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Featured Application: A probabilistic soil–structure interaction analysis according to the new
ASCE 4 standard is described on a step-by-step basis. The analysis is carried out on a typical
concrete bridge structure. Differences from a deterministic-approach SSI analysis and a typical
design model used in the current design practice are highlighted.

Abstract: In current design practice, typical seismic design of bridges tends to use simplified ap-
proaches. On the opposite side, the most advanced seismic analyses currently used in practice in
all the fields of structural engineering are probably the ones used for the design of nuclear facilities,
which include soil–structure interaction and motion incoherency effects. From that category, the
most modern methodology is the probabilistic approach, which has been added to the new ASCE
4 standard. This type of state-of-the-art analysis is carried out in ACS SASSI software on a typical
concrete bridge structure with deep foundations. A comparison of the results with the deterministic
SSI approach and the typical Eurocode design from previous studies is presented at the end. Major
differences in behavior are highlighted, which impact the overall safety of the structure.

Keywords: soil–structure interaction; SSI; seismic bridge design; probabilistic; motion incoherency

1. Introduction

Soil–structure interaction refers to the influence that the ground has on the behavior of
a structure placed on it, when subjected to different types of loads. For dynamic loading, the
behavior of the coupled soil–structure system may suffer major changes from the original
“structure on a fixed base” system. The dynamic loads can originate from the building
itself (such as machine vibrations) or have an external source (impact loads due to crashes,
blast loads, wind, waves, earthquakes and so on). One of the most important loads is the
seismic ground motion, which is represented by seismic waves propagating through the
soil layers [1].

The degree of effect the dynamic soil–structure interaction will have on a specific
situation depends mainly on the dynamic properties of the structure (mass, stiffness and
damping), those of the soil (stiffness and damping) [2] and the embedment depth of
the structure.

In traditional design approaches, the SSI effects were usually neglected, and the
structure was designed with a fixed (or very stiff) base. This would probably be acceptable
for light and small structures on relatively stiff soil, such as houses or retaining walls,
where there is no loss of coherency across different points of the foundation and a reduced
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dynamic amplification. The SSI effects on weaker soil become important with heavier and
larger structures, such as nuclear facilities, high-rise buildings and large bridges, where
the ground motion incoherency and local variations of the soil profile may influence the
behavior of the structure to a large degree [1].

A concept that is widely spread in the structural engineering design based on broad-
ened design spectra is that the soil–structure interaction will always have a beneficial effect
on the seismic behavior of the structure, due to the increase in the vibration period, which
should reduce the seismic accelerations acting on the structure. This has not always been
the case for real earthquakes with narrow-band excitation spectra, such as the Vrancea
1977 earthquake for the Bucharest city site. Another example when design recommen-
dations failed is the widely known collapse of the bridge on the Hanshin Expressway,
due to the Kobe earthquake, which was the result of neglect at the design stage of the
soil–structure interaction and the very important differential seismic wave effects due to
the proximity to the fault [3].

On the other hand, if the SSI effects are beneficial on a particular case, overlooking
them would lead to an excessively conservative and expensive design [4,5]. The SSI effects
may reduce the acceleration, but also introduce the relative displacements that can be
detrimental to infrastructures.

In order to obtain the most reliable design, SSI effects have to be included in the
analysis through the coupled approach and not through any overly simplified, decoupled
approach. Even Eurocode 8 presents a simplified approach for the current design of normal
bridges, but it recommends the more complex SSI methodology for detailed analyses on
structures of larger importance [6].

One of the cornerstones of the dynamic soil–structure interaction field was the work
of the team from the Earthquake Engineering Research Center, Berkeley, California led by
J. Lysmer, which developed a novel approach to model the soil–structure interaction phenom-
ena. J. Lysmer’s teamwork [7–12] matured in the release of the SASSI program (System for
Analysis of Soil–structure Interaction) in 1981 [13]. Continuing to work on the same problems,
the Geotechnical Engineering Division from the University of Berkeley released, in 1999, the
updated version of the original software, which was now called SASSI 2000 [14].

Other important contributions to the field of seismic soil–structure interaction have
been made by Kausel and Roësset [15], Kausel [16,17], Chopra [18], Clough and Chopra [19],
Gazetas [20,21] and Mylonakis et al. [22].

