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ABSTRACT: This paper examines the seismic response of reinforced concrete buildings
founded on pile groups. The simplest approach to account for Soil-Foundation-Structure Inter-
action is represented by the equivalent linear oscillator, in which the foundation behaviour is
idealized by frequency dependent springs and dashpots. Such an approach is applied extensively
to a case study of a 9-storey reinforced concrete building founded on piles. The seismic demand
in the compliance model, expressed in terms of relative displacement, is then compared to that
of the fixed base one. Finally, the prediction capability of the simplified procedure is validated
against the approach based on the lumped parameters models, or LPMs, in which the founda-
tion behaviour is idealized by a single, visco-elastic ‘macro-element’ with additional fictitious
masses. It is shown that the equivalent simple oscillator is capable to predict the importance of
Soil-Foundation-Structure interaction, at least from a qualitative standpoint.

1 INTRODUCTION

The seismic response analysis of a building is commonly carried out under the assumption of
fixed base, without considering the effect of soil deformability and the energy dissipation
through the oscillation motion of the foundation. Moreover, in case of pile-supported build-
ings, the change of seismic motion due to pile-soil kinematic interaction is usually neglected,
thus forgetting the filtering in frequency exerted by piles.
In other words, the conventional approach assumes implicitly that the reduction of the seis-

mic demand due to SFSI, if any, is so small that it can be quietly ignored. Such an assumption
is contradicted by some comprehensive works in the literature, such as those published by
Gazetes (1984) and Makris et al. (1996), showing that SFSI effect can considerably reduce the
seismic demand in the structure. As a result, the above conservative assumptions are in con-
trast with the need to allocate resources for seismic risk mitigation in the most rational way.
The seismic response of a building founded on piles can be analysed according to

approaches with different levels of complexity. In a decreasing scale, the most difficult
approach is certainly the so-called ‘direct method’, which is the analysis of the complete soil-
foundation-structure system (e.g. Curras et al. 2001). A second approach is represented by the
Non-Linear-Macro-Element (NLME), capable to describe the incremental relationship
between generalized forces and displacements by adequate constitutive assumptions. As per
the direct method, the NLME approach is capable to predict post-earthquake permanent
deformations at foundation level in terms of settlements, deflections and rotations. A wide-
spread approach is then represented by the substructure method (Kausel et al. 1978), which is
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capable to account for SFSI effect in a reasonable way. In this case, the foundation is replaced
with frequency dependent springs and dashpots and the inertial analysis of the building is car-
ried out in the linear regime. The simplest application of the decomposition method is repre-
sented by a SDOF on impedance functions; this is an acceptable assumption for building
dominated by the first vibration mode. The substructure method is based on superposition,
and, hence, on the hypothesis of linear behaviour of both the soil and the structure. Hence, it
is unable to account for non linearity of structural members.
An alternative is finally represented by the so-called Lumped Parameters Models, or LPMs

(Wolf 1991), whose complexity can be considered in between the NLME and the decompos-
ition method. In this case, the foundation behaviour is idealized by a single, visco-elastic
‘macro-element’, capable to reproduce the frequency dependence of foundation stiffness by
means of fictitious masses for any oscillation mode of the foundation, and the inertial analysis
is carried out in the time-domain, thus accounting for non linearity of structural members.
Some example application of this approach can be found in Pinto & Franchin (2010) and Car-
bonari et al. (2012). Contrarily to the NLME, the analysis procedure based on LPMs is intrin-
sically unable to predict irreversible deformations at foundation level.
The equivalent oscillator model is applied extensively to a case study of a reinforced con-

crete building, exploring the effects of a large number of real earthquakes, as explained in the
following section. The seismic demand in the compliant system, expressed in terms of max-
imum relative top displacement, is then compared to that evaluated for the fixed-base system.
The ability of this approach to predict the relevance of SFSI effects is then validated against
complete analyses with LPMs carried out in the non-linear regime.

