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ABSTRACT: This paper contains the results of a study on soil-structure interaction (SSI) problems for reinforced concrete
structures under seismic excitation. Preliminary results are applied to the case study of an Italian bridge situated at a critical
mountain crossing passage featuring complex topography. This study has mainly two objectives. The first objective consists of
studying the effects of seismic waves amplification in the superficial soil layers, which can easily induce structural members to
undergo critical stress states during an earthquake. The second objective is to investigate critical issues related to the computational
modeling of SSI problems, in order to set up a reliable procedure for modeling the soil-foundation-structure system. In order
to simulate seismic wave propagation in specific geotechnical conditions and its effects on the structures, the soil was explicitly
included in the analyses, rather than using site-specific multiplicative coefficients for the acceleration. A significant portion of the
infinite soil domain below the structure was modeled and the ground motions were applied as stress histories at the base of the
model. Some crucial issues involved in the numerical approach to SSI problems were taken into account, such as soil domain
reduction, spurious seismic waves radiation damping and meshsize influence on the wave frequency filtering. Results obtained
from the numerical investigation indicate that the bridge behavior can be noticeably influenced by superficial soil layers. The study
confirms the importance of considering the interaction between the soil and the superstructures when performing pseudo-static and
dynamic analyses of reinforced concrete structures.
KEY WORDS: Finite Element Analysis; Case histories; Dynamic Analysis; Wave propagation; Soil-Structure Interaction;
Nonlinear static analysis.
1

INTRODUCTION

Italian tollways endow a large number of reinforced concrete
bridges, which have been built between 60’ and 70’ in order
to surmount rough areas of the central regions of the country.
Many of them, due to an aged and severe environmental
exposition, currently undergo critical conditions. These often
include loss of concrete cover, concrete carbonation and
reinforcing steel corrosion. Furthermore, a large number
of these structures were designed accordingly to non-seismic
design criteria. Therefore, the structural safety of many of these
bridges requires to be assessed.
Since 2003 (Ord.P.C.M. 3274), the whole italian territory has
been classified to be at seismic risk. The noticeable earthquake
swarm, that has lately interested Abruzzo Region, is indeed a
demonstration of the adequacy of such legislative enforcement.
The peak M6.3 seismic event of April 6th 2009, that heavily
harmed a vast part of the city of L’Aquila and its surrounding
towns, showed how structural response can be greatly influenced
by local soil conditions [1]. In fact, the highest levels of
damage was observed in correspondence with different shallow
soil layers, as sudden changes in soil density and stiffness cause
seismic waves amplification. Another significant source of
amplification is represented by irregular topographical contours.
In fact, it can be observed that particular conformations of
the free surfaces, can produce interferences affecting wave
propagation paths inside the soil media. The existence of

such phenomena appear reasonably likely to be considered
when performing computational analysis of reinforced concrete
structures since they can induce critical deformation regimes.
This can be particularly crucial in case of strategic buildings and
infrastructures, such as existing italian tollway bridges.
Design of new structures in Italy requires full compliance to
the standards introduced by current regulation, while existing
bridges are not obliged to respond to any specific regulation.
However, their seismic assessment can be pursued by following specific guidelines developed by foundations and nongovernmental institutions, such as the Laboratories University
Network of seismic engineering (ReLUIS) consortium. Within
these guidelines, nonlinear static pushover analyses can be used
in order to assess their compliance to certain safety limit states.
2

OBJECTIVES

The undertaken study is intended to pursue two main objectives.
The first objective is to demonstrate the feasibility of numerical
analyses for large reinforced concrete bridges subjected to
seismic action with consideration of soil-foundation-structure
interaction and seismic waves propagation mechanisms. The
second objective is to isolate and investigate some aspects
of the numerical modeling that could affect the evaluation of
the problem by incorrectly matching its physics. In order to
adequately simulate the propagation paths of seismic waves,
different domain reduction strategies need to be adopted not
to incur in spurious reflections inside the soil media. Several
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tests were conducted in a preliminary study and the gained
knowledge has so suggested suitable strategies to be used in the
case study of the Della Valle Bridge.
3

PRELIMINARY STUDIES

3.1 Methodology
Sample tests were conducted on simplified soil column models
featuring very basic characteristics (Tab. 1, 2). The analyses
are applied into two phases.
In the first phase, the static
Table 1. Element types.
Part
Soil
Boundaries