Most studies regarding soil–structure interaction have been focused on nuclear struc-
tures, which usually have large surface foundations. As the sites for future nuclear power-
plants were carefully chosen, deep foundations were never necessary. Thus, the vast
majority of SSI studies on pile foundations were looking into different types of structures,
most of them being bridges.

M. Novak was one of the first to research the soil–pile interaction problem. He de-
veloped an approximate solution for the stiffness and damping of a pile group [23] and
an approach to account for soil nonlinearity, slippage and lack of bond by introducing a
cylindrical zone around the pile whose shear modulus and material damping are smaller
than those of the free-field soil [24,25]. A. Kanya and E. Kausel have studied the dynamic
behavior of pile groups embedded in layered semi-infinite media [26] and obtained a
formulation based on the soil flexibility matrix, as well as dynamic stiffness and flexibility
matrices of the piles; in the same work, a parametrical study was carried out, reaching
conclusion regarding the influence of different parameters on the behavior of the pile
group. Later, A. Kanya and M. Novak study the harmonic response of piles and pile
groups embedded in halfspace to Rayleigh waves and obliquely incident body waves [27].
T. Nogami studied the behavior of pile foundations to vertical vibration [28,29].

On the other side, multiple studies regarding SSI featured experimental approaches,
seeking to obtain some kind of confirmation for the large number of theoretical and
parametrical studies already available. G. Gazetas and K.H. Stokoe II [30] evaluated
the reliability of the impedance functions developed by the same author earlier [21].
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R. Boulanger has also conducted a couple of experimental studies with dynamic centrifuge
tests with focus on the following different issues: the behavior of liquefiable sand [31], the
evaluation of the beam on a nonlinear Winkler foundation model (p-y curves) for piles [32]
and the performance of piles in laterally spreading ground [33].

While having a major contribution in the general structural dynamics field [34],
J. Penzien has also studied the seismic soil–structure interaction effects for deep founda-
tions, using a hybrid approach, which includes adding a near-field soil volume, modelled
with finite elements, to the general SSI approach [35].

The interest in bridge structures for the study of dynamic soil–structure interaction
began to rise, due to frequent use of deep foundations and the large size of the structures.
J. Lysmer and C.-C. Chin studied the effects a strong earthquake might have on the San
Francisco–Oakland Bay Bridge East Crossing [36]. W.S. Tseng and J. Penzien applied the
hybrid method for evaluating the soil–structure interaction effects on a bridge structure
and even correlated the proposed methodology with the observed dynamic response of a
laterally loaded, forced-vibration field test on a full-scale single-pile foundation [37].

Through its California Strong Motion Instrumentation Program (CSMIP), the trans-
portation authority (California Department of Transportation, CALTRANS) managed to
instrument multiple bridges across the state, thus obtaining, over the course of multiple
years, actual strong motion recordings of real structures. This was a unique opportunity to
the engineering community, who had the chance to verify and calibrate their models to real-
life recordings of major events. N. Makris studied the soil–structure interaction effects for a
bridge foundation on piles with a substructure approach in the time domain and validated
the proposed approach to recordings from two of the instrumented bridges [38,39].

A state-of-the-art approach in the engineering field is the probabilistic approach. It
offers a way to include all types of uncertainties in the analysis and assess their implications
and influence over the whole problem [40]. Even though the probabilistic approach is
not that new, with studies going back as far as 40–50 years ago [41–43], it started gaining
more attention in recent years, due to the wide-scale availability of continually increasing
computational power. It should be noted that, starting in 2016, probabilistic methods
were introduced in practice for the seismic design of NPP structures, being included and
recommended by the ASCE 4-16 standard for the seismic analysis of NPP structures.

Pertinent studies regarding applications of probabilistic approaches to seismic soil–
structure interaction are provided by Elkhoraibi et al. [44], Kwon and Elnashai [45] and
Ghiocel [46].

The probabilistic analysis is actually a multi-disciplinary tool with applications in the
vast majority of engineering fields and at all stages of the projects. For example, probabilistic
methods have been used for ground motion monitoring of the Large Hadron Collider (LHC),
operated by CERN (European Organization for Nuclear Research) [47,48]. These recordings
can be further used to validate and calibrate the design model and approach.