2 CASE STUDY

2.1 Reference building models

The case study examined in this work is a 9-storey residential building with a mixed wall-
frame bearing system. Shear walls are concentred along the periphery of the cross-sectional
area in a double symmetrical arrangement, as depicted schematically in Figure 1. The building
was designed according to the Italian Building Code NTC 2008 (Italian Ministry for Infra-
structure, 2008), for the purposes of the research project ‘Implicit Risk’, funded by the Civil
Defence in Italy (Dipartimento per la Protezione Civile), aimed at the evaluation of the
annual rate of collapse for code-conforming buildings. In this project, the attention was
placed on five locations: Caltanissetta, Milano, Napoli, Roma, L’Aquila. In this work, refer-
ence will be only made to the building located in Napoli.
The mechanical and geometrical characteristics of the structural members come from the

classical modal spectral analysis, carried out by assuming a behaviour factor equal to 3 and a

Figure 1. Cross section of the reference building

2011



class C subsoil. The earthquake actions relevant to the life-safety limit state (SLV) were used;
they corresponded to a return period of 475 years and a peak ground acceleration of 0,245g.
Three configurations of masonry infills were considered for the purpose of risk analysis (see

Figure 2): (a) Bare Frame (BF); (b) Infilled Frame (IF); (c) Pilotis Frame (PF). For (a) infills
are only modelled as masses, while for (b) and (c) they are modelled also with their stiffness
and strength. While (b) and (c) represent different building configurations, case (a) is retained
as a term of comparison as it is representative of the modelling practice in design and, still, in
most cases, of risk analysis. A complete description of the design and analysis of the fixed-
base buildings can be found in (Ricci et al. 2018).

2.2 Selection criteria for input signals

Input signals were selected in the framework of the ‘Multiple Stripe Analysis’, a method of
non-linear dynamic analysis aimed to evaluate the annual rate of failure (Jalayer & Cornell
2009). They were grouped into Intensity Measure Levels (IMLs) ordered according to the
return period (Tr) of the earthquake action or the reference spectral acceleration. For each
level, the ‘stripe’ with the seismic demand in the building, for example the maximum inter-
storey drift, is then represented. It allows to evaluate the fragility curve of the building,
expressing the probability of failure for each intensity level; the annual rate of collapse can be
then evaluated by combining the fragility curve with the seismic hazard at the reference site.
The algorithm adopted to select the signals is the Conditional Spectrum method, whereby

motions are chosen so as to match the response spectra ‘conditional’ to the passage through
[T1, Sa(T1)], with T1 being the fundamental oscillation period of the building at hand and Sa
(T1) the corresponding spectral acceleration on the Uniform Hazard Spectrum (UHS). The
total amount of motions selected in this case is equal to 10 intensity levels � 20 (bi-compo-
nent) motions per level = 400 records. All the input signals used in this study have been
recorded on class A subsoil.

2.3 Subsoil conditions and soil properties

The reference model buildings were supposed to be in the Directional Centre of Napoli, an
administrative and commercial district in the eastern area of the city. The reconstruction of
the subsoil layering was based on the results of boreholes and cone penetration tests (CPTs)
carried out in the area of the New Law Court Building (Vinale 1988). The schematic EW
stratigraphic section in Figure 3 shows that the subsoil profile consists of made ground (R),
laying above volcanic ash (C), and pyroclastic silty sand (cohesionless pozzolana, Ps), alter-
nating with alluvial materials (peat, T, and sand, S). Underneath, the Neapolitan Yellow Tuff
(NYT) is replaced in some zones by weakly cemented pozzolana (Pc). This formation rests on
stiff alternating layers of ash, sand and pozzolana (A) with uncertain depth. The groundwater
table (GWT) is located at a depth of 1 m from the soil surface.

Figure 2. Types of buildings considered in the analysis (BF, IF, PF)
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The shear wave velocity profile shown in Figure 3 is based on the interpretation of cross-hole
and down-hole tests, carried out in the same area down to 60 m (Vinale 1988). Below such
adepth, no direct measurements of shear-wave velocity, were available and the profile was
extrapolated to about 100 m on the basis of a deep CPT. According to the Italian Building Code
existing at the date of the research project (NTC 2008), adopting similar soil classification criteria
as Eurocode 8, the ground type might be classifiable between C and D, because the equivalent
velocity Vs,30 is about 180 m/s. On the basis of the available geotechnical investigation, a regular
layering was adopted for the purposes of this study. The decay of normalized shear modulus, G/
G0, and the variation of soil damping ratio, D, with the shear strain, γ, were defined by RC
(=Resonant Column) tests carried out on undisturbed samples of Pozzolona (Vinale 1998) or
based on data from literature. Finally, a viscoelastic bedrock was assumed at 60 m depth, with
shear wave velocity Vsb = 800 m/s and damping ratio D = 0.5% (Bilotta et al. 2015).