El. type
Q8MEM
SP1T R

Description
Linear 2D stress element
0d spring/dashpot element

Table 2. Test soil material.
Property
E
v
γ

Value
3.2e08N/m2
0.3
1800N/g/m3

phase, the gravity load is applied and stresses and deformation
due to gravitational forces are recovered, in the structures as
well as in the soil. Translational restraints along the boundary
in the normal direction are applied and the self weight is
applied as a distributed body force. Geostatic consolidation
is expected to take place in this phase. Optionally, the
displacements resulting from this phase can be neglected if
a post-consolidation configuration is already assumed in the
model.
At this stage, special boundary and symmetry conditions
(Fig. 1) are imposed in order to obtain a behavior which
could simulate the horizontally unbounded soil media under
dynamic excitation with radiation damping of waves. Restraints
are removed and substituted by the corresponding reaction
forces acted by the surrounding soil. Seismic excitation is
introduced as a tangential stress history at the bottom edge
of the soil block. In the second phase, the dynamic phase,
the horizontal load is applied. The results at this point may
vary, even significantly, based on the particular conditions
imposed. Seismic inputs adopted in the present study are
obtained from records of real earthquakes, which implies that
the corresponding accelerograms are referred to the surface
ground motion. The superficial signal needs to be deconvoluted
(Fig. 2) because the seismic input must be applied at the base
of the soil region modeled, in order to simulate correctly the
propagation path of the seismic waves.
By performing deconvolution starting from the acceleration
history at the upper free surface, which is considered to be
the known response, it is possible to retrieve the originating
tangential stress history at the bedrock level. The following
aspects require particular attention:
• choice of the soil layer stratigraphy;
• surface acceleration history timing and timestepping;
• cutoff and filtering of the output stress history.

Figure 1. BCs considered in the study.
Excluding the case in which the bottom edge of the modeled soil
part is represented by the bedrock, which can be conventionally
considered rigid, all the nodes belonging to such edge should not
be restrained in order to avoid unwanted wave reflections. For
this reason, seismic accelerations and consequent displacements
should not be applied essentially, but must be introduced in the
model as equivalent natural boundary conditions.

Figure 2. Deconvolution of the record.

3.2 Soil domain reduction
The present study is conducted numerically through the direct
approach of explicitly modeling the soil beneath the structure,
in a more accurate praxis than the bare use of site-specific
multiplicative coefficients for the acceleration, which is the
current practice in design. For the simulation the Finite Element
(FE) software DIANA [2] is used. Modeling wave propagation
in soil by means of the finite element method involves the cutoff
of the half-infinite soil domain to a limited part, unlike other
techniques, like boundary element method, which allows for
an accurate evaluation of the elastostatic and elastodynamic
problems without an explicit volumetric description of the soil
mass. To evaluate the minimum horizontal soil extension to
consider in the analysis appears to be a scope-dependent task,
which can be dealt following different criteria. In the present
study a structure/soil mass ratio is adopted to dimension the soil
block.
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One classical approach to soil dynamics is based on the
simplified reading of the soil domain as a regular stratification
of horizontal layers, so that the problem can be considered
one-dimensional and can be treated in closed form. Such a
model is able to represent exclusively wave propagation in terms
of shearing stresses/deformations constant along the horizontal
direction. In order a 2D soil domain to reproduce such a
purely shearing behavior, a symmetry condition between its
extreme sides must be introduced. These can be modeled

Figure 3. Shear constrained model.
as internal constraints (ties) equating horizontal and vertical
displacements of facing nodes at respective heights (Fig. 3).
It is important to notice that in the dynamic phase an absorbing
boundary condition at the base of the soil column should be also
introduced, in order to avoid spurious wave reflections at the
bottom.
Therefore, a generally proportioned 2D soil model will be
capable of showing a one-dimensional behavior exclusively in
absence of any geometrical and material irregularity, and in
absence of structural masses. As a proof, we can verify that

Figure 5. Vertical acceleration field in a SC soil model due to a
superficial mass of ratio 1/50 of the soil mass.

Figure 6. Vertical acceleration of a superficial sideward node
for different mass ratios.
3.3 Seismic waves radiation damping
Figure 4. Acceleration profile in test soil column.
there is no vertical acceleration by plotting x and y acceleration
profiles of a sideward soil column of a 2D soil block subjected
to a Ricker derived wavelet (Fig. 4). This symmetric treatment
of the problem reaches optimal results when considering a soilonly model, since it is able to reproduce both the expected 1D
shear behavior and the radiation damping of outgoing reflected
waves. Anyway, in more complex cases, as in presence of
irregular geomorphology or added structural masses, spurious
waves are expected to originate due to reflections at the soil
boundaries, since shear links act a source of stiffness (Fig. 5).
One possible way to reduce such spurious vertical acceleration is the adoption of a structure / soil mass ratio below 1/500.
In this case, vertical acceleration in the soil would generally
appear negligible for the structural response (Fig. 6). We can
clearly notice perfect radiation damping in case of LK boundary
conditions usage.