Figure 1 [49] offers an overview of the following uncertainties that may arise in a
seismic soil–structure interaction analysis, which should be included in the probabilistic
analysis: ground motion variability and variations in the dynamic behavior of the soil and
that of the structure.

This paper aims to perform a complete probabilistic seismic soil–structure interaction
analysis of a highway bridge per ASCE 4-16 [50] recommendations, including motion inco-
herency effects, with a clear, step-by-step explanation of the probabilistic inputs and outputs.

An element of novelty of the study is the structure being analyzed, which is a typical
bridge structure for Romania that is often used throughout the country. The authors
have not been able to find similar study where an SSI analysis of such complexity has
been per-formed on another bridge structure. The probabilistic results will be compared
to the deterministic SSI analysis results, and, with the typical design results, this will
highlight both differences between the applied, more sophisticated SSI approach and
the simplified design code-based approach [51,52], and between the deterministic and
probabilistic approaches.
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2. Materials and Methods
2.1. The Structure and Analysis Models

The structure used in the study is a newly constructed 242 m-long bridge located in
Romania (Figure 2). The design has been completed according to Eurocode, which became
mandatory a couple of years before the bridge’s construction. Figure 2 contains a photo of
the bridge.
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Figure 3 shows a cross-section of the superstructure with a view of the central pier,
which is composed of two circular columns, connected at the top by a rectangular pier cap.
The bridge has deep foundations, with 16 m-long bored piles, tied together just below the
surface by a 1.75 m-thick pile cap.
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As part of the geotechnical study at the design stage, multiple boreholes were drilled
near the future bridge’s foundations. The soil profile at the bridge site is typical for the
Bras, ov basin, with a relatively thin top layer of sand above a thick layer of gravel. Figure 4
contains the soil profile with its main dynamic characteristics as follows: S-wave and
P-wave velocity.
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The study focuses mainly on the comparison of the results obtained through a typical
design approach versus a sophisticated SSI analysis.

The typical design approach uses industry-standard modelling approaches and the
well-known software package CSiBridge. The piles, piers and superstructure girders are
modelled as beam elements and the pile cap and superstructure slab as shell elements.
The soil–structure interaction along the length of the piles is accounted for by springs of
varying stiffness, which increases along with depth. Figure 5 shows a general view of the
design model.
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Regarding the modelling of the seismic action, typical design approaches include
the application of an equal acceleration across the whole model, irrespective of the size
of the structure. Additionally, for bridges longer than 200 m, the following simplified
approach for the introduction of an equivalent effect to ground motion spatial variability is
presented in Eurocode 8: the introduction of varying static displacements on infrastructure
foundations. As highlighted by Figure 6, these displacements can increase in a single
direction (Set A) or have sign variations, giving a saw-like result (Set B).
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Figure 6. Simplified models for the ground motion spatial variation effect, as per Eurocode 8
(a) Set A; (b) Set B [6].

The sophisticated SSI analysis is carried out in ACS SASSI, a highly specialized finite
element software, that performs soil–structure interaction analysis for structures in contact
with the ground (shallow, embedded, deeply embedded or buried). Originally, the software
was created for the specific use on nuclear structures, but lately it has also been used for
bridges, high-rise buildings, tunnels, etc.

Because of the limited computational capabilities, a single pier has been included,
with its corresponding foundation. The corresponding superstructure mass has been
concentrated at the top, in its center of gravity.

The finite element model is composed of the following 2 parts: the pier structure itself
and the near-field soil volume (Figure 7). For the structural part, the piles and the pile cap
are modelled as solid elements and the rest of the structure (that is above the ground) as
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beam elements. The equivalent mass of the superstructure has been concentrated at the top
of the pier, in its center of gravity.
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(c) complete model.

Previous studies [49,51,52] highlighted the need include the soil that is in direct
contact with the foundation in the model, as solid elements. The characteristics of the soil
solid elements are the same as for the layers of free-field soil, at the corresponding depth.
The interaction between the FEM model of the structure and the free-field soil layers is
accounted for through the interaction nodes, present on the surface of the near-field soil
volume and highlighted in Figure 6. The strong nonlinear behavior of the near-field soil
has a major influence on the behavior of the pier.

