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1. Introduction

The seismic design of new structures, as well as 
the seismic retrofitting of existing ones are multidis-
ciplinary tasks, which involve geophysical, geologi-
cal, geotechnical and structural researchers. Struc-
tural response to earthquakes depends on many 
factors, including: local site effects [TODOROVSKA 
and TRIFUNAC, 1990, 1992; CAVALLARO and MAUGERI, 
2004; GRASSO et al., 2005; 2009A, B; 2012; CARUSO et 
al., 2016; CASTELLI et al., 2016] and the dynamic in-
teraction between the soil and the structure, DSSI 
[WOLF 1985; WU AND SMITH, 1995; STEWART et al. 1999; 
MYLONAKIS and GAZETAS, 2000; TRIFUNAC et al. 2001A, 
B; KARATZETZOU and PITILAKIS, 2012; CALVI et al.; 2014; 
GAZETAS, 2015; ROVITHIS et al., 2017]. Thus, Geotech-
nical Seismic Engineering is of crucial importance 
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in countries characterised by a medium-high seismic 
hazard and extremely vulnerable existing buildings.

DSSI analyses should be encouraged in order to 
achieve not only the safest, but also the most eco-
nomical design possible. As underlined by GAZETAS 
[2005], the large acceleration levels recorded in sev-
eral recent earthquakes would impose enormous 
ductility demands on structures if soil-foundation 
plastic hinging had not taken place to limit the trans-
mitted accelerations. Thus, it appears necessary to 
consider soil-foundation interface behaviour care-
fully, and in particular soil-foundation sliding and 
foundation uplift.

As a result of dynamic SSI, the seismic response of a 
flexibly-supported structure will differ in several ways from 
that of the same structure founded on rigid ground (fixed 
base) [EC8, 2003]. The fundamental period of vibra-
tion of flexibly-supported structures is longer than 
that of a fixed-base structure. This generally leads to 
lower design accelerations compared with those in 
the technical regulations. Nevertheless, according to 
the response spectra of some recorded acceleration 
time histories (Bucharest BRI NS, 1977; Mexico City 
SCT EW 1985; Kobe Takatori EW 1995; Catania PIA-
NA EW, NS, 2002; Borgo Ottomila2_Celano EW, NS, 
2016), foundation flexibility can also lead to higher 
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design acceleration. Thus, ignoring DSSI is not al-
ways a conservative assumption.

Theoretical approaches have been used to in-
vestigate DSSI phenomena since the 1970s [VE-
LETSOS and MEEK, 1974; GAZETAS, 1983; GAZETAS and 
STOKOE, 1991; CHATTERJEE and BASU, 2008; VOYAGAKI et 
al, 2013]. More recently, numerical modelling [MAR-
TIN And HOULSBY, 2001; GOURVENEC and RANDOLPH, 
2003; GAZETAS and APOSTOLOU, 2004; MASSIMINO, 2005; 
ABATE et al., 2010; RENZI et al., 2013], field and labora-
tory tests have allowed us to increase our knowledge 
regarding this subject significantly [COMBESCURE and 
CHAUDAT, 2000; FACCIOLI ET al., 2001; PRASAD et al., 
2004; GAJAN et al., 2005; GAJAN and KUTTER, 2008; KUT-
TER and WILSON, 2006; UENG et al., 2006; BIENEN et al., 
2007; UGALDE et al., 2007; ANASTASOPOULOS et al., 2013; 
MASSIMINO and BIONDI, 2015].

Theoretical or numerical approaches are power-
ful tools, which make DSSI investigation less expen-
sive. Nevertheless, theoretical approaches are una-
voidably characterised by very simple assumptions as 
to the system geometry and the constitutive models. 
With respect to the numerical approaches, the fol-
lowing should be mentioned: i) the beam-on-non-lin-
ear-Winkler-foundation (BNWF) approach [HARDEN 
et al, 2005; HARDEN and HUTCHINSON, 2009; ALLOTEY 
and EL NAGGAR, 2007]; ii) the non-linear-macro-ele-
ment (NLME) approach [NOVA and MONTRASIO, 1991; 
CRÉ MER et al., 2001, 2002; DI PRISCO et al., 2006; GRANGE 
et al., 2008, 2011; PAOLUCCI Et al., 2008; CHATZIGOGOS 
et al, 2009, 2011; SALCIARINI and TAMAGNINI, 2009; FI-
GINI et al., 2012; ANASTASOPOULOS and KONTOROUPI, 
2014]; iii) the FEM modelling of the fully-coupled 
soil-structure system [GENES and KOKAK, 2005; CELEBI 
et al., 2012; CALLISTO et al., 2013; ABATE et al., 2007a; 
2008A; 2016b; MAUGERI et al., 2012; ABATE and MASSIMI-
NO, 2017a, b]. FEM modelling gives a more appropri-
ate evaluation of DSSI, allowing initial and boundary 
conditions, soil profile, geometry, nonlinearity of soil 
and/or soil-foundation interface to be more realisti-
cally taken into account. However, it is the most com-
putationally expensive system. The reliability of all 
theoretical and/or numerical results greatly depends 
on the unavoidable assumptions adopted in the anal-
ysis; thus, field and laboratory tests must be carried 
out to validate them [FOTI and PAOLUCCI 2012; MAS-
SIMINO and BIONDI, 2015; PITILAKIS et al., 2008, 2015; 
ABATE and MASSIMINO, 2016A].

The present paper reports some interesting DS-
SI analysis results obtained by the authors for with 
reference to a medium scale test, a full-scale test and 
a case study. Shallow foundations are a characteris-
tic of all the examined systems. For all of them we 
performed fully-coupled FEM analyses, via ADINA 
[BATHE, 1996; ADINA, 2008] by allowing frictional 
sliding and uplift at the soil-foundation interface. 
Different approaches were used to investigate the 
soil non-linearity effect with different levels of ac-

curacy. The dynamic response of the soil-structure 
systems was investigated in the time and frequency 
domains, in terms of: accelerations, displacements, 
amplification/de-amplification factors, Fourier and 
response spectra, amplification functions and total 
shear forces per floor.

The aim of the work is to focus on the impor-
tance of DSSI when assessing the seismic response 
of structures on shallow foundations. Particular at-
tention has been given to the effects caused by slid-
ing and uplift at the soil-foundation interface, as well 
as to the natural vibration periods of fully coupled 
soil-structure systems. The results offer some inter-
esting ideas for less expensive seismic designs.

2. 1g shaking table test on a medium-scale soil-
foundation system

This section briefly reconsiders the main results 
of a previous study [ABATE et al., 2007A; 2010; 2016A; 
BIONDI et al. 2015; MASSIMINO, 2005; MASSIMINO and 
BIONDI, 2015], as the basis for the DSSI research pre-
sented in Sections 3 and 4.

2.1. The experimental test

The 1-g shaking table test performed at the 
Earthquake Engineering Research Centre (EERC) 
at the University of Bristol was carried out with: a 3m 
x 3m, six-degree of freedom shaking table; a large 
flexible container (measuring 5 m x 1 m x 1.2 m); 
Leighton Buzzard sand and a one-storey, 1:6 scale 
steel frame.

The flexible container, named “shear-stack”, con-
sists of a series of box-section aluminium rectangular 
frames, alternating aluminium rectangular frames 
and neoprene blocks, to reproduce free-field con-
ditions. Details of this shear stack can be found in 
CREWE et al. [1995], TAYLOR and CREWE [1996], GA-
JO and MUIR WOOD [1997; 1998], MUIR WOOD et al. 
[1998].

The well-known, uncemented Leighton Buzzard 
sand with sub-rounded particles was used. Several au-
thors carried out static laboratory tests on this sand 
[STROUD, 1971; BUDHU, 1979; CAVALLARO et al., 2001]. 
According to STROUD [1971] during the initial load-
ing under a vertical effective stress σ′v = 13 kPa, the 
soil sample shows negative volumetric strain (expan-
sion); conversely, under a vertical stress equal to σ′v = 
45 kPa, the initial volumetric strain is positive. CAVAL-
LARO et al. [2001] derived the empirical relationships 
for estimating the values of the deposition height 
hd required to achieve a prescribed value of the soil 
relative density, Dr, and, thus, of the angle of shear-
ing resistance ϕ. Maintaining a height of deposition 
of 60 cm (Dr = 50 %), the sand was pluviated into 
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the shear-stack up to a depth of 90 cm using a spe-
cial sieve designed for soil pluviation [MASSIMINO and 
MAUGERI, 2013]. The main static properties of the 
sand are shown in table I.

