresses which depend 

on the non-linear behaviour of the sand. This trend 

is all the more evident as the sand deposit depth in-

creases. A significant accumulation of shear strains 

and stresses is evident underneath D27, D28, D29 

and D30, causing a strong reduction of the accelera-

tions recorded by D27, D28, D29 and D30 (See Sec-

tion 4.1).

4.4. Response in terms of displacements 

Figures 21 and 22 show the horizontal displace-

ments of column C of the steel frame, in terms of 

time histories and maxima values respectively. 

The time-histories of the experimental hori-

zontal displacements at the foundation (C20) were 

numerically well-reproduced for PHA = 0.35g and 

0.40g, while the horizontal displacements of the top 

of the structure were slightly underestimated (C22). 

For the PHA = 0.53g input, the amplitudes of numer-

ical displacement were similar to those observed at 

both the top and bottom of the column, but experi-

mental modelling showed permanent horizontal dis-

placements.

Figure 23 shows the final foundation displace-

ments. The experimental records showed a negative 

foundation settlement for PHA = 0.35 g and 0.40g, 

which was due to the grains of sand moving around 

the foundation. During low runs a significant tempo-

rary up-lifting of the foundation was observed. This 

caused part of the higher-level sand on either side of 

the foundation to shift underneath it. This phenom-

enon was due to the different level of the sand sur-

face around the steel frame (90 cm from the base of 

the shear stack) and underneath the foundation (80 

cm from the base of the shear stack). Consequent-

ly, a foundation rise was observed and this is evident 

from the final vertical displacement values shown 

in figure 23. Conversely, positive displacements oc-

curred for PHA > 0.40g because no more sand shift-

ed under the foundation and a sand densification 

effect prevailed. No FEM modelling of “continuous” 

materials is able to reproduce the above-mentioned 

movement of grains of sand around the foundation. 

Thus, numerical FE modelling leads to positive set-

tlements. A good agreement between the experi-

mental and numerical results was observed for run 

PHA = 0.53 g. 

Last but not least, the experimental observations 

showed a rotation of the foundation towards column 

Fig. 20 – Shear stress vs shear strain at different depths 

in the soil along the Alignment 2, for PHA = 0.53 g (NL 

analysis).

Fig. 20 – Curve tensione tangenziale-deformazione tangenziale a 
differenti quote nel terreno lungo l’Allineamento 2, per 
PHA = 0.53g (analisi NL).
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Fig. 21 – Time histories of the horizontal displacements at the base (C20) and at the top (C22) of the frame (column C) 

(NL analysis).

Fig. 21 – Storie temporali degli spostamenti orizzontali alla base (C20) ed alla sommità (C22) del telaio (colonna C) (analisi NL).

Fig. 22 – Maximum horizontal displacements of the column C (NL analysis). 

Fig. 22 – Spostamenti orizzontali massimi per la colonna C (analisi NL).
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C, which could be due to an unwanted movement of 

the surcharge of lead blocks on the steel frame roof, 

leading to an unintended asymmetry in the load-

ing. Unfortunately, during the test it was observed 

that the lead blocks were not adequately fixed to the 

frame roof. The numerical results show a uniform 

settlement along the whole foundation. 

5. Conclusions

This paper deals with the dynamic response of 

a soil-foundation-superstructure system involving a 

5.0x1.0x0.9 m sand deposit and a 1.30x0.95x1.30 m 

steel frame. The system was modelled experimental-

ly by means of shaking table tests performed at the 

old Bristol University EERC. The system was subject-

ed to a series of sine-dwell horizontal acceleration 

time-histories, maintaining a constant frequency f = 

2 Hz and increasing the amplitude run by run. As re-

gards the peak horizontal input acceleration PHA = 

0.35g, 0.40g and 0.53g, the experimental results were 

compared to those of FEM simulations by means of 

a sophisticated visco-elasto-plastic constitutive model 

with isotropic and kinematic hardening (NL analy-

sis) for the soil. The results were investigated in the 

time and frequency domains. Given its widespread 

use in routine design work, some of the results in the 

time domain were also investigated by the linear vis-

co-elastic constitutive model (LE analysis). 