In line with the typical SSI approach [10,13,14,53–55], the site is modelled as a mul-
titude of horizontal layers on top of a uniform viscoelastic half-space. The solution is
computed in the complex frequency domain, so only linear or linearized behavior is possi-
ble. Thus, the nonlinear behavior of the soil is taken into account through the Seed–Idriss
equivalent linear model [56], as follows: the increase in displacement generates a reduction
in stiffness and an increase in damping; each type of soil has multiple behavior curves that
vary by depth. Figure 8 contains the Seed–Idriss behavior curves for sand and gravel, as
presented in ASCE 4-16 [50].
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The usual vertical-propagating wave field is used as follows: SV-waves for the longi-
tudinal direction (X), SH-waves for the transverse direction (Y) and P-waves for the vertical
direction (Z). The seismic waves propagate through the free-field soil layers until they reach
the surface, which may produce significant changes in the ground motion that actually
loads the structure.

The spatial variation of ground motion during a seismic event is influenced by the
following 4 main factors, which are also shown in Figure 9 [57]:

• Attenuation effect, due to varying distances from the seismic fault;
• Spatial incoherence effect, which is divided in the following 3 categories:

# wave passage effect, which refers to the systematical time delays due to the
horizontal component of wave incidence;

# ray-path incoherence effect, which refers to variations in the wave field due to
reflections/refractions of the wave in discontinuities or complexities along the
ray path;

# extended source effect, which refers to the mixing of seismic waves from
different parts of the fault, for sites close to large earthquakes;
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passage effect; (c) ray-path incoherence effect; (d) extended source effect [57].

The spatial variation of ground motion or the ground motion incoherency is defined
by the one-dimensional coherence function from a homogenous and isotropic Gaussian
stochastic field [58]. Abrahamson has generated empirical plane-wave incoherency models
for varying soil conditions and foundation types, from seismological data recorded in
multiple dense arrays around the world.
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This study uses the 2006 Abrahamson model [59], which was generated for soil and
rock sites and for shallow and deep foundations. The coherence function is:

γpw( f , ξ) =

[
1 +

(
f Tanh(a3ξ)

a1 fc(ξ)

)n1
]−1/2[

1 +
(

f Tanh(a3ξ)

a2 fc(ξ)

)n2(ξ)
]−1/2

(1)

where f is the frequency (Hz) and ξ is the separation distance (m). The other coefficients
are detailed in Table 1.

Table 1. Values of coherency function coefficients [59].

Component Coefficient Value/Formula

Horizontal

a1 1.647
a2 1.01
a3 0.40
n1 7.02

n2(ξ) 5.1 − 0.51 ln (ξ + 10)
fc(ξ) −1.886 + 2.221 ln

(
4000
ξ+1 + 1.5

)
s 0.00025–0.0005 s/m

Vertical

a1 3.15
a2 1.00
a3 0.40
n1 4.95

n2(ξ) 1.685
fc(ξ) exp

(
2.43 − 0.025 ln(ξ + 1)− 0.048 [ln(ξ + 1)]2

)
s 0.00025–0.0005 s/m

Equation (1) leads to the graph shown in Figure 10. The coherency for both horizontal
and vertical components decreases with larger separation distances and larger frequencies.
Additionally, at frequencies of 40 Hz or higher, the coherency has practically dropped
almost to 0.
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2.2. The Probabilistic Approach

As portrayed in Figure 1, the probabilistic modelling should normally include the following:

• Ground motion variations;
• Variations in the dynamic soil characteristics and nonlinear soil behavior curves;
• Structural behavior variations.
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The probabilistic simulations use the Latin Hypercube method for a number of
30 simulations.

2.2.1. Ground Motion Variations

The seismic ground motion input is composed of artificially generated spectrum-
compatible sets of 3 accelerograms, one for each direction (X, Y and Z).

ASCE 4-16 recommends the following two methods for the generation of the seismic input:

• Method 1 generates spectra with a similar shape, which seem scaled by varying
coefficients. The disadvantage of this method is that the frequency content of the
resulting spectra and the general shape of the seismic input remains unchanged and
only the seismic hazard levels vary. Additionally, a poor variance in spectra peaks
is obtained.