Many dynamic laboratory tests (RCT; CLTST; 
shaking table tests) were also performed on this 
sand. Fig. 1 shows the experimental data obtained 
by CAVALLARO et al., 2001; DIETZ and MUIR WOOD, 2007 
for values of Dr in the range 70-76%, including their 
proposed best fits. The low-strain shear modulus, 
G0, was established according to HARDIN and BLACK 
[1966]. In this case a value of 25 MPa was found. Ta-
ble II reports the values of G and D for two applied 
input levels (PHA), which correspond to two shear 
strain levels (low and high). Table II also reports the 
values of G and D previously estimated by GAJO and 

MUIR WOOD [1997] and by two of the authors of the 
present paper through trial and error procedures 
based on FEM modelling [ABATE et al., 2010]. The 
latter have been used in the present paper.

The one-storey, 1:6 scale steel frame reproduced 
a two-storey reinforced concrete spatial frame, in 
line with the scaling factors proposed by IAI [1989] 
and by IAI and SUGANO [1999]. It was located in the 
middle of the sand deposit with a foundation em-
bedment of 10 cm. A steel roof plate with a weight of 
0.65 kN was located on top of the frame. A surcharge 
of 1.96 kN was applied to this roof by means of eight 
uniformly distributed lead blocks. The weight of the 
steel frame without the surcharge was 1.19 kN. The 
main properties of the steel frame material were: E = 
210000 MPa, ν = 0.3, ρ = 7.85 Mg/m3 and D = 3.6%.

Dr (%) Gs D50 (mm) C = D60/D10 γdmax  (kN/m3) γdmin (kN/m3) emax emin ϕ (°) ϕcv (°)

50 2.679 0.94 2.128 17.94 15.06 0.79 0.49 40 35

Tab. I – Main static properties of the Leighton Buzzard sand.
Tab. I – Principali proprietà in campo statico della sabbia utilizzata.

Tab. II – Dynamic properties (G and D) of the Leighton Buzzard sand for PHA = 0.10g and PHA = 0.53g.
Tab. II – Proprietà dinamiche (G e D) della sabbia Leighton Buzzard per PHA = 0.10g e PHA = 0.53g.

Fig. 1 – Dynamic properties of Leighton Buzzard sand: a) shear modulus versus shear strain (after CAVALLARO et al., 2001; b) 
damping ratio versus shear strain (adapted from DIETZ and MUIR WOOD, 2007).
Fig. 1 – Proprietà dinamiche della sabbia Leighton Buzzard: a) modulo di taglio vs deformazioni di taglio (da CAVALLARO et al., 2001; b) 
rapporto di smorzamento vs deformazioni di taglio (da DIETZ and MUIR WOOD, 2007, modificata).

PHA
(g)

Soil parame-
ters

Values derived by 
laboratory tests

Values derived by previous FEM 
numerical analyses [GAJO ET AL., 

1997]

Values derived by previous  FEM 
numerical analyses  [ABATE ET AL., 

2010]

0.10
G (MPa) 7.09 2.9 4.61

D (%) 16 20 4

0.53
G (MPa) 0.65 2.9 1.15

D (%) 25 20 20
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The whole physical model was instrumented 
with: 10 accelerometers installed within the sand 
layer and on the shaking table, to measure accel-
erations (Fig. 2a); 11 displacement transducers on 
the shaking table and on the steel frame, to meas-
ure vertical and horizontal displacements and 3 dis-
placement transducers on the soil surface, to meas-
ure ground settlements (Fig. 2b). Fig. 2c shows the 
details of the instruments used.

The test program consisted of two main tests, 
named Test1 and Test2, each of them consisting of a 
sine-dwell excitation preceded by a white-noise test. 
All the excitations were applied to the shaking table 
in the long direction of the shear-stack.

The white-noise consisted of random, very 
low-level excitations having a very large frequency 
range (0 ÷ 100 Hz) and a root mean square accel-
eration equal to 0.02 g. These tests were performed 
in order to investigate the natural vibration frequen-
cies of the model structure (fff and ff), the soil depos-
it (fs), and the fully coupled soil-structure system fsf 
(Fig. 3). More precisely, fff was computed comparing 
the Fourier amplitude spectrum FAS for the S10 re-

cording with that for the S7 recording for the model 
structure fixed directly to the shaking table by bolts, 
before setting the shear-stack on the shaking table to 
create the complete sand-structure system. Instead, 
ff was computed comparing the FAS for the S10 re-
cording with that for the S7 recording for the model 
structure resting on the sand deposit, after the whole 
sand-structure system was realised. Moreover, fs was 
computed comparing the FASs for the D31 and D35 
recordings with that for the S1 recording and fsf was 
computed comparing the FAS for the S10 recording 
with that for the S1 recording. More information is 
reported in BIONDI et al. [2015].

Each sine-dwell excitation (named “Run”) con-
sisted of sinusoidal cycles with variable amplitude, in 
the sequence 5:20:5; in other words, the amplitude 
was progressively increased up to the prescribed val-
ue during the first 5 cycles, then held constant in 
the subsequent 20 cycles and then progressively de-
creased down to zero in the last 5 cycles. The peak 
horizontal acceleration (PHA) measured on the 
shaking table increased from 0.08g for Run I up to 
0.53g for Run XI in Test1, and from 0.06g for Run 

Fig. 2 – Instrumentation layout: a) distribution of Dytran and Setra accelerometers (ABATE et al., 2010); b) distribution of Ce-
lesco and Indikon displacement transducers (ABATE et al., 2010); c) detailed views of some of the instruments used.  
Fig. 2 – Strumentazione: a) distribuzione degli accelerometri del tipo Dytran e Setra (da ABATE et al., 2010); b) distribuzione dei trasduttori 
di spostamento del tipo Celesco e Indikon (da ABATE et al., 2010); c) viste in dettaglio di alcuni strumenti adottati.

Tab. III – Peak horizontal acceleration applied to each run.
Tab. III – Massima accelerazione orizzontale applicata durante ciascuna fase di scuotimento.

Run I II III IV V VI VII VIII IX X XI

PHA 
(g)

Test 1 0.08 0.11 0.15 0.16 0.20 0.31 0.36 0.40 0.45 0.49 0.53

Test 2 0.04 0.12 0.25 0.32 0.36 0.40 0.46 0.53 0.62 0.66 0.68

a) b)

c)
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I up to 0.69g for Run XI in Test 2 (Tab. III). All the 
runs in Test 1 were characterised by f = 2 Hz; All the 
runs in Test 2 were characterised by f = 4 Hz.

More details regarding the tests can be found in 
BIONDI et al. [2015] and ABATE et al., [2010; ABATE and 
MASSIMINO, 2016A].

2.2. FEM simulation of the experimental test

The shaking table test was modelled by FEM 
modelling. A 3-D model of the whole soil-founda-
tion-superstructure system was created, by modelling 
the soil deposit and the foundation with 20-node el-
ements; the steel frame with 2-node Hermitian beam 
elements, the steel roof plate with shell elements. 
Fig. 4 shows the mesh and the imposed boundary 
and loading conditions.

With regard to the boundary conditions, the lat-
eral boundaries along the short sides were modelled 
as ‘tied’ boundaries, in order to reproduce the shear 
stack behaviour along the y-direction, which was the 
input direction (see “A” boundary condition); the 
nodes representing the two long walls of the shear-
stack were restrained in the x-direction (see “B” 
boundary condition); all the nodes representing 
the shear-stack base were restrained in the z-direc-

tion (see “C” and “D” boundary conditions); Con-
tact conditions were specified for modelling foun-
dation uplift and foundation-soil sliding. Both stick-
ing/removing and Coulomb frictional sliding were 
modelled. The sand-steel interface friction angle was 
assumed equal to 2/3 ϕ (being ϕ = 40°, see Tab. I). 
Repeated contact and separation between the foun-
dation and the soil was permitted in any sequence.