2.4 Foundation design

The shallow foundation, with a size of 22.55x12.65 m, and an embedment of 1 m, is safe enough
against a vertical bearing capacity failure. In fact, under the action of the life-safety limit state,
the design action is 49 MN, while the design capacity is 144 MN. However, under the vertical
action of the damage limit state, equal to 37.2 MN, the settlement would be 25 cm. This is too
large for a safe operation of the building. In order to reduce foundation settlements, a possible
option is that of adding piles to the shallow foundation. Particularly, the addition of (6x4) CFA
(Continuous Flight Auger) piles, 14 m long, 0.6 m in diameter, uniformly spread underneath the
raft, allows to reduce foundation settlement within an acceptable amount.

2.5 Seismic Site Response (SSR) analysis

The input signal at foundation level (1 m from the ground surface) were evaluated by one-
dimensional SSR analysis with the equivalent linear approach, using code Strata. Input
motions recorded on outcropping rock were first deconvoluted at the bedrock depth and
then propagated upward through the simplified layered profile already shown in Figure 4.
Figure 5 shows the results of the SSR for signals belonging to IML 2 (Tr = 50 years) and
IML 9 (Tr = 104 years) in terms of: maximum shear stress, mobilized shear modulus and
mobilized Damping ratio. Noticeably, the mobilized shear stress is always below the interval
of limiting shear stresses [τlim1, τlim2] obtained from geotechnical site characterization, with
the exception of the peat layer for IML9. With regard to this last point, however, we believe
that such a violation has only a small effect on the result of the SSR analysis.

Figure 3. Subsoil conditions and shear wave velocity profile.
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3 IMPORTANCE OF SFSI

The seismic response of the above building models was predicted by the ‘equivalent’ or
‘replacement’ oscillator. The original formulation of this approach (Veletsos and Meek, 1974)
is limited to the case of homogeneous subsoil and shallow foundations. For the problem
under examination, a pile group embedded into a layered profile, we have applied an exten-
sion of the general approach suggested by Maravas et al. (2014). While Maravas et al. (2014)
supply closed form equations to predict the equivalent frequency-independent properties of
the ‘replacement’ oscillator, in our approach the response of the SDOF on deformable base is
evaluated continuously in the frequency domain through the following transfer function:

Figure 5. Results of SSR analyses for IML2 and IML9.

Figure 4. Subsoil conditions and shear wave velocity profile.
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In the above equations, (~k;
~ξ) are equivalent, frequency dependent dynamic stiffness and

damping ratio, (k, ξ) the properties of the fixed base system, (Kx, Kθ) the real components of
the foundation’s impedance functions, (ξx, ξθ) damping ratios associated to the swaying and
rotational vibration modes of the foundation:

ξx ¼
Im Kcx fð Þ½ �

2Re Kcx fð Þ½ �
;ξθ ¼

Im Kcθ fð Þ½ �

2Re Kcθ fð Þ½ �
ð4Þ

The impedance functions of the foundations are therefore the fundamental ingredients for
the evaluation of the dynamic response of the replacement oscillator.
The average mobilized profiles of shear modulus and damping ratio obtained from SSR

analyses were adopted as a starting point for computation of dynamic impedance functions,
closely following with the equivalent linear model the secant stiffness and damping associated
to the increasing level of nonlinearity caused by increasing IMLs. Thus, we have evaluated a
set of impedance functions for any IML. The code Dynapile 3.0 based on the ‘Consistent
boundary matrix’ method (Blaney et al. 1976) was adopted to this aim. As an example,
Figure 6 illustrates the impedance functions for IML2, IML6 and IML9 in the X direction.
Once the complete sets of impedance functions have been defined for any IML, the seismic

response of the equivalent oscillator can be finally assessed. Figure 7 illustrates the compari-
son between the seismic demand in the compliance model and that in the fixed base one, both
expressed in terms of maximum relative displacement of the structural mass, for IML2, IML6
and IML9. Due to lack of space reference is only made to the results in the X direction. From
a qualitative point of view, SFSI effects are much less evident for BF model and IML2. There
are lot of combinations in which they are favourable, as well as many others where they are
detrimental. Even if there is a non-negligible tendency of SFSI in reducing the seismic demand
for increasing levels of the earthquake intensity, the average value of the seismic demand in
the compliance model is very similar to that in the fixed base one, whatever be the building
model or the earthquake intensity level. In summary, there is no clear evidence for this case
study of the relevance of SFSI effects.

