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Preface

Advancesin the field of soil-structure interaction are impacting design, retrofitting and protection of
civil engineering structures against natural hazards. CompDSSI is an in-person International
Workshop devoted to new-generation numerical approachesfor the dynamic analysis of soil-structure
systems of strong practical relevance, investigating critical issues and high-fidelity methods
applicable from local to regional scale.

A meeting point to share knowledge, in which researchers and designers of Structural &
Geotechnica Engineering will promote solutions for a safer and more efficient urban fabric. The co-
presence of Academiaand Industry is akey element of CompDSSl, for better orienting new lines of
research and implementing them in real cases.

This Book of Extended Abstracts of the CompDSSI contains 32 contributions, which are organized
in four major sections:

Large soil-structure systems

Artificial Intelligence-based approaches to dynamic soil-structure interaction
Mitigation of natural hazardsin urban settings

Underground structures

PWONE

All extended abstracts included here are archived in a downloadable form on the CompDSS| website
(https://compdssi.altervista.org/) for wider dissemination.

D. N. Gorini
P. Arduino
D. Gallese

September 2024
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Applications of emerging GPU-accelerated computing at the exascale -
exploration of fault-to-structure simulations with regional-scale 3D physics-
based models

D. McCallent
! Lawrence Berkeley National Laboratory, Berkeley, California, United States

Abstract

The continuous advancements in high performance computer platforms, illustrated in Figure 1, are allowing
earthquake simulations of unprecedented size and fidelity. With the recent generation of GPU-accelerated
exaflop platforms, broad-band, physics-based ground motion simulation at regional scaleisbecoming areality.
The available memory, compute speeds and massive data manipulation attainable with superfast file systems
support the computation of earthquake ground motions across regions 100's of kilometers in extent.
Additionally, advanced multidisciplinary earth science - engineering workflows are allowing the rigorous
coupling between regional geophysics models with local engineering models of structure-soil systems. This
permits fully integrated fault-to structure simulations that include the earthquake source rupture process,
propagation of seismic waves through the heterogeneous earth, local soil site response, and soil-structure
interaction. This presentation will describe the computational aspects of the U.S. Department of Energy (DOE)
EarthQuake SIMulation (EQSIM) fault-to-structure framework, which was purpose built to fully exploit the
DOE's new exaflop computer systems. In addition, case studies of regional simulations that can yield new
insight into the complex regional distribution of earthquake ground motions, site response and the interactions
between complex incident seismic waves with engineered structures, are described.
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Figure 1. The inexorable advancement of high-performance computing platforms - the world's #1 ranked
supercomputer platformby year (fromtop500.org) and the DOE'snew 1.1 exaflop "Frontier” system currently
ranked #1.

1. The Earthquake Simulation (EQSIM) wor kflow for fault-to-structure simulations

In parallel to the DOE devel opments for building the world's first exaflop computer system, the DOE
Exascale Computing Project (ECP) developed science and engineering software applications to be
fully ready to utilize these new systems. The EQSIM framework for regional-scale fault-to-structure
earthquake simulations is one of 24 selected applications to prepare for the new GPU-accelerated
platforms. EQSIM isamultidisciplinary framework with workflow linking regional scale geophysics
simulations with local engineering system simulations [1], [2]. The EQSIM workflow utilizes the
Graves-Pitarkakinematic fault rupture model [3] to initiate the earthquake process, the SW4 4th order
summation by parts sei smic wave propagation program [4], to simul ate wave motion through an entire
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region, and engineering structure response is computed either through traditional fixed base models
(no SSI) or through local soil/structure interaction based on efficient implementation of a Domain
Reduction Method (DRM) boundary as indicted in Figure 2. The DRM implementation was
developed to allow expedient integration with any existing engineering finite element software that
has implemented a DRM boundary [1].

Storage of compressed
EWd regional grownd motions
Option 1 « surface motions
Option 2 = near surfaos
vodume motions

Option 1 = fined base analysis

Ir

Qpdlan ¥ — DRW coupled analysis

Color codad visualization of demand
Figure 2. Fault-to-structure workflow for coupling regional geophysics and local engineering models.

The over-arching objectives in EQSIM devel opment included:

e The ability to compute regional earthquake simulations at unprecedented frequency
resolution and with resolution of soft low velocity near-surface sediments, both of which
present computational challenges,

e Achieveindividual earthquake scenario wall clock run times that enable the execution of the
large number of earthquake realizations necessary to explore the model parameter space, for
example many different fault rupture realizations and sensitivity studies of key geophysical
parameters that are not well constrained through observational data,

e Develop aworkflow format that allows the EQSIM user to efficiently deal with massive data
sets, including both input and output data, in an efficient manner with the objective of making
very large-scale simulations routine rather than heroic.

Ultimately, the EQSIM development included implementation of advanced algorithms,
optimization of massive data 10, automated fetching of large datasets, and code optimization for
efficient execution on massively parallel GPU-accelerated systems. Over the six-year life of the ECP
project, major performance advancements were realized. Each ECP application was required to
establish aFigure of Merit (FOM) expressing the performance el ements of the application. In the case
of EQSIM the FOM included an integrated consideration of frequency resolution, soft soil velocity
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resolution and wall clock run times. Figure 3 illustrates the FOM trends over the life of the project
where the FOM increased from 1.0 at the start of the development to a value of just under 3,500 at
the end of the project, indicative of a major advancement in computational performance.
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Figure 3. EQSM computational performance advancements through advanced algorithms and exploitation of
massively parallel GPU-accelerated platforms, resulting in a 3,500X performance increase.