Three load conditions were applied: i) the “mass 
proportional command” was applied to the whole 
system, in order to take into account the unit weight 
of all the materials; ii) the surcharge applied on 
the steel model roof was simulated by means of a 
uniform load; iii) the sinusoidal input motions ap-
plied during the tests were considered at the bottom 
boundary of the model.

Regarding the constitutive models adopted, 
the visco-linear elastic model was used for the 
structure according to the steel parameters (Sec-
tion 2.1.). The soil was modelled by the distor-
tional-hardening ‘Severn-Trent’ model [GAJO and 
MUIR WOOD, 1999], implemented into the ADINA 
code by the geotechnical research group at the 
University of Catania [CARUSO, 2005; ABATE et al., 
2007B; 2008B]. It is an elasto-plastic constitutive 
model, including isotropic and kinematic harden-
ing, and based on the Mohr-Coulomb failure crite-

Fig. 3 – Fundamental frequencies evaluated through the white-noise excitation tests before the sine-dwell excitation inputs.
Fig. 3 – Frequenze fondamentali valutate mediante test “white-noise”, eseguiti prima dei test con input “sine-dwell”.
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rion and non-associated flow rule. The soil was al-
so modelled by the ‘cap-hardening Drucker-Prag-
er’ model available in ADINA as a default constitu-
tive model, and considered as the reference model 
for comparison, to elucidate the effect of kinemat-
ic hardening on soil response, usually neglected 
in many commercial codes (Section 2.3). Soil vis-
cosity was also taken into account. The parameters 
chosen for the two soil constitutive models are re-
ported in table IV. Some parameters were evaluat-
ed by means of laboratory tests. Other parameters, 
which could not be directly measured, were deter-
mined using a trial and error procedure on the 
basis of the shaking table tests, which represent a 
useful cyclic laboratory test for evaluating soil con-
stitutive model parameters [DIETZ and MUIR WOOD, 
2007].

Finally, in line with the Rayleigh damping ap-
proach, the damping matrix was assumed as be-
ing proportional to the mass and stiffness matrices 
through the well-known factors ar and br, evaluated 
as ar = D×ω and br = D/ω, being D the damping ratio 
of the different materials and ω the angular frequen-
cy of the system [CHOPRA, 1998; CHANG et al., 2000; 
LANZO et al., 2004].

2.3. Main results of the experimental and numerical mo-
delling

Due to lack of space, only the most important 
experimental and numerical results, which highlight 
the role of Geotechnical Engineering in the seismic 
response of structures, are discussed in this para-
graph.

As for the white-noise excitation tests, from fig-
ure 3 it is evident that the natural frequency comput-
ed for the model structure placed on the sand de-
posit (ff = 3.4 Hz) was lower than that computed for 
the model structure “fixed” to the shaking table (fff 
= 5.1 Hz) and was very similar to that corresponding 
to the whole soil-structure system (fsf = 3.5 Hz). This 
reduction in the natural frequency from the value fff 
= 5.1 Hz to the value fsf = 3.4 Hz clearly indicates the 
influence of the soil-structure interaction. As might 
be expected, the soil provides the overall soil-struc-
ture system with greater flexibility.

As to the sine-dwell excitation tests, the behav-
iour of the soil-structure system was investigated 
analysing its response in terms of accelerations and 
displacements, both in the time and frequency do-
mains. With regard to the experimental results, fig-

Fig. 4 – FEM model including boundary conditions and static and dynamic loading conditions (adapted from ABATE et al., 
2010).
Fig. 4 – Modello FEM adottato con l’indicazione delle condizioni al contorno e delle condizioni di carico statico e dinamico (da ABATE et 
al., 2010, modificata).
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ure 5 shows the amplification functions (AFs) for the 
coupled soil-structure system computed for some of 
the runs in both Test1 and Test2. Low (PHA = 0.10g), 
medium (PHA = 0.36g) and high (PHA = 0.53g) in-
put acceleration amplitudes were selected. The AFs 
were computed as the ratio between the Fourier am-
plitude spectra FASs of the motions recorded on the 
steel roof plate (S10, S12) and those of the input mo-
tion (S1). At lower amplitudes of the applied input 
motion, the peaks of the amplification functions AFs 
occurred at about fsf = 3.5 Hz, which corresponded 
to the natural frequency of the whole system (Fig. 
3) and was very close to the natural frequency of the 
model structure placed on the sand deposit (ff = 3.4 
Hz), while significantly different from that of the 
model structure “fixed” to the shaking table (fff = 5.1 
Hz) as well as significantly different from that of the 
soil deposit alone (fs = 12.6 Hz). It is current practice 
for designers and researchers to make a separate es-
timate of the natural frequencies of the fixed-base 
structures and of the soil deposits. However, this is 
not a suitable method for investigating the dynamic 
response of the “real” soil-structure systems correct-
ly. Instead, it is necessary to estimate the natural fre-
quency of the flexibly-supported structures or, more 
precisely, of the whole soil-structure system.

As the input motion amplitude increased, a shift 
in the natural frequency of the system fsf toward low-
er values was clearly evident as a consequence of 
non-linear soil behaviour. In fact, as the amplitude of 
the imposed motion increased, larger strains arose 
in the soil deposit leading to a reduction in the soil 

Fig. 5 – Amplification functions computed for the acceleration time-histories recorded during some selected runs in Test1 
and Test2 and PHA = 0.11g, 0.36g and 0.53g (adapted from MASSIMINO and BIONDI, 2015).
Fig. 5 – Funzioni di amplificazione calcolate per le accelerazioni registrate durante alcune “run” selezionate per il Test1 e per il Test2 e per 
PHA = 0.11g, 0.36g e 0.53g (da MASSIMINO and BIONDI, 2015, modificata).

Severn-Trent model
Parameter Description Value

 Poisson ratio 0.3
cv (°) critical state angle of friction 35

λ 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

Cap-hardening Drucker-Prager 
model

 Poisson ratio 0.3

α parameter related to the shear 
strength angle 0.204

kDP
parameter related to shear 

strength angle and cohesion 0.3

W hardening rule parameter -0.13
D’  (kPa-1) hardening rule parameter -7.25x10-4

pL
value of p, which characterises 

the initial cap position 0

R’ cap ratio 2

Tab. IV – Values of the constitutive parameters adopted for 
the Severn-Trent model and for the cap-hardening Dru-
cker-Prager model, in addition to the values of G and D re-
ported in Tab. II.
Tab. IV – Valori dei parametri costitutivi adottati per il modello 
Severn-Trent e per il modello Drucker-Prager con cap-hardening, 
in aggiunta ai valori di G e D riportati nella Tab. II.
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Fig. 6 – Evaluation of foundation up-lift in terms of accelerations and vertical displacements (for PHA = 0.11g, 0.31g, 0.36g, 
0.40 g, 0.53g and f = 2 Hz) (adapted from MASSIMINO and BIONDI, 2015). 
Fig. 6 – Valutazione del sollevamento della fondazione in termini di accelerazioni e spostamenti verticali (per PHA = 0.11g, 0.31g, 0.36g, 
0.40 g, 0.53g and f = 2 Hz) (da MASSIMINO and BIONDI, 2015, modificata).
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shear modulus. Contemporarily, at higher input mo-
tions, the non-linear soil behaviour reduced the am-
plitudes of the AFs. The shifting of the amplification 
band was more evident for Test 2. Moreover, due to 
the shifting of the natural frequency of the coupled 
soil-structure system toward the value f = 2 Hz, the AF 
amplitudes computed for Test 1 were generally high-
er than those for Test 2.