Figure 6. Impedance functions of the pile group for IML2, IML6 and IML9.
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4 VALIDATION AGAINST LPM

For the purpose of carrying out the analysis with the 3D MDOF nonlinear building model
resting on a LPM, a modified version of the Carbonari et al. (2012) model has been employed,
where independent height terms are used to separately match the frequency dependence of
translational, rotational and coupled terms of the real (stiffness) and imaginary (damping)
parts of the impedance functions computed previously. Details of the LPMs and of the fitting
procedure can be found in RINTC project report (Workgroup RINTC, 2018).
A complete MSA has been carried out for all ten IMLs for both the fixed-base case and the

compliant-base one. Similarly to Figure 7, Figure 8 presents the effect of SFSI, as assessed
using the MDOF+LPM, for three selected IMLs.
For all cases, and the more so for the BF, points distribute parallel to the one-to-one line, with

SFSI displacements only slightly smaller than those obtained with the fixed-base model, and with
minimal scatter (smaller than that exhibited by the simplified model). Thus, the complete analysis
confirms that SFSI has on average very low influence for the considered site and building. To
gain further insight, results from the complete and the modified Maravas models are compared in
Figure 9. In these plots, the points do not align on the one-to-one line or distribute evenly around
it. Nonetheless, the deviations have a systematic, explainable character and, overall, the order of
magnitude of the top displacements (relative to the foundation level) is the same. The systematic
trends show overestimation and underestimation of NL-MDOF displacements, by the simplified
model, for the BF and the IF/PF cases, respectively. The reason for these trends is in the linearity
of the simplified model and the model properties of the building models. The BF model is more

Figure 7. SFSI effects predicted by the replacement oscillator.

Figure 8. SFSI effects according to the 3D-NL-MDOF model founded on the LPM.
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flexible than the IF/PF ones, which have similar initial periods. When the NL-MDOF models, for
the higher IMLs, enter into the inelastic range, they “move” differently on the displacement spec-
tra, with increases in spectral displacement and damping that play differently depending on the
initial building model period. This cannot be captured by the simplified model.
The important conclusion, however, is that the simplified model has correctly predicted the

low influence of SFSI and, based on this, a simple fixed-base analysis could have been run for
the complete model.

5 CONCLUSIONS

In this work, the replacement oscillator method was applied extensively to the case study of a
9-storey building founded on settlement-reducers piles, to assess the importance of SFSI
effects. The building was modelled as either a Bare Frame or accounting explicitly for the con-
tribution of the infills to the overall stiffness. Input signals were selected in the framework of
the Multiple Stripe Analysis approach and grouped into IMLs according to the Conditional
Spectrum method. For each IML, the average shear strain modulus and soil damping ratios
profiles were then assessed by Linear Equivalent site response analyses. They were adopted as
starting point to evaluate the complex stiffness of the foundation associated to swaying and
rotational modes of vibration. As a result, we evaluated a set of impedance functions for each
IML. The seismic demand in the compliant base system, expressed in terms of maximum rela-
tive displacement, was then compared to that evaluated for the fixed base building. Such a
comparison showed that SFSI has only a small effect on the seismic performance of the build-
ing. The prediction capability of the replacement oscillator was then validated against rigor-
ous analyses based on Lumped Parameters models (NL-MDOF). The analyses carried out by
the LPMs showed that the effect of SFSI is even smaller than that predicted by the simplified
approach. In other words, the replacement oscillator has corrected predicted the negligible
influence of SFSI effects. Such a result suggests to investigate the prediction capability of the
simplified approach for subsoil conditions other than those considered in the paper.
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