With the successful completion of the EQSIM project, the framework is now being pressed into use
to devel op an open-access regiona simulated ground motion database for the San Francisco Bay area
that will be created on the Pacific Earthquake Engineering Research Center (PEER) ground motion
website. As an important part of the database development, careful evaluation of simulated ground
motion realism is being conducted to build confidence for the broader utilization of these massive
new datasets [5]. In this presentation, these new applications will be described.
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L everaging Structure-Soil-Structure I nteraction for Enhanced Seismic
Resiliencein Nuclear Power Plants

C. Kanéllopoulos! and B. Stojadinovic?
L ETH Zurich, Zurich, Switzerland

Abstract

The study explores the dynamic structure—soil—structure interaction between idealized Nuclear Power Plant
(NPP) reactor and auxiliary building on separate foundations located at arealistic layered soil profile. Drawing
inspiration from the main protective mechanism of seismic resonant metamaterials (i.e., out-of-phase
oscillation, relatively to the propagating seismic waves, of resonators that are embedded into the soil), the
potential for the auxiliary building to provide seismic protection to the reactor building is investigated. Finite
element models of increasing complexity are developed and analysed in the Real-ESSI Simulator software
employing the Domain Reduction Method (DRM) to generate vertically propagating shear waves. Initially,
under linear soil conditions and tied soil—foundation interfaces, the presence of the auxiliary building is found
to amplify the rocking vibration mode of the soil—eactor building system through an unfavorabl e out-of-phase
rotational coupling between the two structures. However, incorporating nonlinear soil—structure interfaces and
soil nonlinearity, which alow for modelling siding at the interfaces and soil plastification beneath the
foundations, suppressed this detrimental rotational interaction. Thus, a beneficial out-of-phase horizontal
coupling emerged between the two buildings, like the protection mechanism of seismic resonant metamaterials.
This led to a significant reduction, up to 55%, in the spectral acceleration of critical components within the
reactor building, for frequencies near the resonant vibration frequency of the auxiliary building. These findings
suggest that properly designing adjacent NPP buildings could enable beneficial interactions among them with
the potential to enhance their overall seismic resilience.

1. Methodology

A sophisticated 3D FE model (Figure 1) of an idealized — but based on existing designs — Nuclear
Power Plant (NPP) was simulated in the Real-ESS| Simulator [1]. The NPP consists of the reactor
building surrounded by an auxiliary building, each founded on a separate foundation. The
contribution of key aspects of SSSI modelling, such as the soil and interface nonlinearity, is
highlighted by gradually increasing the sophistication level of the analysis.

Initially, linear elastic soil conditions are assumed and the soil—structure interfaces are tied. Then,
specia nonlinear interfaces are introduced, allowing for modelling uplifting and sliding at the soil—
foundation interfaces. Specifically, in the normal (vertical) direction, a nonlinear elastic penalty
stiffness function representing a soft contact with stiffness increasing exponentially with penetration
Is used to model the contact behavior. Thisis considered arealistic representation of the normal soil—
structureinterface behavior, asthe normal contact force changes gradually upon contact and becomes
zero upon detachment. For the nonlinear contact behavior in the tangential (horizontal) direction, an
Armstrong-Frederick nonlinear hardening model is used, where the shear stressto normal stressratio
(u = t/on) increases nonlinearly from O to the value of the residual friction coefficient ur. Finally, a
simple yet realistic nonlinear constitutive soil model is introduced, incorporating avon Mises failure
criterion, the Armstrong—Frederick nonlinear kinematic hardening, and an associated flow rule,
suitable for modelling the dynamic cyclic response of pressure-independent materials.

The seismic wave field is assumed to consist only of one-component vertically propagating
horizontal shear waves (SV), which are inserted into the model using the domain reduction method
(DRM) [2], targeting a specific artificial accelerogram at the ground surface.

Since only one configuration of structures, spacing between them, soil layers and excitation is
considered, the findings of this study are specific to this configuration and, hence, not all of them can
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be generalized. For a detailed description of the employed FE model the reader can refer to the
original paper [3].

Largat UHS

Figure 1. Cross-section of the 3D DRM FE model of the idealized NPP, showing key geometric and material
properties. An artificial accelerogram is reproduced at the ground surface using the DRM forces applied at
the reduced domain boundary (DRM layer).

2. Study Outcomes

The effect of the auxiliary building on the reactor building is first studied, assuming tied interfaces
and elastic soil conditions. The presence of the auxiliary building and the developing SSSI, leads to
an overall amplification of the spectral accelerations SA at characteristic critical points of the reactor
building, at frequencies close to the resonance of the auxiliary building. This amplification is
associated with a detrimental out-of-phase rotational interaction mechanism between the two
buildings, which leads to an increase of the rotational response of the reactor building. This
detrimental effect of the auxiliary building on the reactor building is slightly reduced when nonlinear
interfaces are introduced at the soil-foundation level, as limited sliding occurs and dissipates energy,
reducing the response of the auxiliary building. The addition, finally, of soil nonlinearity completely
reverses the interaction mechanism between the two buildings. Nonlinear soil response leads to a
significant suppression of the rocking vibration mode of the reactor building, which changes the
detrimental out-of-phase rotational interaction of the two buildings, to a beneficial out-of-phase
horizontal interaction for frequencies near and above the resonance of the auxiliary building. The
auxiliary building essentially protects the reactor building by moving out-of-phase (at its resonant
frequency and higher) relative to the soil, thus reducing the excitation of the latter, and consequently
the response of critical componentsinside the reactor building. The components that benefit the most
are the reactor vessel and the cylindrical wall (see points 3 and 4 in Figure 2, respectively), which
experience aremarkable reduction in spectral accelerations SA of the order of 55 %, in the frequency
range associated with the resonant frequency of the auxiliary building.

Summarizing, SSSI effects can be either beneficial or detrimental for the response of the structure,
depending on the specific studied problem, but also on the selected level of model sophistication.
Thus, engineers should be ableto gradually increase the sophistication level of their modelsto account
for such complex SSS| effects, and ideally, to optimize the dynamic characteristics of neighboring
structures during the design phase, aiming to maximize their beneficial SSSI.
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Figure 2. Nonlinear soil and nonlinear interfaces. The effect of SSS on the response of the reactor building.
Comparison of elastic horizontal acceleration response spectra SA at critical points of interest on the reactor
building, “ with” and “ without” the auxiliary building.
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Advancing Seismic Risk Assessment: Coupled 3D Large-Scale Simulationsfor a
More Accurate Structural Response

M. Korres!, V. Alves Fernandes, |. Zentner®, F. Voldoire!, F. Gatti? and F. Lopez-Caballero?
! Electricité de France, R& D Division, Palaiseau, France
2 Laboratoire de Mécanique Paris-Saclay, Université Paris-Saclay, Gif-sur-Yvette, France

Abstract

Seismic Probabilistic Risk Assessment (PRA) in the nuclear industry eval uates and quantifies the risks posed
by earthquakes to nuclear power plants. It involves seismic hazard anaysis, fragility evaluation, systems
analysis, and risk quantification to ensure plant safety and resilience against seismic events. To thisaim, site-
specific assessment of seismic load and theimpact of SSI on the structural response are key factorsfor accurate
risk/performance estimates. Traditionally, the estimation of seismic structural response is decoupled in two
separate steps: i) hazard analysis for ground motion estimation (generally defined in a single point at the site
of interest), and ii) the SSI analysis based on the point-wise definition of the input. However, a limitation of
this approach isrelated to the lack of information on the “local’’ multidimensional geology in the definition of
the seismic input motion, possibly highly influencing the spatial variability of the seismic GM and thus the
input signal to be defined.