Figure 6 reports the accelerations recorded by 
D32 underneath the foundation and by S7 at the 
foundation, as well as the foundation vertical dis-
placements recorded by C15, C17 and C19 during 
different runs in Test 1, characterized by an input 
frequency equal to 2 Hz. For the low run (PHA = 
0,11g) the foundation (S7) does not follow the soil 
motion (D32). In addition, the negative settlements 
recorded by C15-C16-C17 clearly indicate the occur-
rence of ground-heave at the soil-foundation inter-
face. Temporary uplifting phenomena were clear-
ly observed and filmed by the authors. Due to this 
foundation uplift, the soil on both sides flows under-
neath the foundation, causing ground heave, which 
prevailed over the overall sand densification due to 
the shaking. For the three subsequent runs (PHA 
=0,31g; 0,36g; 0,4g) the scattered filmed motion be-
tween the soil and the foundation was unexpected-
ly much less evident. This was probably due to an 
increase of the sand density caused by soil shaking. 
Foundation settlements were still negative. Such a 
ground heave can be again attributed to the occur-
rence of foundation uplift. During the last and high 
run (PHA = 0.53 g) no more sand shifted under the 
foundation and the sand densification effect due to 
the shaking prevailed, and so C15, C17 and C19 re-
corded positive settlements.

Foundation uplift was also observed during Test 
2; however, it was more evident during Test 1. Thus, 
controlled foundation uplift as well as soil-founda-
tion sliding could represent a natural isolation sys-
tem, to be taken into account to reduce the cost of 
seismic design of structures. This important result al-
so characterizes the case-history reported in Section 
3 and the case study reported in Section 4.

Moreover, figure 7 reports a comparison between 
the vertical displacement band plot obtained adopt-
ing the Severn-Trent constitutive model (Fig.7a) and 

the Drucker-Prager constitutive model (Fig.7b) for 
the soil. It is worthy of note that the Severn-Trent 
model predicts sand surface settlements around the 
steel frame quite well (See Indikon 25 records shown 
in Fig. 7c), as well as nearly all the experimental re-
sults in terms of accelerations and displacements, 
considering sand densification due to the shaking, 
isotropic hardening and a non-associate flow rule. 
However, the Drucker-Prager constitutive model, 
which is one of the elastoplastic constitutive models 
with only isotropic hardening commonly available in 
FEM codes, cannot correctly predict soil dynamic be-
haviour, which in this case led to an unrealistic heave 
of the soil surface (Fig. 7b). Finally, as an example, 
figure 8 reports a comparison between experimental 
and numerical results in the soil and in the structure 
for different runs in Test 1, obtained using the Sev-
ern-Trent model for the soil.

More details on the comparison between our ex-
perimental and numerical results can be found in 
ABATE et al. [2010]; ABATE and MASSIMINO [2016A].

3. Forced-vibration tests

3.1. Experimental facility

Under the auspices of the European Project 
“Seismic Engineering Research Infrastructures 
for European Synergies, SERIES” researchers per-
formed dynamic tests on a large-scale simplified pro-
totype structure called EuroProteas, built at the Eu-
roSeistest site, near Thessaloniki, Greece.

The EuroProteas structure was specifically de-
signed to mobilize strong interaction with the soil, be-
ing a particularly stiff structure founded on soft soil. 
As shown in figure 9a, it consists of a reinforced-con-
crete foundation slab measuring 3.0x3.0x0.40m, on 
top of which four steel columns with free height 
3.80m are clamped, supporting the superstructure 
mass of two reinforced-concrete slabs identical to the 
foundation slab. The four steel columns are connect-
ed with steel X-braces in both directions, forming a 
symmetric structure. The total height from the bot-
tom of the foundation slab to the top of the upper 
roof slab is 5.0m.

Boring Sample Depth (m) AUSCS ww (%)
%Passing Sieve 

No.200
Void 

ratio, e
LL(%) WP(%) PI(%)

BH1 35 12.45-13.00 SM 27.6 37.3 0.485 NP NP NP

BH2 8 4.00-4.55 SC-ML 28.9 49.9 0.537 23.4 17.7 5.72

BH2 23 13.60-14.00 ML 36.6 78.5 0.738 32.5 26.8 5.69

BH2 47 26.80-27.00 SM 27.5 61.6 0.677 NP NP NP

Tab. V – Main geotechnical static parameters of the selected soil samples.
Tab. V – Principali parametri geotecnici in condizioni statiche dei campioni di terreno selezionati.
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Six experimental campaigns took place, in-
cluding three sets of free-vibration tests and three 
forced-vibration tests, performed at different ex-
citation levels. The present paper refers to some 
forced-vibration tests. An eccentric mass shaker was 
used as a source of harmonic excitation imposed on 
the roof of the structure. The force produced by the 
vibrator is governed by the following equation:

 F=Ec(2 pfR) 2 (1)

where F is the shaker output force (in N), Ec is the to-
tal eccentricity of the shaker (in kg-m) and fR is the 

rotational speed of the shaker (in Hz). The shaker 
has a total of eight mass plates in four different sizes 
(A, B, C and D) that can be used to adjust the eccen-
tricity of the vibrator. For more details see PITILAKIS et 
al. [2014, 2015]. The forced-vibration tests presen-
ted here were performed with eccentricity 6.93kg-m, 
considering three masses (A+B+C), and input fre-
quencies of 5 Hz and 7 Hz.

More than 80 instruments were installed for 
every test to monitor structural, foundation and soil 
response (Fig. 9b). The structural response was re-
corded by seven accelerometers, five of which were 
located on top of the roof slab and two on top of the 

Fig. 7 – Vertical displacement band plot (for PHA = 0.53g and f = 2 Hz): a) Severn-Trent constitutive model adopted for the 
soil; b) Drucker-Prager constitutive model adopted for the soil; c) experimental settlement time-histories recorded by In-
dikon 25 (named “Ind. 25”) (adapted from ABATE et at., 2010).
Fig. 7 – Andamento degli spostamenti verticali nell’intero sistema (nel caso PHA = 0.53g e f = 2 Hz): a) Modello costitutivo Severn-Trent 
adottato per il terreno; b) Modello costitutivo Drucker- Prager adottato per il terreno; c) cedimenti sperimentali registrati dall’Indikon 25 (de-
nominato “Ind. 25”) (da ABATE et at., 2010, modificata).

a)c)

b)
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foundation slab. Soil response was recorded by seis-
mometers placed on the soil surface every 1.5 m, up 
to a distance of 9 m from the foundation, in two di-
rections (parallel and perpendicular to the loading 
direction). The distance of 1.5 m between the sen-
sors was specifically chosen to match half the foun-
dation width, while the distance of 9.0 m was cho-
sen as equal to three times the foundation width, af-
ter which structural vibration effects on soil response 
are negligible according to GAZETAS [1983].

The soil stratigraphy and dynamic properties at 
the Euroseistest site had already been documented 
from extensive geotechnical and geophysical sur-
veys, as reported in RAPTAKIS et al. [2000]. However, 
in order to define a detailed soil stratigraphy imme-
diately below the prototype structure, additional ge-
otechnical investigations were performed. A 30 m 
deep borehole was drilled in the centre of the foun-
dation slab, standard penetration tests were conduct-
ed and continuous samples were taken for labora-
tory tests. The main geotechnical static parameters 
are shown in table V. Figure 10 shows the soil stra-
tigraphy and the Vs profile. The Vs profile comput-
ed from the down-hole array was compared with re-
sults related to another similar site (S1L site) and 
with PITILAKIS et al. [1999]. The latter was held to be 

the most accurate, and was therefore used for this 
stratigraphy. The main dynamic properties of the 
soil are reported in table IV. In addition, resonant 
column (RCT) tests were performed on represent-
ative soil specimens, obtaining the G/G0(γ) and D(γ) 
curves shown in figure 11.

3.2. FEM modelling of the experimental tests

The EuroProteas forced-vibration tests were sim-
ulated by a 2D finite element model (Fig. 12). The 
soil, the foundation slab and the roof slabs were mod-
elled using 9-node 2D solid elements, the steel col-
umns and the X-braces were modelled using 2-node 
Hermitian beam elements.

The bottom boundary was fixed 30 m below 
the structure, according to the soil stratigraphy dis-
cussed in Section 3.1; the two lateral boundaries 
were chosen taking a distance equal to 20 B from 
the structure, where B is the dimension of the foun-
dation slab (3m), in order to minimize boundary 
effects as far as possible. For the bottom boundary, 
all the displacements were fixed equal to zero; for 
the lateral boundaries, the vertical displacements 
were free, while the horizontal displacements were 

Fig. 8 – Comparison between experimental and numerical results in the soil and in the structure, using Severn-Trent model 
(Test 1) (adapted from ABATE et at., 2016).
Fig. 8 – Confronto tra risultati sperimentali e numerici nel terreno e nella struttura, usando il modello Severn-Trent (Test 1) (da ABATE et 
at., 2016, modificata).
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Fig. 9 – Full-scale Europroteas experimental model at the Euroseistest site in Northern Greece: a) the structure; b) the in-
strumentation layout. 
Fig. 9 – Modello Europroteas in scala reale realizzato nel sito Euroseistest nella Grecia Settentrionale: a) il telaio; (b) la strumentazione. 