This paper is one further step in an ongoing, 

long-term research activity. The results of this pro-

ject have had to be published in different papers due 

to limitations on space [ABATE et al., 2007a; 2008a,
2008b, 2010; BIONDI et al., 2003; 2015] and in order 

to understand each single paper some results have 

had to be mentioned in more than one paper. 

The main conclusions of the study reported in 

the present paper are as follows.

As regards the response in terms of accelerations 

in the time domain: 

– At 40 cm from the shaking table a significant 

reduction of accelerations was recorded. This 

was due to a significant accumulation of shear 

strains and stresses, which occurred below this 

point. The NL numerical modelling captured 

this reduction of accelerations well, while the 

LE numerical modelling predicted much great-

er accelerations. This confirms that linear vis-

co-elastic modelling is not appropriate when a 

deep understanding of the dynamic behaviour 

of soil-structure systems is required.

–  Moving towards the soil surface, the record-

ed accelerations began to grow again, but the 

soil-failure at 40 cm from the shaking table influ-

enced the response of the whole soil-frame sys-

tem.

– The accelerations recorded in free-field con-

ditions were very different from those record-

ed underneath the foundation, showing a clear 

soil-structure interaction effect. 

– Considering the great quantity of experimental 

results, the comparison in terms of accelerations 

between the experimental response and the NL 

numerical modelling was satisfactory enough, 

particularly for the sand deposit. 

As regards the response in terms of accelerations 

in the frequency domain: 

– The experimental and numerical response spec-

tra and Fourier spectra agreed quite well, show-

ing, as expected, the first predominant frequen-

cy at f = 2 Hz (input frequency). 

– In the sand, the experimental amplification 

functions in the frequency domain (AFs) were 

seen to be greatest within the frequency band 

spanning from 2.5 Hz to 5.5 Hz in reasonable 

agreement with the estimated natural frequency 

of the whole system (3.5 Hz). 

– The experimental AFs, which involved the whole 

system (top of the frame/base of the sand de-

posit), also appeared very interesting. At the low-

Fig. 23 – Maxima foundation settlements (NL analysis). 

Fig. 23 – Cedimenti massimi della fondazione (analisi NL).
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est investigated PHA (0.35 g) the frequency at 

which the maximum amplification reached its 

peak is 3.2 Hz, very near to the natural frequen-

cy of the whole system. This peak moved towards 

lower frequencies as the input PHA increased up 

to 0.40g and 0.53g, in line with the increase in 

soil nonlinearity. 

– Numerical AFs captured some important aspects 

of the experimental AFs, even if some divergenc-

es were apparent.

As regards the response in terms of shear strains 

and stresses:

– The maximum shear strain increased quite sig-

nificantly going down from the soil surface to the 

base of the deposit. High values were reached 

below the Dytran accelerometers located 40 

cm from the shaking table. An accumulation of 

shear strains and stresses was observed as a re-

sult of the non-linear behaviour of the sand. This 

trend was all the more evident the greater the 

depth of the sand deposit, causing the strong re-

duction of accelerations recorded at 40 cm from 

the shaking table.

As regards the response of the whole system in 

terms of displacements: 

– During low runs, a significant temporary up-lift-

ing of the model foundation was observed. Due 

to the different levels of the sand surface around 

and underneath the foundation, the afore-men-

tioned phenomena led to part of the sand on ei-

ther side of the foundation shifting under it and 

consequently a foundation rise was observed. 

Conversely, for PHA > 0.40g positive displace-

ments occurred, because no more sand shifted 

under the foundation and a sand densification 

effect prevailed. When working with “contin-

uous” materials, FEM modelling cannot repro-

duce the above-mentioned movement of grains 

of sand around the foundation.