To address these limitations, a more realistic 3D input excitation is defined in this study based on a SEM —
FEM weak coupling using the Domain Reduction Method. The examined case-study focuses on the Unit 7
Kashiwasaki-Kariwa Nuclear Power Plant reactor building during aftershocks of the 2007 Niigata Chuetsu-
Oki earthquake, largely investigated thanks to the KARISMA international benchmark. The objective in this
work is to demonstrate the influence of different ingredients of the large-scale earthquake simulation on the
obtained ground motions and representative critical structure’ s response.

1. Introduction

Physics-based 3D simulations (PBS) play a key role in predicting seismic response for critical
structures adhering to high safety standards and the consideration of SSI is one important factor in
this context. The state-of-practice for SSI studies relies on the frequency coupling between the Finite
Element Method (FEM), known for its flexibility in handling structural dynamics, and the Boundary
Element Method (BEM), for computing the impedance function of stratified unbounded (soil) media.
However, this engineering practice simplifies seismic input motion by assuming vertically incident
plane waves and neglects possibly important effects such as wave directivity in large infrastructures
and surface waves generated from local complex 3D geologies.

The aim of thiswork isto highlight the impact of each component of the large-scale simulation on
the seismic performance of critical structures, relying on state-of-the-art numerical tools for the
prediction of earthquake ground motion aswell as the assessment of damage for SSCs. The proposed
approach makes use of, both 3D PBS for source-to-site wave propagation to provide an accurate
description of spatial variability of ground shaking and, on systemic approaches for the evaluation of
advanced SSI analysis, accounting for acomplex 3D input motion excitation, for the damage analysis
of SSCs. The spectral element method (SEM) and FEM in time domain are used as numerical tools
for the propagation on aregional and site/structural scales, respectively.

2. Source-to-site propagation

Seismic regional scale simulations using the SEM 3D software are performed at first to define the 3D
GM at the site of interest and at the boundaries of the SSI model. Earthquake scenarios are ssmulated
using the Ruiz Integral Kinematic (RIK) source model [1] for two different earthquake locations, and
3 different geological profiles proposed in the literature for the Niigataregion : i) Z Model, astratified
model with the presence of afolded geology at the surface, ii) R Model, a complex regiona geology,
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and iii) ZR model, a combination of complexity of the R model in depth and the folded geology of
the Z model at the surface. Comparison of the response at surface shows a clear impact of the
geological profile on the spatial variability of the observed GM (Figure).

Figure 1. Comparison of the GM at the surface between two geological models: ZR (left), and R (right).

3. Structural Analysis

The link between the regional scale (SEM) and site/structure scale (FEM) is ensured by using the
Domain Reduction Method (DRM) [2]. The complex 3D input motion isintroduced at the boundary
of the SSI model to be solved at the second step of the weak coupling procedure in the FEM
framework. Numerical verification of the weak coupling is evaluated at first for a canonical case
study while the implemented version allows to account for both complex regional and local geology
in SEM and FEM models, via a not-honoring approach [3].

The 3D input motion previously computed for the source-to-site propagation is then introduced on
the FEM model to study the dynamic response of the Unit 7 KKNPP reactor building. The state-of-
art SSI based on the DRM is compared to the state-of-practice SSI approaches: i) the BEM-FEM
coupling and ii) the full-FEM analysis adopting a plane wave excitation of vertical incidence. The
analysis examines the dynamic response of a hypothetical electric cabinet situated at the last floor of
the reactor building. Comparison is performed using the relative average mean spectral acceleration
ASA,, asan IM for the GM at the surface and as an EDP for the dynamic response of the electric
cabinet. For the same regional geological profile, numerical results (Figure — left) demonstrate that
the complexity of the input motion plays a key role in the dynamic response of the equipment as the
3D input (DRM) provides higher values of ASA compared to the other two approaches. In a similar
way, when the DRM is chosen for the SSI analysis, it is possible to demonstrate that the geological
profile ZR provides a higher response compared to the other wo geological models (Figure —right).
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Figure 2. Average spectral acceleration (damping 5%) for the comparison of the S approach (left), and the
influence of the geological model (right).

4. Structural Demand Hazard Curve

Given the computational cost of the 3D PBS, an optimization of the source-to-structure computation
IS necessary to account for uncertainties in a probabilistic framework. Synthetic Green’s Functions
(SGF) are developed here as a surrogate model [4] by means of the SEM simulation. The SGF, are
used then to simulate a series of 100 different earthquake scenarios by modifying the RIK source
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model parameters and for all three geological profiles. The case of an electric cabinet is examined
once again to evaluate the influence of the SSI and the geological profile.

Numerical results are presented in terms of Complementary Cumulative Distribution Function
(CCDF) of the ASA,, in Figure for the DRM approach (left) and the BEM-FEM coupling (middle).

By considering ahypothetical damage level of ASAZI™? = 0.5 g related to the electric cabinet failure,

the distribution of ASAI*? increases with the different geological models with the ZR model
presenting the higher value (25%) of CCDF, the Z Model being in the middle (12.5%) and the R
Model remaining O for the DRM approach. Similar results are observed for the BEM-FEM approach,
only in this case lower values of CCDF are observed for each model and for the same threshold of
ASAZTUP i e, 12.5% towards 25% (ZR model), 6% towards 12.5% (Z model) showing once again
theimportance of the SSI approach. Finaly, Figure —right presented the CCDF for the ZR geological
profile, the DRM approach and for the two earthquake locations AS1 and AS2, where is can be
observed that for the previously defined threshold, the AS1 location provides a higher probability
(25%) compared to the AS2 location (12.5%).
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Figure 3. Complementary cumulative distribution function (CCDF) of the ASA%*": DRM approach (left),

BEM-FEM approach (middle), ZR profile with DRM and for the 2 aftershock locations (right).