Tab. VI – Main dynamic properties of the stratigraphy.
Tab. VI – Principali proprietà dinamiche relative alla stratigrafia investigata.

Layer z (m) Vs (m/s) G0 (kPa) D0 (%) Vs, average (m/s) f (Hz)

A 0-3 100 21407 2.5 204.38 0.59

B 3-5 125 32652 3.0 204.38 0.59

C 5-8 170 58919 3.0 204.38 0.59

D1 8-13 210 89908 2.5 204.38 0.59

D2 13-17 210 89908 2.5 204.38 0.59

E1 17-20 260 137819 2.5 204.38 0.59

E2 20-24 260 137819 2.5 204.38 0.59

F 24-30 300 183486 1.75 204.38 0.59

a)

b)
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linked by “constraint equations” that imposed the 
same horizontal y-translation as the FEM simulation 
discussed in Section 2.2. Contact conditions were 
specified for modelling foundation uplift and foun-
dation-soil relative sliding. Both sticking/removing 
and Coulomb frictional sliding were modelled. The 
sand-concrete interface friction angle was assumed 
equal to 2/3 ϕ (being ϕ = 29° for the first soil layer, 
named “A”).

The soil was modelled combining the data ob-
tained from the in-situ tests and the RCT tests: 8 lay-
ers (A-F) were considered, as shown by the different 
colours in figure 12. Both the soil and the structure 
were modelled by means of visco linear-elastic con-
stitutive models. However, in order to take the soil 
non-linearity into account, the shear strain level in 
the soil was estimated for each input frequency, and 
thus the values of G and D were updated according 
to the shear strain level achieved considering the D-γ 
and G-γ curves in figure 11. As for the constitutive pa-
rameters adopted for the structure, typical values of 
reinforced concrete and steel were considered, i.e. 
for the slabs (reinforced concrete): E = 31500 MPa; 
ν = 0.2 and ρ = 2.55 kNs2/m4; for the steel columns 
and the steel X-braces: E = 210000 MPa, ν = 0.3 and 
ρ = 7.5 kNs2/m4.

Two loading conditions were applied: i) ini-
tial conditions corresponding to the unit weight of 
all materials were first applied; ii) the acceleration 
time-histories recorded by the T5860 accelerometer 
(Fig. 9) were applied in the “loading direction” at 
the centre of the roof to simulate the excitation ap-
plied.

Finally, Rayleigh damping factors αr and βr were 
calculated as previously discussed in Section 2.2., 
considering an average frequency for the soil of 
Vs/4hd (Tab. 6) and for the structure the expression 
suggested by NTC [2008]: T = C1 · H3/4, with C1 = 
0.075.

3.3. Main results of the numerical simulation and com-
parison with the experimental results

Due to a lack of space, only the following impor-
tant results are presented: recorded acceleration am-
plification ratio along the ground surface, from the 
foundation to a distance of 9.0 m (Fig. 13); experi-
mental and numerical maxima accelerations and al-
so acceleration time-histories for a significant time 
interval concerning the structure response (Fig. 
14.a) and the soil response (Fig. 14b); experimental 

Fig. 10 – Geotechnical characterization of the foundation soil: a) soil stratigraphy; b) shear wave velocity profile from down-
hole tests, compared with literature profiles.
Fig. 10 – Caratterizzazione geotecnica del terreno di fondazione: a) Stratigrafia del terreno; b) profilo delle velocità delle onde di taglio otte-
nuto da prove down-hole, confrontato con profili di letteratura.
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and numerical Fourier spectra in the structure and 
at the soil surface (Fig. 15).

More precisely, figure 13 shows the acceleration 
amplification ratio measured during the tests along 
the ground surface, for two input frequencies: 5 Hz 
and 7 Hz. It is very important to note the de-am-
plification that occurs moving from the foundation 
to the soil. The FEM simulation including model-
ling of foundation uplift and foundation-soil rel-
ative sliding was a good match to the experimen-
tal ones, as shown in figure 14, which reports the 
structural and soil responses for the 5Hz input fre-
quency. The responses for the 5Hz input frequen-
cy. The authors performed other FEM analyses not 
allowing foundation uplift and foundation-soil slid-
ing. The results obtained from these are significant-
ly different from the experimental ones. This con-
firms that the great difference between the acceler-
ations recorded at the foundation and those record-
ed at the soil surface very close to the foundation 

is due to soil-foundation interface behaviour. Once 
more the soil-foundation interface behaves as a nat-
ural isolation system. The critical acceleration at 
the soil-foundation interface, evaluated according 
to the Newmark block theory as ac = g · tg (2/3 ϕ), 
is equal to 3.4 m/s2, that is much greater than the 
acceleration at the foundation equal to 0.08 m/s2 
(recorded by the T5856 accelerometer, see figures 
9 and 14). So, it is possible to assert that no slip-
page occurs and that the deamplification that oc-
curs moving from the foundation to the soil is due 
to foundation uplift.

Figure 14 also shows an acceleration decrease of 
one order of magnitude along the structure, from 
the top to the base, and along the ground surface, 
from the accelerometer placed near the foundation 
and the one placed at a distance of 9 m. The numeri-
cal model satisfactorily captured these experimental 
results too. Finally, the analyses in the frequency do-
main (Fig. 15) confirmed the above results.

Fig. 11 – G/G0 vs γ and D vs γ  curves obtained by RCT tests for the four soil samples, whose depths are shown in Fig. 11.
Fig. 11 – Curve G/G0 vs γ e D vs γ ottenute da test RCT per i quattro campioni di terreno selezionati, la cui profondità è mostrata in Fig. 11.
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4. The reinforced-concrete building in Catania 
fire-station

In this section, an important building is studied 
to evaluate the effects of DSSI. The building in ques-
tion forms part of the Catania fire station and is lo-
cated in the centre of Catania. The city has been in-
volved in many seismic risk research projects due to 
its high seismicity and the great seismic vulnerability 
of many of its buildings [GRASSO and MAUGERI, 2009A; 
2009B; 2012; CARUSO et al., 2016; ABATE et al., 2016B].

4.1. The structure and its subsoil

The Catania fire-station, consisting of eight 
buildings, was built at the end of the 1950s, but was 

recently subjected to seismic retrofitting. Prior to 
this, all the buildings had a classical reinforced-con-
crete structure (E = 31500 MPa; ν = 0.2 and ρ = 2.55 
kNs2/m4) designed to resist only to gravitational 
loads and thus characterized by open frames and iso-
lated square footings of different sizes. The paper 
refers to the seismic behaviour of building B locat-
ed at the fire-station gate, before the seismic retro-
fitting (Fig. 16 a, b). One frame of building B was 
considered and is shown in figures 16 (b,c). The 
frame was characterized by long cantilever beams, 
which placed a great axial force on the supporting 
columns. For all three square footings, a plane sec-
tion of 1.60m x 1.60m and an embedment of 1.00 m 
were assumed.

As concerns the subsoil, two boreholes of about 
25.00 m in depth were drilled (Fig. 16a). Borehole 

Fig. 12 – FEM model, including loading and boundary conditions.
Fig. 12 – Modello FEM con l’indicazione delle condizioni di carico al contorno. 

