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Abstract. European critical infrastructures, including bridges and viaducts, play a vital role
in transportation, emergency services, and economic activities; however, they are frequently
exposed to seismic hazards. Traditional seismic assessments often employ pseudo-static ap-
proaches or consider dynamic analysis neglecting foundation system compliance (the base is
assumed to be rigid). In this study, the authors introduce a conceptual model that captures the
dynamic response of viaduct piers on piled foundations in soft soils by: (i) idealizing the deck
as a concentrated mass, (ii) assuming the involved mass of the pier and the foundation system
to be negligible, (iii) modeling the pier behavior with an in parallel spring–dashpot system,
(iv) incorporating the translational and rotational displacements of the foundation system; (v)
evaluating foundation stiffness by employing the macroelement approach and by considering
Piles-Raft-Soil Interaction. The model has been applied to simulate the bridge response under
20 seismic records taken from the Italian database. Results indicate that considering SSI effects
very often leads to a decrease in the actions on both the structure and the foundation system.
The comparison with an existing elastic-plastic macroelement recently proposed by the authors
suggests that for PGA < 2m/s2 the piled raft foundation can be reasonably schematized by
means of elastic springs.
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1 INTRODUCTION

Bridges and viaducts are essential for society, ensuring transportation, emergency services,
and economic activities. However, they are vulnerable to seismic events, which can cause
severe structural damages, disruption of essential services, and, in extreme cases, catastrophic
collapses ([1]). Consequently, a comprehensive assessment of the seismic performance of these
infrastructures is essential to safeguarding their integrity.

Today, it is critical to assess many viaducts at the end of their intended lifespan, whose
foundations were designed more than 50 years ago without considering seismic actions.

In common practice, many simplifying assumptions are made for the verification of both the
superstructure and the foundation system (often piled foundations in the case of viaducts on soft
soils). The superstructure is typically modeled as rigidly clamped at the base, by disregarding
Soil-Structure Interaction (SSI). The forces computed at the rigid base are then used to verify
the foundation system. In case of piled raft foundations, the foundation system is simplified
and piled raft is reduced to a pile group (Piled-Raft-Soil Interaction (PRSI) is neglected). The
assumption of neglecting both SSI and PRSI can lead to non-optimized retrofitting designs in
relation to both superstructure and the foundation system. Indeed, recent studies have high-
lighted the importance of accounting for both SSI ([2], [3], [4]) and PRSI ([5], [6]), on system
mechanical response.
In cases of pile raft foundations under undrained conditions and general load combinations,
considering the PRSI interaction, [7] (i) observed that the mechanical response is elastic for
low load levels (Elastic Nucleus, EN in Figure 1), (ii) proposed geotechnical and geo-structural
interaction domains (GEO ID and GEO-STRU ID in Figure 1) and (iii) defined a macroelement
model predicting piled raft displacements under pseudostatic combined loads, representative of
seismic actions ([8]). Although it provides a more accurate safety assessment than traditional
simplified approaches that neglect PRSI, it treats the seismic actions as combined monotonic
quasi-static loads and, as a result, does not capture the dynamic response of the system.

In Figure 1 GEO ID, GEO-STRU ID and EN are illustrated in M-H plane for V=25MN (the
vertical load acting on the piled raft). GEO ID corresponds to the geotechnical failure of the
system obtained by assuming piles to be elastic. GEO-STRU ID corresponds to the structural
failure of the most loaded pile. For M-H load combinations lying inside EN and GEO STRU
ID, the system response is elastic.

In this work, a conceptual model for the dynamic response of viaduct piers on piled foun-
dations in soft soil is proposed, accounting for both SSI and PRSI: (i) idealizing the deck as a
concentrated mass, (ii) assuming the involved mass of the pier and the foundation system to be
negligible, (iii) modeling the pier behavior with an in parallel spring–dashpot system, (iv) incor-
porating the translational and rotational displacements of the foundation system; (v) evaluating
foundation stiffness according to the macroelement theory.

The model is used to simulate the response of a representative case study pier of a bridge
(Figure 2a) subject to 20 different seismic input records taken from the Italian database (with
PGA values ranging from 0.33m/s2 to 6.32m/s2). The predicted forces transmitted from the
superstructure to the foundation are then compared with GEO ID, GEO-STRU ID and EN (i) to
quantify the benefit of considering SSI and (ii) defining in which case the assumption of elastic
foundation is valid.
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Figure 1: Interaction domains (GEO and GEO-STRU) and elastic nucleus (EN).

2 MODEL

The model is based on the idealization of the deck as a concentrated mass m. The masses
of pier, foundation and soil interacting with it are assumed to be negligible, with respect to m.
For the sake of simplicity, radiation damping, which results from energy dissipation due to the
propagation of waves away from the foundation into the surrounding soil, is neglected.
The total horizontal displacement x(t) of mass m with time t, representing the deck drift, is ob-
tained by adding (i) external seismic input (u(t)), (ii) pier displacement due to pier deformability
(y(t)) and (iii) foundation displacements (horizontal translation uf (t) and rotation (θf (t))):

x(t) = u(t) + y(t) + uf (t) + θf (t)hs (1)

where hs is the pier height (Figure 2b).
The vertical displacements are not considered.