5. Conclusions

Coupled 3D PBS based on a SEM-FEM weak coupling and the DRM approach were used in this
study to perform a source-to-structure wave propagation. The main objective of this work was to
combine the multiple ingredients of the large-scale simulation and to identify the influence of each
parameter on the dynamic response of the structure. In this context, the influence of the geological
profile and the SSI approach are clearly identified to have major impact on the structural response.

Even though a powerful tool, it is important to keep in mind that 3D PBS necessitate a rigorous
validation by comparison to real recordings, are time consuming and need an important amount of
available data to be calibrated and used in a site-specific application.
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Abstract

Assessing the safety of existing bridges against vertical and seismic forces is challenging, especialy for
structures with unique design features and limited conceptual seismic considerations. This paper evaluates the
safety of a frame bridge characterized by unconventional abutments, with struts framed into a surface
foundation connected to the inclined backwall and the end cross-beam of the latera span. The structure
includes seven wing walls acting as diaphragms, forming a triangular abutment. The backfill soil within these
walls acts as ballast against uplift, and the struts are supported by arectangular concrete caisson. In detail, the
work focuses on the safety assessment of the soil-foundation abutment system, addressing both soil-structure
interaction and site effects on the seismic response of the system.

1. Introduction

Bridgesare crucial components of roadway systems, and their damage from natural hazards can cause
significant direct and indirect losses. Asfor the seismic risk, bridges are particularly sensitive to Soil-
Structure Interaction (SSl) effects [1-3], which have to be considered in the seismic assessment.
European seismic codes mandate elastic design for abutments when the deck-abutment interaction is
limited to the vertical direction, but when shear forces are transmitted by the deck, the limited ductile
capacity of the soil-foundation abutment system necessitates the inclusion of SSI in the analysis, with
particular focus on the abutment-backfill interaction effects [4]. Analyzing SSI for geotechnical
systems is challenging due to factors like backfills, mixed foundation types, soil slope and
approaching embankments. While Finite Element Models (FEM) can address these complexities
comprehensively, they are computationally demanding. The substructure method [5] offers a more
efficient approach by separating kinematic and inertial effects.

This study uses a method devel oped by the authors to assess the sei smic soil-foundation-abutment
response of an existing frame bridge. The method considers SSI and site amplification, taking into
account both the stratigraphic and topographic conditions of the soil. The abutment istreated asrigid,
with the soil responding elastically, though soil nonlinearity from seismic wave propagation can be
included by adopting an iterative linear equivalent approach that adjust the soil properties to reflect
its nonlinear response under seismic loading.

2. Overview of the adopted approach

Considering al contributions from the foundation, abutment, and tributary masses of the deck, the
following balance equilibrium equation can be written for the soil-foundati on-abutment system:

{3(w) — ©*Mgpp}8p(w) = F(w)8pm(w) N
where
N D
=[S T U Sae Sl |
i=1 j=1
80(@) =[] (2b)
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u(w)
@)l

are the mass matrix of the soil-foundation-abutment-deck system, the vector of the system
displacements and the known vector of the Foundation Input Motion (FIM), respectively. In equation
(2a), N isthe number of the structural elementsin which the soil-foundation system has been divided
and D is the number of bridge deck supports at the abutment. In addition, A; and R; are geometric
and rotational matrices, respectively, necessary to address the problem with respect to a global
reference system frame, m; and T; are mass and inertiatensor, and M; is the mass matrix of the deck
tributary mass.

8rm(@) = | 29

3. Theframebridge

The bridge spans approximately 140 m and features a V-strut frame with a statically determinate
scheme composed by two edge cantilever spans supporting a central suspended span with half-joints
(Figure @). The suspended span has two fixed supports at one cantilever frame (Abutment A) and two
steel rollers at the other one (Abutment B). The restraint layout ensures that transverse seismic forces
are equally distributed to both abutments, while the overall longitudinal inertiaforces are transferred
to Abutment A, which is the most stressed one. Each abutment has a 45° inclined backwall,
connecting the deck end box girder diaphragm of the lateral span to the concrete footing. This
structure includes a 1 m thick horizontal concrete slab and seven vertical post-tensioned tendons
embedded into concrete ties, connecting the horizontal slab to the deck end diaphragm. In the
longitudinal direction, the abutments are stiffened by seven orthogonal ribs forming a pseudo-
triangular shape (Figure b). The backfill soil within the wingwalls acts as ballast to counteract uplift
of the side spans. Each abutment footing is embedded into a rectangular caisson foundation (9.50 x
25 m, 15 m deep). Theriverside abutment foundation is unconfined due to the site's morphology. The
soils within the volume of interest for the abutment foundation structures primarily belong to the
“Laga Formation”, a massive arenaceous geological unit. Based on geophysical investigations, the
foundation rock substrate was modelled into four main horizons (Figure @) with mechanical and
dynamic parameters provided in Figure a.
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Figure 1. (a) Lateral view of the bridge and soil properties; (b) geometry of the abutment, in meter.

4. Analysis of the soil-foundation-abutment system

Analyses of the abutment were performed using different simplifying assumptions, besides the
rigorous approach introduced above (SSI-Rigorous Model). These include the Fixed Base assumption
(FB Model) and the simplification of equating free-field motion to the FIM (SSI-Simplified Model).
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Due to the site morphology and the unconventional geometry of the abutment-foundation system, a
refined 3D FEM was required to evaluate the soil-foundation impedances and the FIM. The soil was
modeled in ANSY S [6] using 8-node solid elements with visco-elastic properties in the frequency
domain, imposing arigid soil-foundation interface using the multi-point constraint method.