• Method 2 generates spectra with a random shape, which do not look like the initial
spectra used for the generation. This is a true “probabilistic” approach, as all the
generated seismic inputs have large variations in the frequency content, while their
mean values still show good compliance with the initial spectra. When generating
the artificial accelerograms, a statistical correlation between the spectral amplitudes at
different frequencies is considered.

The differences described can be observed in Figure 11, which presents an example for
5 time-histories, using the two methods of generation [49].
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Figure 11. Example of generated time histories using (a) Method 1 and (b) Method 2.

For the current study, Method 2 was used, as it produces much more realistic accelero-
grams. The parameters used for the generation of the time histories are as follows:

• Amplitude coefficient of variation: 0.25 (ASCE 4 recommended interval is 0.2–0.3);
• Frequency-independent constant correlation length of 0.70.

Figure 12 shows the spectra for the generated time histories, for each of the following
three main directions: X, Y and Z [49].

2.2.2. Dynamic Soil Characteristics and Nonlinear Soil Behavior Curves

The variations in the dynamic soil characteristics can have a major effect on how the
structure behaves under seismic loads. For example, if a section of the soil profile at a
certain depth is softer, the following two phenomena can occur:

• If the pile forces are mainly generated by the global behavior of the structure (such as
rocking), the forces in the piles will increase, because the soil offers a weaker support.

• If the pile forces are generated from local effects, such as local soil pressure or friction
due to the seismic ground motion, the pile forces may be reduced, as the soil will
apply a smaller force.
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The two main dynamic characteristics of the soil are the S-wave velocity (Vs) and
damping (D). Due to their soil shear strain dependency, they exhibit negative correlation as
follows: damping is large for soft soil and very small for stiff rocks. For the probabilistic
approach, the values of Vs and D for each soil layer are a pair of statistically dependent
random variables that share the dependency described above.

The soil profile is usually divided in segments of soil or rock with similar properties.
Furthermore, each of these segments will be divided into multiple layers, due to the
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requirements of the site response analysis. The correlation length may be considered
constant along such a segment.

In ACS SASSI, the probabilistic Vs and D profiles can be generated using two meth-
ods [60]:

• Method 1 uses a single stochastic field as follows: the generated profiles have large
variations around the mean value.

• Method 2 uses the following two stochastic fields: a large wavelength, which generates
slow-amplitude variation, and a short wavelength with rapid-amplitude variation.

To better understand the differences between the two models, Figure 13 presents an
example of just two soil profiles generated using each of the methods described above. For
both methods, the inverse variation of Vs and D is highlighted; for larger Vs values, the
damping is small and vice versa. Except for extreme situations, which would have been
highlighted by the geological and geotechnical studies, the variations in soil properties
from Method 1 are too large and sharp, making them unlikely to happen in reality. On
the other hand, Method 2 produces very realistic profiles, with variations similar to those
found in usual geotechnical studies.
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Figure 13. Example of generated soil profiles using (a) Method 1 and (b) Method 2.

For the present study, Method 2 with a lognormal distribution has been used. The soil
profile has been divided in the following 3 segments:

• 0–6 m: sand;
• 6–15 m: gravel;
• 15–30 m: gravel.

The choice of segment length depends on the intervals where a relevant change in soil
behavior actually happens:

• The limit between the sand and gravel layers is at a depth of 6 m;
• The Seed–Idriss soil behavior curves (Figure 6) are also defined in intervals; the limit

between the second and third interval is at a depth of 15 m, which falls inside the very
thick gravel layer and divides it in two segments.

The parameters used for the generation of the soil profiles (coefficients of variation
and correlation lengths) are summarized in Table 2.
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Table 2. Probabilistic Vs and D profile generation parameters [49].

Segment
Short Wave-Length Short Wave-Length

Coefficient
of Variation

Correlation
Length [m]

Coefficient
of Variation

Correlation
Length [m]

0–6 m 0.07 2 0.11 30
6–15 m 0.07 4 0.11 40

15–30 m 0.07 6 0.11 50

Figure 14 shows the generated Vs and D profiles, along with the initial (mean) value.
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Figure 14. Probabilistic soil properties profiles: (a) soil S-wave velocity profile 1; (b) soil damping profile.

The G-γ and D-γ linear-equivalent soil behavior curves are each generated using a
one-dimensional random field, with large correlation lengths (slow variations) [55]. The
Seed–Idriss curves (Figure 6) are used as the base (mean) values, along with the parameters
from Table 3.