In case of complex geomorphology, the radiation damping
problem assumes a more generalized size and seems to require
a consistent solution relying on a theoretical basis. As previous
studies also highlighted [3], spurious wave reflection at the
boundaries can be avoided by setting boundary conditions
featuring damping capabilities. According to Lysmer and
Kuhlemeyer [4], dynamic contribution of the non-modeled
surrounding soil may be simulated by the insertion of dashpots
placed in the normal and tangential directions along the bottom
and lateral boundaries of the model (Fig. 7). A way to

Figure 7. Dashpots modeling Lysmer-Kuhlemeyer BCs.
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introduce such a feature in the Diana FEM model, is the use
of 0D Dashpot elements, placed at every node along the bottom
and lateral boundaries of the model; damping coefficients are
set distinctly at every node, accordingly to the Lysmer and
Kuhlemeyer theory:
c p = a · An · ρ ·Vp
cs = b · An · ρ ·Vs

(1)

where An is the area of influence of the node, ρ , Vs and Vp are
the mass density, the shear wave velocity and the compressive
wave velocity of the material respectively. The latter two are
given by:
p
Vp = (λ
p+ 2G)/ρ
(2)
Vs = G/ρ

with λ and G the Lame constants. a and b are two dimensionless
parameters regulating the ratio of incoming energy absorption.
When they are both equal to the unit all the incoming energy
is damped (Fig. 8). After the setting of absorbing BCs, wave

Figure 10. Perturbation in the displacement field.
subjected to mutual shearing and compressive stresses because
is part of a semi-infinite half space. Plotting x and y acceleration
profiles of a sideward soil column of a rectangular soil block
subjected to a test accelerogram, we can verify that vertical
accelerations exist, and they are of intensity comparable to the
horizontal ones (Fig. 11). A direct consequence of such

Figure 11. Spurious acceleration in purely LK BC treatment.

Figure 8. Reflected energy ratio at different incident angles.
reflection at the boundaries due to superficial mass is no longer
detectable. We can observe that the propagating waves are
completely absorbed by the boundaries even in case of added
structural masses (Fig. 9), in fact no waves are reflected
backward at the boundaries. However, such an approach still
produces unsatisfactory numerical results, as described in the
following paragraph.

a perturbation on the soil displacement field is the deflection
of the upper free surface (Fig.
12), which causes above
structures to undergo rotational accelerations, with unexpected
consequences on the response. This issue can be reduced

Figure 12. Localized rotation at the free surface.
by extending horizontally the soil model and therefore is not
model-size independent as shown in Fig. 13. As it can be

Figure 9. Radiation damping by Lysmer and Kuhlemeyer BCs.
3.4 Solving perturbations
Despite this approach can perfectly model the phenomenon of
radiation damping, it also introduces some spurious dynamic
effects in terms of waves originating from the lower corners of
the model, affecting the resulting deformed shapes which do not
resemble the expected theoretical shear behavior of the soil (Fig.
10). This is a consequence of the boundary reduction operation;
in fact, the modeled portion of the soil should be reasonably

Figure 13. Dependency on the model extension.
clearly seen, as the model horizontal extension is increased,
response at the center resembles the shear constrained model
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Figure 14. Application of time-history stresses.
can be applied to the complete model by means of a constant
or weighted distribution. For the case study here described a
constant distribution was adopted and the corrective nodal forces
were applied by making use of specifically developed tools (Fig.
14).
As we can see from a simple model excited by a Rickerderived wavelet, the results of such a corrected LysmerKehlemeyer model for the soil can likely match those of the
corresponding shear-constrained model, with slight differences
due to the approximations adopted in the calculation of the
shearing forces histories (Fig. 15). The presented corrected