Ten real accelerograms were selected and scaled to match the Eurocode 8 [7] seismic response
spectrum for areturn period Tr=2475 years, soil category E, with a PGA of 0.374 g for site category
A and a topography amplification factor of 1.20 to account for the soil topography. Figure
summarizes seismic analysis results, presenting maximum base shears and moments for each model
and seismic action with color-coded bar charts: black for FBM, grey for SSI-SM, and blue for SSI-
RM. Figure arefersto the transverse directions, while Figure b refersto the longitudinal direction. In
the transverse direction, the soil-structure coupling generates significant moments in the foundation
around they and z axes, in addition to the shear forces. In the longitudinal direction, moments around
the zaxis and vertical shear forces are observed. These couplings, absent in FBM, are essential for an
accurate seismic assessment. The comparisons indicate that neglecting the FIM can lead to an
underestimation of the actions at the foundation level.
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Figure 2. Maximum values of the base reactions from the (a) transverse and (b) longitudinal analyses.
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Abstract

The increasing demand for high-fidelity soil-structure interaction simulations highlights the need for a
standardized workflow. This paper introduces a step-by-step guideline for dynamic analysis of pile
foundations, incorporating the Domain Reduction Method for efficient loading, Perfectly Matched Layer
elements for wave absorption, Embedded Interface elements for soil-structure interaction, and domain
decomposition for optimized processing. Numerical simulations demonstrate the workflow's effectiveness:
DRM reduces simulation size without loss of fidelity, PML elements accurately model infinite domains, and
Embedded | nterface elements efficiently connect structures and soil. Although the study focuses on simplified
scenarios, it provides a foundation for future research on more complex structures and loading conditions.

1. Problem Statement

The increasing demand for high-fidelity numerical ssimulations in soil-structure interaction analysis
has highlighted the need for a standardized workflow. Despite the widespread use of finite element
simulations in these analyses, no comprehensive guidelines exist to assist in the creation of such
simulations for common structures, particularly those involving pile foundations. This study aimsto
fill this gap by proposing a detailed workflow for the dynamic analysis of structures with pile
foundations, focusing on reducing computational complexity while maintaining model fidelity.

2. Scope of Work

The proposed workflow utilizes various methodologies necessary for high-fidelity dynamic
simulations. Key components include:

Domain Reduction Method (DRM): This technique integrates earthquake sources efficiently by
simplifying the seismic wavefield. It uses atwo-stage process. first, alarge-scale simulation captures
the broad wavefield and seismic forces, then a reduced domain focuses on the structure's
surroundings, applying these forces for detailed analysis. This approach reduces computationa load
and enhances accuracy by concentrating resources on critical areas[1].

Perfectly Matched Layer (PML): A key challengeinfinite element analysisis converting an infinite
domain to a finite one, which can cause boundary reflections and distorted results. The Perfectly
Matched Layer (PML) method addresses this by surrounding the domain with a layer that absorbs
outgoing waves, preventing reflections. By matching the layer's properties with the surrounding
material, PML reduces computational |oad while maintaining accuracy|[2]. Figure 1-a showsthe PML
element schematic.

Embedded Interface Elements. Accurate modeling of pile-soil interactions is crucial for realistic
pile foundation simulations. Traditional methods require extensive mesh refinement, increasing
computational demands. Embedded Interface Elements simplify these interactions by using soil
displacement interpolation to model pile displacement and enforce compatibility based on virtual
work principles. This approach reduces computational costs while maintaining accuracy, making it
ideal for large-scale dynamic analyses [3]. Figure 1-b illustrates the embedded interface element.

Domain Decomposition: Despite the efficiencies of DRM, PML, and Embedded Interface Elements,
high-fidelity simulations require substantial computational resources. Domain Decomposition
improves feasibility by distributing the workload across multiple processors. By dividing the domain
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into subdomains—Regular (soil and structure), DRM (force generation), PML (wave absorption),
and, if necessary, Embedded Interface Elements—parallel processing reduces runtime and makes
complex simulations more manageable.
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Figure 1. Schematic of PML and Embedded interface elements.

3. Findings

In this study, the workflow was tested through various examples to evaluate different aspects of its
performance. Figure 2 shows one of the models used in this analysis and the result shows the
difference when using PML layers around.

Nppd by
. FHL DoUr Yy

1
aa 1) Lo L a0 FI 1 L T

Figure 2. Effect of Perfectly Matched Layer (PML) on model accuracy by absorbing outgoing waves and
reducing boundary reflections.

The numerical simulations highlighted its effectiveness in high-fidelity dynamic analyses with
optimized computational efficiency with some key findings:

1. Efficiency of Domain Reduction Method (DRM): The DRM was effective in reducing the

computational size of the simulations without compromising the essential features of the

model. This approach facilitated a more focused analysis on the structure's immediate
surroundings, capturing the necessary details of the seismic response.

2. Accuracy of Perfectly Matched Layer (PML) Elements: The PML elements successfully

absorbed outgoing waves, thereby modeling the infinite domain accurately. This resulted in
improved simulation fidelity, especially in scenarios involving significant wave reflections.
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Effectiveness of Embedded Interface Elements. These elements proved to be efficient in
modeling the soil-pile interaction, allowing for accurate simulations without the need for
extensive mesh refinement. This not only reduced computational demands but also enhanced
the precision of the interaction modeling.

Feasibility of High-Fidelity Simulations: The overall workflow demonstrated its effectiveness
in conducting complex, high-fidelity simulations. The use of domain decomposition and
paralel computing further ensured that large-scale models could be simulated within a
feasible timeframe.

4. Conclusion

This study presents a comprehensive workflow for high-fidelity dynamic analysis of structures with
pile foundations, integrating advanced techniques such as DRM, PML, Embedded Interface
Elements, and Domain Decomposition. The workflow has proven effectivein reducing computational
costs while maintaining high accuracy in the simulations. While the current study focuses on
simplified structural configurations and loading scenarios, the findings lay the groundwork for future
research involving more complex structures and dynamic conditions, paving the way for standardized
practices in soil-structure interaction analysis.