Fig. 13 – Measured acceleration amplification ratio along the soil surface (from the foundation to a distance of 9.0 m), for 
two input frequencies.
Fig. 13 – Rapporti di amplificazione delle accelerazioni misurati lungo il piano campagna (dalla fondazione alla distanza di 9.0 m da es-
sa) per due differenti frequenze adottate per gli input.
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S2, which was very close to building B, showed the 
presence of: i) sand-gravel from the soil surface up 
to a depth of 8.00 m; ii) basalts from 8.00 m up to 
17.50 m. No water was found. Two undisturbed sam-
ples were retrieved at depths of 2.00 and 6.00 m, re-
spectively. Static triaxial tests were performed on 
these samples, giving the following average values 
for the sand-gravel deposit: ρ = 1.76 kNs2/m4; Dr = 
70-85 %; ϕ = 34°; c = 0 kPa; Emax = 80 MPa; ν = 0.33. 
A D-H test was also performed along borehole S2, 
obtaining an average value of Vs equal to 300 m/s 
in the first 8 m, while from 8 m to the investigated 
depth of 17.50 m it is Vs > 800 m/s (Fig. 17). No tests 
were performed to estimate the soil damping ratio, 
or the D-γ and G-γ curves. Thus, the soil can be assim-
ilated to a ground type E as specified in EC8-Part 1 
[EC8, 2003] and OPCM 3274 [2003]. The retrofit-
ting design was developed between 2002 and 2004; 
thus, the Italian Regulation in force during that pe-
riod, i.e. OPCM 3274 [2003], was taken into account 
for this building.

4.2. Seismic inputs

Ten artificial accelerograms generated to match 
the elastic response spectrum given by OPCM 3274 
[2003] for class A soil were considered. The elas-

tic spectra obtained from these accelerograms for a 
structure damping ratio D = 5% should be such that 
their medium is compatible with that suggested by 
OPCM 3274 [2003]. Due to a lack of space, only the 
accelerogram named “ACC 02” is considered here 
(Fig. 18). The predominant frequency of this accel-
erogram is 2.68 Hz.

For the Fixed-base model and the Compliant base 
model [GAZETAS, 1991] the input applied to the struc-
ture is the response acceleration time-history at the 
foundation level, previously computed through a 
free-field analysis, considering for the soil both the 
visco linear-elastic and the visco elasto-plastic Mohr 
Coulomb behaviour.

4.3. FEM modelling

Three different 2-D numerical models (Fig. 18) 
were adopted to study the seismic response of the 
2-D frame shown in figure 16. The first model (Fig. 
18a), named S-S model, involves both the structure 
and the interacting subsoil; in the second (Fig. 18b), 
named Compliant base model, the structure rests on 
three springs associated to the swaying, vertical and 
rotational mode of oscillation of the foundation in a 
2-D field; the third (Fig. 18.c), named Fixed-base mod-
el, consists of only the structure fixed at the base. The 

Fig. 14 – Comparison between experimental (in black) and numerical (in grey) results in terms of maxima accelerations and 
acceleration time-histories, concerning: a) the structure response; b) the soil response. finput = 5 Hz.
Fig. 14 – Confronto tra i risultati sperimentali (in nero) e numerici (in grigio) in termini di accelerazioni massime e storie temporali delle 
accelerazioni, per: a) la risposta della struttura; b) la risposta del terreno. finput = 5 Hz. 

a)

b)
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Fig. 15 – Comparison between experimental (continuous lines) and numerical (dashed lines) acceleration Fourier spectra: 
a) in the structure (base-top); b) in the foundation - soil surface (foundation-3m distance); c) in the soil surface (3 m-9 m 
distance). finput = 5 Hz.
Fig. 15 – Confronto tra gli Spettri di Fourier in termini di accelerazione sperimentali (linee continue) e numerici (linee tratteggiate): a) nella strut-
tura (base-top); b) nella fondazione e piano campagna (fondazione-3 m di distanza); c) nel piano campagna (3 m-9 m di distanza). finput = 5 Hz.

Fig. 16 – Catania Fire-Station: a) plane view with the location of boreholes S1 and S2; b) frontal view from C. Beccaria street 
with the localization of the frame c) section of the frame; d) structural plan view of the section.
Fig. 16 – Caserma dei VV.FF. di Catania: a) pianta, con localizzazione dei sondaggi geognostici S1 e S2; b) vista frontale dalla via C. Bec-
caria, con indicazione del telaio studiato; c) sezione del telaio analizzato; d) pianta strutturale del telaio analizzato.

b)a)

d)
c)
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second model is a simplified version of the Gazetas 
approach [GAZETAS, 1991], including springs and 
dashpots for modelling soil-foundation systems. The 
third has been the most frequently used to date in 
routine design.

With regard to the S-S model, the bottom bounda-
ry was fixed 8.00 m from the structure, according to 
the soil profile discussed in Section 4.1, while the lat-
eral boundaries stood 8 m from the structure. For the 
bottom boundary, the vertical displacements were 
fixed at zero; for the lateral boundaries, the vertical 
displacements were free, while the horizontal dis-
placements were bound to each other constrained. 
Once more, contact conditions were specified for 
modelling foundation uplift and foundation-soil slid-
ing. Both sticking/removing and Coulomb frictional 
sliding were modelled. The sand-concrete interface 
friction angle was assumed equal to 2/3 ϕ (being ϕ = 
34°). Finally, the Rayleigh damping factors αr and βr 
were computed assuming the structure damping ra-
tio equal to 5% and the soil damping ratio equal to 
25% [ABATE et al., 2006].

The Compliant base model considers the soil 
deformability by means of three springs (vertical, 
horizontal and rotational) per foundation. It repre-
sents an easy-to-use model, like the Fixed-base model, 

Fig. 17 – Vs vs z profile obtained through the Down-Hole 
test.
Fig. 17 – Profilo Vs vs z ottenuto tramite prova Down-Hole.

Fig. 18 – Numerical models: a) S-S model; b) Fixed-based model; c) Compliant base model; d) “ACC 02” artificial accelero-
gram applied at the bedrock.
Fig. 18 – Modelli numerici adottati: a) modello” accoppiato” terreno-struttura; b) modello incastrato alla base; c) Modello con molle; d) ac-
celerogramma artificiale “ACC 02” applicato al bedrock .

a) b) c)

d)
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but is more realistic. The following stiffnesses, evalu-
ated according to the linear elastic Gazetas approach 
[GAZETAS, 1991], were estimated equal to: Kz = 22113 
kN/m; Ky = 21611 kN/m; Krx = 23003 kNm.

The computation of vertical loads to be applied 
to the frame was performed as suggested by OPCM 
3274 [2003]. For the dynamic conditions, the arti-
ficial accelerograms discussed in Section 4.2, were 
considered. The analyses were performed consider-
ing the linear visco-elastic constitutive model for the 
structure and both the visco linear-elastic and the 
Mohr-Coulomb visco-elasto-perfectly-plastic consti-
tutive models for the soil, available in ADINA. In this 
case study, the authors did not consider it correct to 
use a more sophisticated soil constitutive model, due 

to a lack of necessary data from static and dynamic 
laboratory tests.

A degraded Young modulus E50 = 40 MPa (equal 
to 50% of Emax, see Section 4.1) was considered in 
all the analyses, in order to take into account soil 
non-linearity, according to the estimated shear level.

4.4. Main results deriving from the numerical modelling

This section reports the main results deriving 
from the FEM modelling. Figure 19 shows the re-
sponse spectra at the soil surface obtained consid-
ering both the visco linear-elastic constitutive mod-
el (LE) and the Mohr-Coulomb visco elasto-plastic 
constitutive model (MC) for the soil. The resulting 
response spectra have been compared with those giv-
en by EC8 [2003] and OPCM 3274 [2003]. Figure 20 
shows the total shear force V at each storey, for all 
the numerical models used. Figure 21 shows the de-
formed configurations for four time steps.

In figure 19 it is interesting to observe the in-
crease in the fundamental period of vibration of 
the system, when going from the Fixed-base model to 
the S-S model: in this case, this leads to a decrease 
in the acceleration transferred to the structure. The 
most important consequence of this phenomenon is 
a decrease in the total shear force V at each storey 
(Fig. 20). The Compliant base model gives a predom-
inant period very close to that of the S-S model. For 
the structure under consideration the response spec-
tra given by EC8 [2003] and OPCM 3274 [2003] are 
more conservative than the computed ones; never-
theless, in the range of period 0.1-0.4 sec, the com-
puted response spectra show much higher spectral 
accelerations than those given by the European and 
Italian regulations.