– The steel frame horizontal displacements were 

reasonably well captured by the FEM simulation.
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List of symbols

a Acceleration

A Parameter characterizing the dilatancy in the Se-

vern-Trent constitutive model

AF Amplification function in the frequency domain

B Parameter characterizing the distortional strain 

hardening in the Severn-Trent constitutive mo-

del

C Uniformity coefficient

[C] Damping matrix

d Depth of the soil deposit

D Damping ratio

D10 Diameter of the soil particles for which 10% of 

the particles are finer

D50 Diameter of the soil particles for which 50% of 

the particles are finer

D60 Diameter of the soil particles for which 60% of 

the particles are finer

Dr Relative density

emaxMaximum void ratio

emin Minimum void ratio

E Young modulus

f Frequency of the input

G Shear modulus

G0 Maximum shear modulus

Gs Specific gravity

h Height of the columns of the frame

hd Height of soil deposition

kD Parameter characterizing the dilatancy in the Se-

vern-Trent constitutive model

k Parameter characterising the strength in the Se-

vern-Trent constitutive model

[K] Stiffness matrix

N Intercept of critical state line for p’ = 1kPa, in the 

v-ln p’ plane

[M]Mass matrix

p’ Mean effective stress 

PHA Peak horizontal acceleration at the shaking ta-

ble

R Parameter characterizing the kinematic yield 

surface in the Severn-Trent constitutive model

Ra Amplification ratio along the different ali-

gnments in the soil

t time

T Predominant period

u Horizontal displacement

v Specific volume

w Settlement

wfin Final settlement

x Horizontal axis

y Horizontal axis

z Vertical axis

r Rayleigh damping factor

r Rayleigh damping factor

yz Shear strain component

d,max Maximum dry unit weight

d,min Minimum dry unit weight

Slope of critical state line, in the v-ln p’ plane

Poisson ratio

Material density

Angle of shear strength 

cv Angle of shear strength at constant volume 

Angular frequency

Studio dei fenomeni di interazione 
dinamica terreno-struttura mediante 
modellazione sperimentale e numerica

Sommario
Il presente lavoro analizza i fenomeni d’interazione terreno-

fondazione-sovrastruttura in campo dinamico (DSSI) mediante 
prove su tavola vibrante 1-g, eseguite su un sistema costituito 
da un telaio in acciaio 1.30x0.95x1.30 m poggiato su un 
deposito di sabbia 5.0x1.0x0.9 m. Il sistema è sottoposto a 
sollecitazioni con legge sinusoidale. È, inoltre, monitorato da 
numerosi accelerometri e trasduttori di spostamento. La prova 
su tavola vibrante è simulata attraverso analisi numeriche 
agli elementi finiti (FEM), considerando per il terreno sia un 
modello costitutivo viscoelastico lineare, ancora ampiamente 
usato nella pratica professionale, sia un sofisticato modello 
costitutivo viscoelasto-plastico con incrudimento isotropo e 
cinematico, sicuramente più appropriato per analisi dinamiche. 
La risposta dinamica del sistema è analizzata sia nel dominio 
del tempo che nel dominio della frequenza. I principali obiettivi 
del presente lavoro sono: i) studiare gli effetti di non-linearità 
del terreno e di interazione terreno-struttura (DSSI) sul terreno 
e sulle strutture, utili ai fini pratici di progettazione, in termini 
di accelerazioni e spostamenti del terreno e della struttura; ii) 
evidenziare alcuni aspetti cruciali della modellazione numerica 
nel riprodurre prove su tavola vibrante per studi di interazione 
dinamica terreno-struttura (DSSI). Questo lavoro fa parte di 
un’attività di ricerca composta da numerose prove e simulazioni 
numeriche relative in primo luogo all’interazione dinamica 
terreno-fondazione (DSFI) e in secondo luogo all’interazione 
terreno-fondazione-struttura (DSSI).

Parole chiave: prove su tavola vibrante; telaio in acciaio; 
modellazione FEM; visco-plasticità del terreno; accelerazioni e 
spostamenti; dominio del tempo e della frequenza.