5. References

(1]

(2]

[3]

Bielak, J., Yoshimura, C., Hisada, Y., Fernandez, A. (2003). Domain reduction method for three-
dimensional earthquake modeling in localized regions, Part |. theory, Bulletin of the Seismological
Society of America, 93 (2): 82540, doi: 10.1785/0120010251

Fathi, A., Poursartip, B., Kalivokas, L. F. (2015). Time-domain hybrid formulations for wave
simulations in three dimensional PML-truncated heterogeneous media, International Journal for
Numerical Methods in Engineering, 101(3):165-98

Ghofrani, A. (2018). Development of Numerical Tools For the Evaluation of Pile Responseto Laterally
Spreading Soil, PhD thesis, University of Washington

16



Computational Dynamic Soil-Structure Interaction — CompDSS|, Assisi, Italy, September 11-13, 2024

3D modeling of masonry tower soil-structureinteraction in OpenSeesusing
mixed implicit-explicit material integration

Onur Deniz Akan**, Massimo Petracca?, Guido Camata®?, Carlo G. Lai*®°, Enrico Spacone® and
Claudio Tamagnini®
! University School for Advanced Sudies IUSS Pavia, Pavia, Italy
2 ASDEA Software Technology, Pescara, Italy
3 University G. D'Annunzio of Chieti-Pescara, Pescara, Italy
4 University of Pavia, Pavia, Italy
5 European Centre for Training and Research in Earthquake Engineering, Pavia, Italy
6 University of Perugia, Perugia, Italy

Abstract

This study aimsto elucidate the possibl e rel ationship between foundation deformations and structural cracking,
as well as to identify sources of hysteretic energy dissipation within the SSI of shallow-founded masonry
structures. A virtual SSI laboratory has been devel oped by modeling the St. Maria Maggiore Cathedral's bell
tower in the town of Guardiagrele, Italy. Analyses revea that the foundation ratcheting can influence the
accelerations experienced by the structure, presenting a trade-off between foundation deformations and
structural damage. Increased plastic response in the foundation soil may mitigate structural response, and
conversely, reduced foundation deformations may result in increased structural damage.

1. Introduction

Unreinforced masonry (URM) towers are part of the historical heritage and were often constructed as
security structures or bell towers during the Renaissance period. They can be found as standalone
edifices or as components of larger architectural complexes. The inherent brittleness of masonry
renders tower structures particularly hazardous, as collapses can occur without warning and lead to
catastrophic results.
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Figure 1. Thevirtual laboratory in STKO. The material distribution: a) West facade, b) East facade, and ¢)
The meshed view of the SS model: The soil profile and the G/Gmax curves for each layer.
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The mechanisms that lead to the damage and collapse of masonry towers are still an open research
guestion and require studying complex material, geometric, and interaction nonlinearities. Over the
years, the numerical investigation of various URM tower systems has received increasing attention
from researchers [1]. The modeling of direct soil-structure interaction (SSI) for large structures and
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foundation size effects [2], indicates that SSI effects may significantly alter the response of stiff
structures due to soil amplification, kinematic, or theinertial effects of an oscillating heavy body.

This study investigates the combined effect of cyclic damage-plasticity behavior in the masonry
structures (i.e., the period shift) and stiffness reduction in the foundation soil on the system response.
To achievethis, avirtual laboratory isprepared in OpenSeeswith the help of the STKO pre-processor.
The bell tower and the cathedral of Guardiagrele are modeled considering the underlying soil profile
up to the bedrock, the nonlinear material characteristics, and the pounding interaction between the
bell tower and the church walls. A novel impl-ex contact element and the impl-ex version of the
pressure-independent soil material are implemented in OpenSees to make the computation feasible
and control the computational cost of running multiple analyses.

2. Themodeling of the virtual laboratory

The structure is modeled with 8-node brick solid elements and consists of four separate bodies: the
bell tower, the north and south church walls, and the rear church walls. Individual bodies are put in
contact with each other using node-to-node ZeroL engthContactASDimplex elements. Contact
elements model contact-separation and stick-dlip behavior between these bodies during dynamic
analysis using a highly stable impl-ex Mohr-Coulomb law [3]. The stone masonry and the fill
materials are modeled using the ASDConcrete3D damage-plasticity material [4] (Figure 1). The
capabilities of this model include tension-compression damage, fracture energy regularization and
impl-ex integration. The soil behavior is modeled with the kinematic hardening PIMY material [5].
The undrained strength of layersis computed asalinear function of the undrained Y oung’ s modulus.
Finally, the stress-strain backbone is calibrated to match the shear modulus reduction characteristics
proposed by Vucetic and Dobry. The mesh size at the structure level isaround 0.5m, whereas the soil
mesh is tuned to capture a vertically propagating wave with a maximum frequency of 18 Hz. The
foundation soil consists of 1x1x1m elements to prevent any size effects. The mismatching meshes
are tied to each other using ASDEmbeddedNode elements. The model has around 240,000 elements
and is solved in parallel using 24 partitionsin OpenSeesMP.
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Figure 23. Dynamic response of the bell tower S system. a) The input and the amplified motion response
spectra. b) Computed system frequency shift (N-S). ¢) Fixed base versus SS roof accelerations.
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3. Effect of foundation soil nonlinearity on the masonry damage pattern

The input motion is applied at the model base as force history in the SSI model, whereas the surface
acceleration history is applied at the fixed base model (Figure 2a). As aresult of impl-ex materials,
the solution always converges in two iterations. The results do not change significantly after
decreasing the time step beyond the 1/4th of the seismic record sampling step.
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In Figure 2c, the difference between the roof accelerations recorded in the fixed and SSI models
is attributed to the two models' different fundamental periods, which are 0.29s and 0.44s for the EW
direction, respectively. The SSI period is a result of elastic foundation rocking. In the fully linear
model, the recorded roof displacements strongly match the foundation rotation angle times the tower
height. Hence, the SSI behavior is chiefly governed by the foundation rotations with limited
contributions from structural modes.
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Figure 4. The effect of sail strength and stiffness reduction on a) foundation settlements and b) cracking
damage. Moreover, structural nonlinearities lead to increased foundation deformations.

The detrimental effect of increasing soil strength is shown in Figure 3. However, the rate of stiffness
reduction is the primary contributing factor. This is proved by comparing the “110kPa’ curves in
which the stiffness reduction is provided with a reduced rate in the default (Kodner) PIMY soil
(Figure 1c). Finaly, the nonlinear structure leads to increased settlements due to the shift in the
fundamental period. This is due to softening in the foundation material and increased structural
response. In Figure 2a, the structure NS initial period shifts towards amplified ranges once the
cracking damage accumulates. The increased structural response amplifies settlements.