The mass inertia force FI(t) = mẍ(t) is balanced by the reaction due to pier deformability
(FS(t)) that is evaluated by modeling the pier response as an in parallel spring-dashpot system
(Figure 2c):

Fs(t) = ksy(t) + csẏ(t) (2)

where pier elastic stiffness ks is defined as a function of pier material Young modulus E, inertia
moment of pier cross section I and hs:

ks = 3EI/h3
s (3)

Structural damping coefficient cs is defined as follows:

cs = 2mωn,sζs (4)

where ωn,s =
√

ks/m is the pier natural frequency and ζs is a model parameter (typically as-
sumed in structural analyses equal to 0.05).
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Figure 2: (a) Geometry of the pier and its foundation, (b) balance of momentum scheme, (c) constitutive model.

From the equilibrium on the pier, the actions acting on the foundation system, H and M can be
evaluated. In particular, H = FS = FI whereas M = FS · hs.
Foundation displacements are evaluated according to the macroelement theory ([9]). Despite
foundation response under cyclic loading is known to be hysteretic ([10], [11]), for the sake of
simplicity, a linear-elastic macroelement is assumed, neglecting the coupling between horizon-
tal and rotational degrees of freedom:[

uf

θf

]
=

[
1/kh 0
0 1/km

] [
H
M

]
(5)

Due to this latter assumption, system mechanical response can be interpreted as a 1DOF linear
oscillator (rheological scheme reported in Figure 2).

The equivalent elastic stiffness Keq and an equivalent damping coefficient ζeq of the 1DOF
can be evaluated as ([12], [3]):

keq =
1

1/ks + 1/kh + 1/k∗
m

(6)

ζeq =
keq
ks

ζs (7)

where k∗
m = km/h

2
s.

The natural frequency of the equivalent system can be evaluated as ωn,eq =
√
keq/m and

correspondigly the natural period of the equivalent system Tn,eq = 2π/ωn,eq. The equation of
motion for mass m has been integrated with time t considering a Newmark average acceleration
method ([13]) which is unconditionally stable.
In this work, as it concerns the superstructure, concrete piers (hs = 13m) are considered (E =
30GPa) with circular hollow core cross-section of external and internal diameter Dext = 3m
and Dint = 2m, respectively. The deck mass m has been assumed equal to 2500t. The
macroelement elastic stiffness coefficients Kh = 700MN/m and Km = 70000MNm/rad
have been calibrated on finite element numerical analyses in which the contact between raft and
soil is considered ([7]).
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3 NUMERICAL RESULTS

In this section, the model has been used to simulate the dynamic response of viaduct piers
subject to 20 seismic records taken from the Italian database ([14]), characterized by different
Peak Ground Acceleration (PGA) values (Table 1).

n. Station Date Motion component PGA [m/s2]
1 GMN - GEMONA 15/09/1976 North-South 3.18
2 GMN - GEMONA 15/09/1976 East-West 6.32
3 STR - STURNO 23/11/1980 North-South 2.20
4 STR - STURNO 23/11/1980 East-West 3.14
5 CAT - CATANIA 13/12/1990 North-South 2.46
6 CAT - CATANIA 13/12/1990 East-West 2.04
7 ASS - ASSISI 26/09/1997 North-South 1.64
8 ASS - ASSISI 26/09/1997 East-West 1.84
9 MRN - MIRANDOLA 29/05/2012 North-South 2.89

10 MRN - MIRANDOLA 29/05/2012 East-West 2.19
11 NRC - NORCIA 30/10/2016 North-South 3.65
12 NRC - NORCIA 30/10/2016 East-West 4.76
13 NRC - NORCIA 03/11/2016 North-South 0.33
14 NRC - NORCIA 03/11/2016 East-West 0.55
15 GSA - GRAN SASSO 18/01/2017 North-South 0.90
16 GSA - GRAN SASSO 18/01/2017 East-West 0.95
17 POZS - POZZUOLI 29/03/2022 North-South 0.60
18 POZS - POZZUOLI 29/03/2022 East-West 0.55
19 NAP - NAPOLI 27/09/2023 North-South 0.79
20 NAP - NAPOLI 27/09/2023 East-West 0.85

Table 1: Table of the 20 considered accelerograms with the correspondent values of PGA.