Table 3. Probabilistic G-γ and D-γ curve generation parameters [49].

Segment Correlation
Length [m]

Coefficient of Variation

Vs D

0–6 m
4.00 m 0.40 0.156–15 m

16–30 m

Additionally, a trapezoidal function is used for the application of the coefficients of
variation, in order to get the maximum variation in the mid portion of the curve (shear
strains between 0.003 and 0.3) and small variations at the beginning and end of the relevant
shear strain interval (before 0.001 and after 1). The generated curves are presented in
Figure 15 [49].

2.2.3. Structural Behavior Variations

In order to keep the study focused on the soil–structure interaction effects and only
highlight its influence on the behavior of the structure, no variations were introduced in
the structural element properties themselves.
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3. Results

In order to highlight the differences between them, the probabilistic approach model
will be compared to two other models as follows:

• The same SSI model that has been analyzed through a deterministic approach (the
model definitions and material are the ones used as base/mean values for the proba-
bilistic approach);

• The Eurocode bridge design model, using the typical simplified design methods, that
are currently used in practice.

The comparison features two main parameters of interest for the bridge designer:

• The response spectrum at superstructure level;
• Internal forces for piles and piers.

According to ASCE 4-16, the probabilistic SSI response corresponding to the 80%
non-exceedance probability level should be considered for the design of the structure [50].
The probability curves will be generated for that level, using a log-normal distribution.

3.1. Response Spectrum at Superstructure Level

Figures 16–18 contain the response spectrum for each of the 3 main directions and for
each analysis/model:

• The 30 probabilistic simulations and the computed mean/80% NEP curves;
• The deterministic model analysis curve;
• The EC design model curve.
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Table 4 contains the spectral acceleration and frequency for the peaks of the acceleration
response spectrum for each of the three models presented below:

Table 4. Peak values of acceleration response spectrum.

Direction
Probabilistic
(80% NEP) Deterministic Design

SA [g] f [Hz] SA [g] f [Hz] SA [g] f [Hz]

X 0.96 1.00 0.94 1.00 3.55 1.40
Y 4.97 1.71 2.90 1.72 6.64 2.10
Z 0.61 1.83 0.56 5.43 2.77 11.68

The response spectrum graphs show large differences in behavior between the usual
design model used in the current engineering practice and the SSI models. Typically,
the design model overestimates the seismic response of the superstructure, even by as
much as 3.5 times for the X direction (along the bridge superstructure axis). Due to this
very large acceleration value, the behavior of the structure for the design model will be
governed by a large rocking motion of the pier, generated by the superstructure motion
in the horizontal direction, while the foundations remain relatively static. This is actually
in perfect agreement with the general seismic behavior as it is generally understood by
the engineering community. Still, the sophisticated SSI analyses show exactly the opposite,
as follows: the ground motion is applied from the ground up and the behavior of the
structure is quite chaotic; it is not governed solely by the superstructure displacement. For
the vertical direction Z, the design model overestimates the superstructure response across
the whole frequency range.

Overall, the design model generates a stronger structural response than the SSI analy-
ses, for both the deterministic and probabilistic approach.
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Regarding the probabilistic SSI model, for the X direction, a good agreement with the
deterministic analysis is obtained, with only minor differences between them. For the Y
direction, the shape of the graphs is similar; the main peaks show a small frequency shift,
but a big difference in amplitude, as follows: the probabilistic model generates a 1.7 times
stronger structural response. This means that the probabilistic model manages to point out
a “weak point” in the structure, where the deterministic model actually underestimates the
structural response.

For the vertical direction, the deterministic model misses a peak which can be found
in multiple probabilistic simulations and is statistically relevant.

3.2. Internal Forces of the Main Structural Components

Figures 19–21 contain the internal forces (axial forces and bending moments) for each
of the following models: probabilistic, deterministic and design models.
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This type of diagram representation has been chosen in order to be easily read and
understood, while also being as complete as possible. The following notes explain how to
read the diagrams:

• All internal forces diagrams are divided in two as follows:

# the upper half is for the circular pier section;
# the bottom half is for the bored piles.

• The height and depth values are measured from the upper side of the pile cap.
• Due to large differences in values of the two halves of the diagrams, each of them uses

a different representation scale (check the top/bottom of the diagram).
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Table 5 sums up the differences in internal forces between the three models as follows:

Table 5. Main differences of internal forces.