4. Conclusions

The foundation rotation in shallow-founded towers is identified as a significant factor determining
the fundamental period of an SSI system. Furthermore, the rate of stiffnessreduction in the foundation
soil is shown to affect the damage patterns of a masonry tower. Finaly, the inelastic period shift may
trigger increased foundation response based on the spectral shape of the input motion.
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Abstract

In this study the foundation soil, the structure and additional protection devices are regarded as a hazard
resistant unicum against natural hazards. Factors governing the dynamic problem are pointed out and handled
through a macroscopic use of the Laws of Thermodynamics. To thisend, a Generalised Thermodynamic-based
Inertial Macroelement (TIMg) is proposed as a unified framework to simulate the nonlinear & frequency-
dependent multiaxial response of geotechnical systemsin structural analysis. The application of the TIMg from
the scale of the single structure to territorial assessment shed light on critical components of code-conforming
infrastructures under seismic or wind loading. Hazard resistant solutions have been devel oped accordingly, for
optimal control of inertia and dissipation of the entire soil-structure layout.

1. Balancing complexity and accuracy: the TIMg standpoint to structural analysis

Under dynamic loading, significant inertial forces can develop inthe soil interacting with afoundation
(participating soil), that control its frequency-dependent features [1-3]. The resulting dynamic
amplification of the geotechnical system (foundation + participating soil) produces complex load
patterns exchanged with the superstructure exalting irreversible effects in the whole system [4].
Modelling these effects still requires numerical representations of the entire layout with refined
description of the behaviour at the micro/meso-scale, which can be warranted only for specific cases
due to the related complexity and computational burden.

generalised soil-structure interaction forces
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Figure 1. Application of the TIMg in the seismic analysis of structures.

A macroscopic standpoint is therefore proposed, as a convenient balance between complexity and
reliability of numerical modelling. It consists of a Thermodynamic Inertial Macroelement (TIMQ) [5]
extending the original TIM approach [2,3] to a unified formulation able to describe the macroscopic
response of a broader class of systems, namely: shallow, piled, monopile and caisson foundations,
semi-integral and integral seat- or cantilever-type bridge abutments, resting on shallow or deep
foundations. The TIMg lumps the nonlinear and frequency-dependent multiaxial response of the
systems above into a single relationship between the generalised forces Qi exchanged at the
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foundation-superstructure contact and the corresponding displacements and rotations g;, such that
Qi=Hijq; (global degrees of freedomi,j taken asin Fig. 1). The tangent stiffness matrix, Hij, is derived
through a thermodynamic framework defined by potential functions, according to the multi-surface
plasticity theory with hardening. The TIMg is available in the open-source analysis framework
OpenSees [6] and can be used in structural analysis following the procedurein Fig. 1, corresponding
to earthquake loading: the free-field motion represents the seismic input for the TIMg; the latter is
included in the global structural model to carry out nonlinear dynamic analyses.

2. Seismic assessment at theterritorial scale

By virtue of the residual computational demand, the TIM and TIMg approaches have being
increasingly employed to simulate the performance of soil-structure systems. For instance, this was
the case of a regional-scale assessment of the seismic reliability of Italian code-conforming bridges
[7]. Many 3D soil-bridge models were developed with the aim of detecting vulnerable components
in typical layouts. For instance, consider an archetype tall viaduct located in the earthquake-prone
L’Aquila region (Italy), resting on five supports with piled foundations. The subsoil belongs to
Category C (EN 206-1), has a friction angle between 24° and 26° and a cohesion of 10 kPa.
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Figure 2. Severe-damage Demand/Capacity ratios for the deck bearings and the geotechnical systemsin the
longitudinal (in blue), transverse (in red) and vertical (in black) directions, varying the seismic intensity.

The performance of the bridge subjected to 200 spectrum-compatible seismic recordsisillustrated in
Figure 2, in terms of the Demand-over-Capacity ratio for the Severe Damage performance level of
the most vulnerable components, which were found to be the deck bearings and the geotechnical
systems. Critical mechanisms (D/C>1) occur from stripe No. 5, before the seismic intensity
corresponding to the Life-safety Limit State (NTC 2018). Critical mechanisms consist of the
attainment of the capacity in the bearings and in the foundation piles of the abutments.

3. Soil-driven hazard resistant structures

The identification of critical performances has led to the development of so-called inertia-control
geotechnical systems maximising the resilience of buildings and bridges against natural hazards.
These solutions concern piled foundations, bridge abutments, and isolated shallow footings [8-10],
with optimal design criteria devised by the aid of artificial intelligence.

As an example, inertia-control geotechnical systems were used for the bridge in Section 2 [8-10].
The bridge model with the new TIMg was subjected to a three-component seismic motion
representing a Near-Collapse earthquake scenario. The performanceisillustrated in Figure 3in terms
of the shear force-drift relationships of the bearings and the force-deformation responses of the
geotechnical systems in the longitudinal direction. Compared to the standard layout (in black), the
inertia-control systems (in red) reduce permanent deformations and forces in the geotechnical
systems, as the dissipative layers included in the foundation soil (red linesin the top images of Fig.
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3) limit soil inertia exalting concurrently energy dissipation. Consequently, this mitigates the
displacement/ductility demand for the bearings (dashed lines in Fig. 3 are the respective capacities).
Balancing inertia and dissipation of the whole soil-structure system can therefore improve
significantly the resilience of structures under dynamic loading. These considerations are currently
being extended to different structural typologies and interacting hazard scenarios of different nature.
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Figure 3. Longitudinal force-deformation relationships for the deck bearings and the geotechnical systems of

all supports of the reference bridge (in black) and of the one with inertia-control supports (in red).
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Nonlinear 3D Soil-Structure Dynamic Interaction Modelling for Railway Tracks
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Abstract

The dynamic response of railway systems may involve complex interactions between moving vehicles, track
superstructure, and continuous foundations, embodying atypical soil-structureinteraction problem. Accurately
modeling these interactions often requires constructing large-scale, three-dimensional models, and the
consideration of nonlinear behaviors such asthe response of geomaterials or the wheel -rail contact. To address
these challenges, athree-dimensional finite element method program, Pegasus, was fully coded in MATLAB.
Pegasus incorporates several computational optimizations to enhance efficiency, such as reconstructing the
large stiffness matrix during simulations, using a mixed implicit-explicit solver, and managing memory
effectively. The capabilities of Pegasus are demonstrated through simulations of trains passing over trackswith
inhomogeneous support at various speeds. Each dynamic simulation is completed in under an hour, showcasing
Pegasus's effectiveness in handling large-scale nonlinear dynamic problems.