Fig. 19 – Comparison between the numerical response 
spectra at the foundation level and those suggested by EC8 
[2003] and OPCM 3274 [2003] for class E soil.
Fig. 19 – Confronto tra gli spettri di risposta elastici a livello del-
le fondazioni, ottenuti con la modellazione numerica e quelli pro-
posti dall’EC8 [2003] e dall’OPCM 3274 [2003] per terreno di 
categoria E.

Fig. 20 – Total shear forces (V): a) results of the Fixed-base model and the Compliant base model; b) results of all the nume-
rical models used, including: the full-coupled soil-structure model [S.S. model]; the Compliant base model; the Fixed-base 
model.
Fig. 20 – Tagli di piano totali: a) risultati relativi al modello incastrato alla base e al modello con molle; b) risultati relativi a tutti i modelli 
numerici usati, ovvero: il modello terreno-struttura completamente accoppiato; il modello con molle; il modello incastrato alla base.



63

GENNAIO - MARZO 2019

SOME ASPECTS OF DSSI IN THE DYNAMIC RESPONSE OF FULLY-COUPLED SOIL-STRUCTURE SYSTEMS

Figure 20a shows the total shear force V at each 
storey considering the Fixed-base model and the Com-
pliant base model, for both the linear visco-elastic 
(LE) and the visco Mohr Coulomb (MC) soil be-
haviour. In the ‘Compliant base LE’ as well as in the 
‘Fixed-base model LE’ modelling, the input accelera-
tion was that previously computed at the soil sur-
face, considering visco-linear elastic behaviour for 
the soil, through the FEM modelling of the seis-
mic response of only the soil deposit. In the ‘Com-
pliant base MC’ as well as the ‘Fixed-base model MC’ 
modelling the input acceleration was that previ-
ously computed at the soil surface, considering vis-
co-elasto-plastic Mohr-Coulomb behaviour for the 
soil, through the FEM modelling of the seismic re-
sponse of only the soil deposit (See Section 4.2). 
The Fixed-base model gives total shear forces consid-
erably larger than those given by the Compliant base 
model. The ‘Fixed-base model MC’ analysis leads to to-
tal shear forces only slightly bigger than those ob-
tained with the ‘Fixed-base model LE’. No significant 
differences can be observed between the ‘Compliant 

base LE’ analysis and the ‘Compliant base MC’ analy-
sis. Figure 20b also shows the values of V obtained 
using the fully-coupled S-S model, adopting both the 
linear elastic (S-S model LE) and the Mohr Coulomb 
(S-S model MC) constitutive models for the soil. It 
is possible to see the great overestimation of V in 
the common Fixed-base model in comparison with 
the more realistic S-S model. This difference is even 
more pronounced as we get closer to the founda-
tions. A negligible difference exists for the S-S model 
going from the linear elastic soil constitutive model 
(LE) to the Mohr Coulomb (MC) one. The Compli-
ant base model leads to very similar results to those 
achieved by the S-S model and, thus, it can be consid-
ered a possible, simplified, easy-to-use alternative to 
the Fixed-base model. The little difference between 
the S-S model (MC or LE) and the Compliant base 
model in figure 20 is due to the interface behaviour, 
and specifically on the occurrence of uplift. Howev-
er, it is important to remember that the Compliant 
base model does not take into account the energy dis-
sipation associated with the oscillation of the foun-

Fig. 21 – Deformed configuration of the system, including soil vertical displacement band plot for the time steps: a) t = 21.80 
sec; b) t = 25.00 sec; c) t = 25.12 sec; d) t = 26.52 sec (visco-linear-elastic soil constitutive model - displacement amplification 
factor = 70).
Fig. 21 – Configurazione deformata del sistema, con andamento degli spostamenti verticali del terreno, per gli istanti di tempo: a) t = 21.80 
sec; b) t = 25.00 sec; c) t = 25.12 sec; d) t = 26.52 sec (modello costitutivo del terreno visco-elastico-linea re - fattore di amplificazione = 70).
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dation (imaginary term of the foundation imped-
ance) as well as the frequency dependency of the 
foundation impedance functions. Both these fac-
tors represent fundamental ingredients for a reli-
able prediction of the overall seismic performance 
[ROESSET et al. 1973; CIAMPOLI et al., 1995; MAKRIS et 
al., 1996]. For a more detailed analysis of DSSI it 
is thus necessary to investigate soil damping ratio 
carefully and to use the Gazetas complete imped-
ance approach [GAZETAS, 1991] or a fully-coupled 
FEM analysis with a visco-elasto-plastic soil constitu-
tive model including isotropic and kinematic hard-
ening, as shown in Section 2.

As previously stated, the different responses 
of the numerical models depend on the predomi-
nant periods of the model (Fig. 19); nevertheless, 
soil-foundation interface behaviour has makes an 
important contribution to this result. Figure 21 
clearly describes soil-foundation interface behav-
iour. Due to the great eccentricity of the structure, 
the foundation on the right shows a significant up-
lift, which partially avoids the transmission of the 
seismic waves from the soil to the structure, lead-
ing to a general reduction of total shear force V at 
each storey. There is great agreement between the 
horizontal displacements of all the isolated foun-
dations, considering the linear elastic soil consti-

tutive model; while a small divergence appears 
when considering the Mohr-Coulomb soil con-
stitutive model (Fig. 22). Furthermore, sliding at 
the soil-foundation interface occurs, as can be ob-
served comparing the horizontal displacements of 
foundation nodes 11 and 13 with the correspond-
ing soil nodes 9106 and 9678 (Table VII). The 
great difference between the horizontal displace-
ment at node 13 and the corresponding horizontal 
displacement at node 9678 using the Mohr-Cou-
lomb constitutive model for the soil is also due to 
foundation uplift.

5. Conclusions

This paper deals with three fully-coupled 
soil-structure systems subjected to dynamic inputs 
and characterized by different scales. The first is a 
1:6 scale steel frame resting on a reconstituted dry 
sand deposit. It was subjected to 1g shaking table 
tests at the University of Bristol. The second is a full-
scale steel frame supporting two reinforced-concrete 
slabs, founded on a reinforced-concrete slab, locat-
ed near Thessaloniki. The foundation slab rests on 
a heterogeneous soil deposit ranging between silty 
sand to silty-sandy clay. In this second case, forced-vi-
bration tests were performed applying dynamic in-
puts to the roof of the frame. The third system re-
gards a building located in the centre of Catania, 
which forms part of the Catania fire-station. It is a 
reinforced-concrete building, subjected to seismic 
retrofitting some years ago. The subsoil consists of 
sand-gravel from the soil surface up to a depth of 
8.00 m, where the bedrock is located.

The main conclusions of all the studies reported 
in the present paper are as follows.
– The peaks of the amplification function AF in-

volving a soil-structure system occur at the natu-
ral frequency of the whole system, which is very 

Fig. 22 – Horizontal displacement time-histories for the foundation nodes 11 and 13, considering for the soil: a) the visco-
linear elastic constitutive model; b) the visco-Mohr-Coulomb constitutive model. 
Fig. 22 – Storie temporali degli spostamenti orizzontali ai nodi 11 e 13, considerando per il terreno: a) il modello costitutivo visco-elastico-
lineare; b) il modello costitutivo visco-Mohr-Coulomb.

Tab. VII – Peak differential horizontal displacements at 
the soil-foundation interface between foundation nodes 
and corresponding soil nodes.
Tab. VII – Valori di picco degli spostamenti orizzontali 
differenziali all’interfaccia terreno-fondazione tra i nodi di 
fondazione ed i corrispondenti nodi del terreno.

∆u [mm]

Node 11-9106 13-9678

LE soil model 0.5 1

MC soil model 0.5 11

b)a)
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close to the natural frequency of the flexible-ba-
se structure and significantly different from that 
of the fixed-base structure, as well as significan-
tly different from that of the soil deposit alone. 
Thus, it is not appropriate to make separate esti-
mates of the natural frequencies of the fixed-
base structures and the soil deposits in order to 
investigate the dynamic response of “real” soil-
structure systems. It is more appropriate to esti-
mate the natural frequency of the flexibly-sup-
ported structures or, more precisely, of the who-
le soil-structure systems.

– As the input motion amplitude increases, a shift 
in the natural frequency of the systems toward 
lower values is evident because of non-linear soil 
behaviour.