Internal
Forces

Probabilistic
(80% NEP) Deterministic Design

Value H/D [m] Value H/D [m] Value H/D [m]

M3 [kNm]
(longitudinal)

6888 0.00 5948 0.00 11718 0.00
970 −2.50 1292 −2.50 627 −4.00

M2 [kNm]
(transverse)

7995 0.00 5760 0.00 10942 0.00
1122 −2.50 1192 −4.00 838 −4.00

N [kN]
4279 0.00 3182 0.00 3580 0.00

4689 approx.
constant 4582 −15.00 5171 approx.

constant

For the circular piers, when comparing with the probabilistic analysis, the design
model overestimates the bending moment for the X direction (bridge longitudinal axis) and
is pretty close for the Y direction (bridge transverse direction). It is interesting to note that
the difference in bending moments for the X direction (a ratio of 1.70) is a lot smaller than
the difference of acceleration at superstructure level, where the ratio was 3.50. This means
that a part of the acceleration difference does not generate bending in the piers, which is a
completely different behavior than the traditional, simplified design concepts. For the axial
forces, the probabilistic approach gives the strongest response with an increase of 20% over
the typical design model. Still, this is not very problematic as it will only have a minor
effect on the design of the pier.

The deterministic SSI model is close to the mean value of the probabilistic analysis for
all internal forces of the circular piers, but it underestimates the response by 20–30% when
comparing to the design values of the 80% non-exceedance probability internal forces.

The biggest differences in behavior are found below the soil surface as follows: the
internal forces generated by transverse actions on the bored piles are underestimated by
the design model by 25–35%. This actually means that the structure does not reach the
demanded safety level. The axial force in the piles from the design model is larger than the
one from the probabilistic analysis by approx. 10%; the axial force is the main factor for
choosing the pile length and an overestimation will generate an important increase in the
cost of the structure.

Overall, the smaller transverse forces and larger axial force in the bored piles point to
a stiffer overall foundation model that is not subjected to the actual forces that would be
generated by the ground motion during a seismic event.

4. Conclusions

The sophisticated soil–structure interaction methodology that is typically used on
nuclear facilities has been applied to a bridge structure, using the state-of-the-art ACS
SASSI software.

The use of the new probabilistic approach according to ASCE 04-16 is described on a
step-by-step basis.

To account for the uncertainties in the model, the deterministic approach relies on
factors of safety that lead to an overestimation of the design requirements in most parts
of the structure, which further translated into higher than required costs. Instead, the
probabilistic approach actually simulates real-world compatible variations in the model,
which ensures that the behavior is as close to the real one as possible. By comparing to the
deterministic models, the probabilistic approach can also be used to highlight weak points
in the structure, where the required factor of safety is not actually obtained.

Additionally, major differences between this very modern approach and the typical
design methods used in current engineering practice are highlighted. The latter is unable
to capture the true dynamic behavior of the structure during a seismic event and misses the



Appl. Sci. 2022, 12, 1828 19 of 21

following main fact about earthquakes: the seismic waves propagate through the ground
until they reach the structure, and it is applied to the structure only after the soil–structure
interaction affects the motion.

All the simplifications that are applied to the typical design model tend to reduce it to
a single degree of freedom inverted pendulum. This type of system will generate a very
strong structural response overall, which provides the necessary safety for the design in
the end. This is quite a brute-force approach as a big part of the structure will be needlessly
oversized, a fact that has major implications on the costs of construction.

On the other hand, in certain situations, the design underestimates the seismic response
(such as the transverse forces in the piles) and, in reality, the structure does not meet the
required safety criteria. If main structural elements fail, the effect could be disastrous.

Because no clear answer can be given on whether the structural response from typical
simplified design models overestimates or underestimates the response, engineers have
to start including this type of advanced SSI analyses in their design, especially for very
important/critical bridges.

As far as future directions for the study go, the next step would be a validation of
the SSI model with recorded data from existing structures and real earthquakes. This
would also validate the pile-soil (near-field) interaction methodology, which is of very high
importance, especially for incoherent seismic input.
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