3.5 Frequency filtering
The increase of the number of degrees of freedom, which can
easily reach millions, due to the inclusion of the soil mesh in
the model produces a significative elongation of computational
time. In order to contain this within certain limits, two ways
are advised, both related to mesh structuring. When wave
propagation into the modeled soil volume can be neglected
in terms of output, the adoption of a coarse mesh is advised.
The use of a structured meshing strategy is also suggested,
in order to facilitate application of eventual boundary shear
constraints. The choice of the meshsize should be aware that
the usage of oversized or excessively stretched elements can
incur in frequency filtering. A proper study can be conducted
on a reduced soil column model in order to identify a meshsize
suitable for the transmission of the frequencies of a particular
signal.
As a sample test, a natural recorded accelerogram referred
to the Fucino earthquake [5] is deconvoluted (Fig. 16) and
then used as an input for dynamic analysis of a soil column
with different mesh refinement levels. The resulting superficial
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Figure 16. Stress history from the Fucino Earthquake.
response is compared to the original record in the frequency
domain (Fig. 17). As it can be seen, a meshsize of 5m produces
a response matching accurately the original signal below 10Hz.
A certain dependency on time stepping can also be noted. As a
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dynamic effects due to structural masses of considerable
entity generate perturbations that cannot be predicted and taken
into account before the complete analysis;
• correlation effects of the seismic waves coming from distinct
inputs in two directions cannot be taken into account. Generally,
they are expected greatly affects the response.
•

Force [kPa]

and the perturbation tends to be negligible. At the last step, we
can generally observe a residual rotation of the whole block.
A possible solution to this perturbation can be provided by
adding node-specific stress time-histories obtained by previous
analyses. The introduction of lateral shearing and compressive
stresses, specified as nodal forces with specific time-histories,
can simulate the presence of the surrounding soil providing its
elastic contribution to the analysis.
For a linear homogeneous horizontally layered media we are
able to deconvolute the shear stress history at any height of the
soil column in closed form; integrating it over the node influence
areas, we can obtain force histories to be assigned to every node.
In more general circumstances, like the case study dealt, such
stresses can be extracted from the dynamic analysis of simplified
shear constrained wider models. The resulting stress profiles
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Figure 15. Comparison of BC types.
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Lysmer-Kuhlemeyer BC treatment suffers, nevertheless, the
following limitations:

Figure 17. Soil column response for different meshsizes.

only a plain and regular soil stratigraphy can be accurately
treated;

reference rule, the following formula can be helpful in defining

•
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the meshsize:
hmin = Vs / f /6

(3)

In which hmin is the maximum dimension of the mesh element
and f is the maximum frequency of interest.
Since meshes produced for the structures are generally
expected to be more accurate than ones for the soil, disposing
a transitioning meshing level could result a good practice,
avoiding sudden jumps of meshsize.

piles and caissons, are modeled explicitly along with the soil.
This way it was possible to study how the ground motion that is
input at the bedrock is filtered by the superficial soil layers, and
how the filtered ground motion affects the structural response.
4.2 Current conditions
The Della Valle bridge is currently undergoing a progressive
damage due to environmental conditions. As shown in Fig. 20
reinforcing bars are corroded due to concrete carbonation.

3.6 Results
As a result, the developed study is intended to provide a basic
framework for soil structure interaction problems by means of
FEM modeling and analysis. Various aspects involved were
considered, so that it was possible to evaluate solutions for
a realistic simulation of some phenomena such as radiation
damping and wave propagation of seismic waves in the soil
medium [6], within the limits of the finite element analysis.
4

APPLICATIVE CASE: THE DELLA VALLE BRIDGE

4.1 The Bridge
Figure 20. Current conditions of the bridge.
4.3 Model description

Figure 18. View of the bridge model.
Preliminary tests were used to calibrate the detailed finite
element model of a bridge developed using the program DIANA
(Fig. 18). Some modeling stages have been further enhanced
through the implementation of customized tools for the correct
setup of boundaries and specific analysis parameters. The Della
Valle viaduct on the Tollway A25, Autostrada dei Parchi, was
built in the 1970’s in the Abruzzo Region, Italy (Fig. 19).
The company which manages the Tollway provided extensive

The Della Valle bridge is situated at the crossing point of
three mountains. The complex topography is supposed to
heavily affect seismic amplification due to free surface reflection
and consequent interferences of seismic waves. Therefore, an
adequate description of the free surfaces is required. This level
of accuracy is reached by tracing NURBS surfaces [7] based
on level curves provided by maps. 3D soil profile is based
on the surveys conducted before bridge construction, which
revealed the presence of an underlying rock mass featuring
occasional outcrops with the superposition of a silt layer pierced
by embedded loose concrete fills. Free field areas of the

Figure 21. Detail of the transition meshes.