In Figure 3, the maximum bending moment transmitted by the superstructure to the foun-
dation system as a function of PGA values for different seismic records, are illustrated. In
particular, the predictions obtained under the rigid base assumption are compared with those
considering SSI.
As was expected, in most of the cases, as PGA increases, maximum bending moment on the
foundation (Mmax) increases. Interestingly, in most cases, SSI is beneficial as it reduces the
action on the foundation. For instance for PGA 1m/s2 < PGA < 3m/s2, the reduction is up
to 20% in Mmax. In Figure 3 GEO, GEO-STRU IDs and EN are reported. GEO-STRU ID is
slightly larger than EN, meaning that until the first pile fails, the behaviour can be assumed to
be practically elastic. In many cases, the image point lies inside EN, testifying that the elastic
base approximation is acceptable. In other cases, the point is outside EN, testifying the need for
a more refined macroelement model accounting for the irreversible foundation system response.
Only one point belongs to a domain outside the GEO ID. This corresponds to the seismic record
n.2 and rigid base approximation. If SSI is considered, actions on the foundation significantly
reduce and the correspondent point is inside GEO ID.
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Figure 3: Maximum bending moment acting on the foundation as function of PGA for the 20 seismic records:
comparison between rigd base approximation and SSI solution. (a) complete dataset and (b) data corresponding to
PGA ≤ 2m/s2

In general, considering SSI allows to increase Tn , reduce Sa, giving rise to a reduction in
both M(t) and ẍ(t) (Figure 4 correspond to seismic record n.13).

In some cases (e.g., seismic record n.12, Figure 5), the choice of neglecting SSI may, con-
versely, lead to unsafe estimates of the actions on the foundation system. Indeed, for the oscil-
lations of the function putting in relation Sa with Tn (Figure 5, seismic record n.12), an increase
in Tn may cause an increase in Sa, giving rise to an increase in both M(t) and ẍ(t) (Figure 5).
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Figure 4: Response to earthquake n.13: (a) Response spectrum: comparison between Sa in case of rigid base and
elastic base assumptions and (b) Time histories of overturning moment at pile base and deck acceleration.
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Figure 5: Response to earthquake n.12: (a) Response spectrum: comparison between Sa in case of rigid base and
elastic base assumptions and (b) Time histories of overturning moment at pile base and deck acceleration.

4 CONCLUDING REMARKS

In this study, a conceptual model is introduced to discuss the dynamic behavior of viaduct
piers on piled raft foundations in soft soils under undrained conditions. The model is obtained
by: (i) idealizing the deck as a concentrated mass, (ii) assuming the involved mass of pier
and foundation system to be negligible, (iii) modeling the pier behavior with an in parallel
spring–dashpot system, (iv) incorporating additional degrees of freedom to account for foun-
dation displacements; (v) evaluating foundation stiffness by using macroelement theory and
by considering Piles-Raft-Soil Interaction. The model has been applied to simulate the bridge
response under 20 different seismic records, and its outcomes are compared with those ob-
tained by assuming the base to be rigid. Moreover, the results are compared with geotechnical
and geo-structural interaction domains of the piled raft and with its elastic nucleus. The re-
sults demonstrate that neglecting Soil–Structure Interaction can lead to an overestimation of
the forces acting on both the structure and its foundation, potentially resulting in an unrealistic
assessment of bridge safety. In addition, numerical results have allowed to demonstrate that
for PGA < 2m/s2, the behaviour of the piled raft can be reasonably schematized by means
of elastic springs. For higher PGA values, actions on the foundation exceed the elastic nucleus
and the non-linear irreversible foundation response must be accounted for.
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nerabilità ai pericoli geo”.

References

[1] L. Capacci, F. Biondini, and D. Frangopol. Resilience of aging structures and infrastruc-
ture systems with emphasis on seismic resilience of bridges and road networks: Review.
Resilient Cities and Structures, 1(2):23–41, 2022.

[2] P. Ni, L. Petrini, and R. Paolucci. Direct displacement-based assessment with nonlin-
ear soil–structure interaction for multi-span reinforced concrete bridges. Structure and
Infrastructure Engineering, 10(9):1211–1227, 2013.

[3] R. Paolucci, R. Figini, and L. Petrini. Introducing dynamic nonlinear soil-foundation-
structure interaction effects in displacement-based seismic design. Earthquake Spectra,
29(2):475–496, 2013.

[4] D. Forcellini. A 3-dof system for preliminary assessments of the interaction between base
isolation (bi) technique and soil structure interaction (ssi) effects for low-rise buildings.
Structures, 59(December):105803, 2024.

[5] M. Corigliano, L. Flessati, P. Bongio, M. D’Angelantonio, and C. G.. di Prisco. Numerical
push-over analysis of a bridge piled foundation: geotechnical and structural verification.
Rivista Italiana di Geotecnica, 57(2):3–15, apr 2023.

[6] M. Corigliano, L. Flessati, and C. di Prisco. Finite element analyses of piled foundations:
interaction domains under undrained conditions. In 8th Italian Conference of Researchers
in Geotechnical Engineering, CNRIG 2023, Springer Series in Geomechanics and Geo-
engineering, 2023.

[7] M. Corigliano. Seismic verification of piled rafts: from numerical analyses to upscaled
modeling. PhD thesis, Politecnico di Milano, 2025.

[8] M. Corigliano, M. Zerbi, L. Flessati, and C. di Prisco. Un macroelemento per palificate
poste su terreni puramente coesivi. In Incontro Annuale dei Ricercatori di Geotecnica,
IARG2024, Gaeta, Italy, September 4-6 2024.

[9] R. Nova and L. Montrasio. Settlements of shallow foundations on sand. Géotechnique,
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