– Numerical modelling prediction of the seismic 
behaviour of soil-structure systems is strictly re-
lated to soil constitutive models. The latter must 
take into account soil densification, non-associa-
te flow rule, isotropic and kinematic hardening 
as well as shear modulus and damping ratio va-
riation with the achieved shear strain level.

– Simplified approaches, which consider the struc-
ture resting on springs associated to swaying, ver-
tical and rotational modes of foundation oscil-
lation generally lead to similar results to those 
achieved by the fully-coupled soil-structure sy-
stems and, thus, they could be considered a pos-
sible simplified, easy-to-use alternative to the un-
realistic fixed-base structure model. However, it 
is important to remember that these simplified 
approaches do not take into account the ener-
gy dissipation associated with the oscillation of 
the foundation (imaginary term of the founda-
tion impedance) as well as the frequency depen-
dency of the foundation impedance functions.

– Comparing accelerations underneath the 
foundations and at the foundations, as well as 
soil vs foundation vertical and horizontal displa-
cements for all the systems under investigation, 
it is possible to observe that very often the sei-
smic waves are not completely transmitted across 
the soil-foundation interface, due to foundation 
uplift and sometimes due to soil-foundation sli-
ding. In all the cases, the authors have attribu-
ted a beneficial isolation effect to the interface 
behaviour, and particularly to the occurrence 
of foundation uplift. Nevertheless, there is the 
need to increase the several ongoing researches 
to prove that foundation uplift is really effective 
in reducing the seismic demand for buildings.
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List of symbols

A Dilatancy parameter (Severn-Trent model)

AF, AFs
Amplification function in the frequency do-
main, amplification functions in the fre-
quency domain

a Acceleration
ag Ground Acceleration

B
distortional strain hardening parameter (Se-
vern-Trent model)

c Cohesion
C Uniformity coefficient

C1

Coefficient used for the calculation of the 
structure predominant period in according to 
NTC08

CH Cross hole test
CLTST Cyclic loading torsional shear test

c’ Cohesion
D, D(γ) Damping ratio at the current shear strain γ

D’ Hardening rule parameter

D0 Damping ratio at small strains
Dm Masonry Damping ratio
Dr Relative density 

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

DH Down hole test 
DOF Degree of freedom 
DSSI dynamic soil-structure interaction

E Young modulus

Emax
Maximum value of the evaluated Young mo-
dulus

Ec Total eccentricity of the shaker
e Void ratio

emax Maximum void ratio
emin Minimum void ratio

F Shaker force
FAS, 
FASs

Fourier amplitude Spectrum, Fourier ampli-
tude spectra

FEM Finite Element Method
FF Free field alignment
f Frequency of the input

ff
Frequency for the structure over the soil de-
posit model

fff
Frequency for the structure “fixed” to the sha-
king table 

fR Rotational speed of the shaker
fs Frequency for the soil deposit
fsf Frequency for the soil-structure system

G, G(γ)  Shear modulus at the current shear strain γ
G0  Shear modulus at small strains
G50 Shear modulus for 50% of the shear strength
Gs Specific gravity
g Gravity Acceleration
H Height of the structure deposit
hd Height of soil deposition
IA Intensity Arias

INGV
National Institute of Geophysics and volcano-
logy

Kz z-impedence
Ky y-impedence

Krx Rotation-impedence

k
effect of state parameter on strength (Severn-
Trent model)

kd
effect of state parameter on dilatancy (Severn-
Trent model)

kDP

parameter related to shear strength angle and 
cohesion (Cap-hardening Drucker-Prager 
model)

LE linear elastic constitutive model
LL Liquid limit
MC Mohr Coulomb constitutive model
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N
Intercept of critical state line for p’ = 1kPa in 
the v-ln(p’) plane

PHA Input peak horizontal acceleration
PI Plasticity index

pL

value of p, which characterises the initial cap 
position (Cap-hardening Drucker-Prager mo-
del)

R
Size of kinematic yield surface (Severn-Trent 
model)

R’
Cap ratio (Cap-hardening Drucker-Prager 
model)

Ra Amplification ratio
RC Reinforced concrete

RCT Resonant column test
S Soil factor by NTC08
Se Spectral acceleration

SDMT Seismic Dilatometer Marchetti Test
SPT Standard Penetration Test

T Period
t Time

u1
Horizontal x-displacement, orthogonal to the 
input motion direction

u2
Horizontal y-displacement, parallel to the in-
put motion direction

u3 Vertical z-displacement
V Shear force

VFXB Shear force for fixed-base model
Vs Shear waves velocity
Vs, 

average
Average shear waves velocity

W
hardening rule parameter (Cap-hardening 
Drucker-Prager model)

WP Plastic limit
w Settlement
ww Water content
x Horizontal axis
y Horizontal axis
z Vertical axis

α
parameter related to the shear strength angle 
(Cap-hardening Drucker-Prager model)

ar Rayleigh damping factor
br Rayleigh damping factor
γ Shear strain

γd,max Maximum dry weight per unit volume
γd,min Minimum dry weight per unit volume

θ1 Rotation around the x (or u2) direction
l slope of critical state line, in the v-ln(p’) plane
ν Poisson ratio
ρ Material density

σ′v Vertical effective stress
φ Angle of shear strength
fcv Angle of shear strength at constant volume
w Angular frequency

Alcuni aspetti della DSSI sulla risposta 
dinamica di sistemi terreno-struttura 
completamente accoppiati

Sommario
La risposta sismica delle strutture dipende da moltepli-

ci fattori, tra i quali: l’interazione dinamica tra il terreno, 
le fondazioni e la sovrastruttura (DSSI). Gli effetti di sito 
possono produrre modifiche rilevanti alle azioni sismiche 
prescritte dalle norme. Inoltre, a causa della DSSI il terreno 
molto spesso si comporta in modo molto diverso da quello 
ipotizzato in condizioni di campo libero, a causa dell’intera-
zione cinematica. La DSSI assume un ruolo ancor più de-
cisivo quando all’interfaccia terreno-fondazione avvengono 
fenomeni di scorrimento relativo e/o sollevamento delle fon-
dazioni. Pertanto, occorre effettuare e promuovere le analisi 
dei sistemi completamente accoppiati terreno-struttura se si 
vuole realmente pervenire ad una appropriata progettazio-
ne antisismica delle strutture.

I fenomeni di DSSI sono già studiati da molto tempo, at-
traverso: prove a media/grande scala, approcci semplificati e 
modellazioni numeriche avanzate. In particolare, negli ulti-
mi anni gli studiosi hanno rivolto una crescente attenzione a 
tale problematica, in accordo con la generale crescente atten-
zione per una progettazione di tipo prestazionale e grazie al 
crescente sviluppo delle apparecchiature di monitoraggio in 
sito ed in laboratorio e dei codici di calcolo numerico.

Il presente articolo riporta i principali risultati ottenuti 
dagli autori nello studio della DSSI con riferimento ad una 
prova su tavola vibrante su modello a media scala, ad una 
prova su un modello a scala reale ed il caso studio di una 
struttura reale. Per tutti questi sistemi terreno-struttura com-
pletamente accoppiati gli autori hanno eseguito delle model-
lazioni FEM. Tutti i sistemi studiati sono caratterizzati da 
fondazioni superficiali. La risposta dinamica dei sistemi ter-
reno-struttura presentati è stata investigata, nei domini del 
tempo e della frequenza, in termini di: accelerazioni, sposta-
menti, fattori di amplificazione/de-amplificazione, spettri di 
Fourier e di risposta, funzioni di amplificazione, tagli di pia-
no massimi. Scopo del presente lavoro è evidenziare l’impor-
tanza di alcuni aspetti della DSSI nella valutazione della 
risposta sismica di sistemi terreno-struttura completamente 
accoppiati, con riferimento a strutture con fondazioni super-
ficiali. Particolare attenzione è stata data agli effetti dovu-
ti ai fenomeni di scorrimento relativo e di sollevamento del-
la fondazione all’interfaccia terreno-fondazione ed ai periodi 
naturali di vibrazione dei sistemi terreno-struttura comple-
tamente accoppiati. I risultati ottenuti offrono interessanti 
spunti per una progettazione antisismica più economica.