Figure 19. View of the Della Valle Bridge.
information on the bridge design and construction details. The
bridge is curved and has a continuous prestressed concrete
caisson girder with two separate bridges, one in each traffic
direction. The hollow piers are prismatic and their height varies
between 5.5 and 50 meters. The foundations, which consist of

rock and silt layers are treated as structured meshes with brick
elements (HX24L), while the soil surrounding the foundations
is treated as transitional areas meshed with tetra elements
(T E12L) of decreasing meshsize up to the level required by
the superstructures, as shown in (Fig. 21). The main soil
model is 640x130m by an average height of 100m, and is
composed of around 200.000 solid elements. The bridge is
modeled using mathematical surfaces and solids drawn using
the pre-processor Midas FX+ for Diana. The 392m long deck
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4.5 Nonlinear static analysis

has a curved shape in plan and consists of two bridges, one
in each direction, formed by continuous pre-stressed reinforced
concrete caisson girders, divided at the center by hinges (Fig.
22). The study is conducted on a one-way reduced bridge
model. The hollow piers are prismatic and their height varies
between 5.5m and 50m. Piers walls are treated with linear
shell elements with three Simpson integration points across the
thickness. Plinths and heads of the piers are composed by solid
elements. Reinforcements are formed by 2D grid layers with
equivalent steel areas in the two directions.
The bridge is supported on two type of foundations: seven
circular plinths of variable diameter and height and two
octagonal tapered caissons. Abutments are characterized by
a complex geometry, as they are partly embedded in the silt
and partly they raise from rectangular concrete plates. All the
foundations are connected to the rock soil layer through loose
concrete fills. The complete FEM model is shown in (Fig. 23).

800
700
600
Pushing force [kN]

Figure 22. Detail of the central pier hinges.

At the present stage of the work, a former evaluation of the
soil-structure interaction influence on the structural response
is obtained by performing nonlinear static analyses. First,
the central pier performance is compared to the results of
previous analyses in which the pier was modeled with forcebased elements [8]. The result from the detailed model matches
the one from the simplified model. It should be pointed out that
the detailed model shows a stiffer behavior (Fig. 24), because it
considers the concrete tension stiffening whereas the fiber model
does not take into account this behavior. As shown in Fig. 25,
crack patterns mainly concentrate, as expected, at the base of
the piers and at the section changes along the height, where
maximum reinforcements stresses are reached. The result of the
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Figure 24. Load/Displacement curve for central pier.

Figure 23. Bridge complete model.

4.4 Material models adopted
Nonlinear material model based on total strain is used for
the concrete whereas Von Mises yielding criterion with strain
hardening is used for the steel reinforcement. The average
concrete cylinder strength ( fcm ) is assumed to be 25MPa. The
steel is assumed to have an average yield strength of 345MPa.
Linear elastic material models are adopted for the soil, since
the rock and silt layers are not likely to undergo liquefaction or
seepage phenomena.

Figure 25. Crack patterns (a) and Reinforcement stresses (b).
pushover analysis of the whole bridge considering the flexible
soil is compared to that obtained assuming fixed conditions. The
pseudo-static transversal load is set with a distribution based on
the first vibrational mode of the bridge, which interests the most
part of the structural mass (Fig. 26). A comparison between the
bridge only fixed model and the one including the soil clearly
shows a stiffer response of the former (Fig. 27).
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Figure 26. Eigenvector of mode 1 (T = 0.95s).
5

FUTURE WORK

At this stage the authors are performing nonlinear analyses of
the bridge and the results are under investigation. Current results
suggest further studies on wave propagation in 3D elastic bodies
for the development of more solid domain reduction techniques,
free of the above limitations. A main goal can be addressed as
the reduction of the modeled soil part to a minimum surrounding
of the foundations, without affecting the problem dynamics.
The most promising efforts, according to the authors, are
represented by the research on 3D dynamic Boundary Elements
(BE) analysis [9] for seismic wave propagation and its coupling
to the structural FEM problem.
6

CONCLUSIONS

The early results of the present study confirm the importance
of considering seismic wave propagation mechanisms and their
interaction with the superstructures when performing time
history analyses of relevant reinforced concrete structures. It
emerged that particular attention is required in modeling of the
soil boundaries in particular in the case of complex topography.
Results indicate that the bridge response can be noticeably
influenced by the soil even in pseudo-static terms.
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Figure 27. Pushover curves for BO and SSI models.
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