1. Program Pegasus

Realistic computational representation of railway systems often requires the construction of three-
dimensional models that will eventually lead to a large-scale mathematical system. Additionally,
various nonlinear aspects need to be considered in detailed analyses of the problem, including e.g.
the nonlinear behavior of geomaterials, wheel-rail contact, sleeper-ballast contact, and load-
deformation state dependency (force non-linearity). All-together, these aspects pose significant
computational challenges, that are still unpractical with commercial programs. To address these
Issues, athree-dimensional nonlinear soil-structure dynamic interaction program based on the finite
element method, referred to as Pegasus, was fully coded in MATLAB®.

The complete railway system is composed of several sub-systems with very different mechanical
properties and dimensions that interact through contact forces of a non-linear nature. The Pegasus
program incorporates this diversity, considering each sub-system separately: i) the vehicle moddl; ii)
the track superstructure (rails, sleepers and fasteners); and iii) the track substructure, which includes
the supporting layers of the track (including the ballast) and in this case aso a small bridge, as
schematically represented in Figure 1. The vehicle system is an assemblage of rigid bodies, springs
and dampers. The track superstructure is built with Euler-Bernoulli beam elements representing the
rails and the sleepers. The ballast-substructure system is discretised with low-order eight-node solid
hexahedral elements. At the lateral boundaries of the model local transmitting boundaries, consisting
of visco-elastic dampers are placed to absorb impinging waves.
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Figure 1. Longitudinal schematic representation of the 3D FEM model composed of three sub-systems:. the
vehicle, the track superstructure (rails and sleepers) and the track substructure (ballast, soils and bridge).
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The coupled equations of motion of the three systems reads:

Kyu, + Cv, + M,a, =f,, +f,,
K, + Cvy + Ma, =, — f,,, + 1,5 (1)
Ksus + Csvs + Msas = fg.s - fa.b

where the subscripts v, t and s refer to the vehicle, track superstructure and ballast-substructure
systems, respectively. Irrespective of the subscripts, K, C and M are the global stiffness, damping and
mass matrices of the structural systems, u, v and a are, respectively, the vectors of nodal
displacements, velocities and accelerations, f is the vector of the gravity loads, f, ,, is the vector of
theinteraction forces between the wheelsand therails, cal culated using the nonlinear Hertzian contact
theory, and f, ;, isthe vector of the interaction forces between the sleepers and the ballast, cal culated
using the nonlinear spring-dashpot model in the normal direction and the linear spring Coulomb limit
model in the transverse direction. In Pegasus, the ballast-substructure system and the vehicle system
are solved using Zhai’s explicit integration scheme, and the track superstructure system is solved
using the implicit Newmark constant acceleration method. This choice considerably reduced the
computational time compared to alternatives using the same integrator for the three systems[1].

Regarding the material behaviour, linear elasticity is assumed for all materials, with exception for
the ballast layer which follows a pressure dependent hypo-€lastic material law, commonly known as
the k-6 model. In this model, the resilient modulus, E,., isafunction of the sum of the normal stresses
(0), defined positive for compression, according to Eg. (2):

K
E.(t) = max (Kl (ee(—(t))) ’ Emin) 2
leaving the Poisson's ratio constant. The reference stress, 6,,, istaken as 100 kPa. Further description

of the program can be found in[1,2,3].

2. Application example

The case-study selected to demonstrate the capacities of program Pegasus correspondsto asimplified
model of an underpass with asmall span metallic bridge, in which, when crossing the span, the track
rests directly on the bridge, without ballast, as shown in Fig. 2.
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a) ' | b)
Figure 2. @) top view of a non-ballasted underpass, b) Partial 3D view of the track substructure model.

The track superstructure system is composed of two UIC60 steel rails, concrete monoblock sleepers
with a mass of 322 kg spaced 0.6 m, and railpads with a vertical stiffness of 160 kN/mm and a
damping constant of 9.6 kKNs/m, each. Regarding the ballast material, the considered model
parameters of the K-0 model defined in Eq. 2 were K; = 105 MPa, K, = 0.60, E,,;, = 16 MPa, with
v = 0.20. The constant resilient modulus of the sub-ballast, capping layer and subgrade were,
respectively, 200 MPa, 250 MPa and 100 MPa, with v = 0.25. The model comprises 65 sleepers,
having 204000 degrees-of-freedom, with 58500 solid elements, of which 10020 present nonlinear
behaviour.
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The dynamic simulations were performed considering isolated passages of a bogie of the
Portuguese “ Alfa Pendular” (AP) tilting passenger vehicle. For the study of the influence of thetrain
speed on the dynamic response, four speed values were considered: 110, 180, 250 and 320 km/h.

Figure 3 shows the maximum downward displacements of the rail caused by the passage of the
AP model when crossing the underpass from left to right. The dashed vertical lines indicate the
location of the bridge ends. It is possible to observe that the stiffness of the track increases
considerably and rapidly over the bridge. It is aso shown that the effect of the speed on the rail
vertical displacementsis relatively small, with the exception for highest speed considered.

Figure 3. Maximum downward displ acemént's.ofltrlle rail for different values of train speeds.

Fig. 4 now showsthe normal wheel-rail contact forces of the rear axle wheel, for the four speed values
considered. It is noted that the static component is 66 kN. It can be observed that the dynamic effect
associated with the higher speed is very significant, whereas for the lower speed it is practically
negligible.
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Figure 4. Wheel-rail interaction force of the rear axle wheel as a function of the wheel position.

The total calculation time depends on the train speed considered, varying between about 2 h for the
slowest speed and less than one hour for the fastest. This, considering that each time-step calculation
requires the reconstruction of the nonlinear part of the stiffness matrix, demonstrates Pegasus's
effectiveness in handling large-scale nonlinear dynamic problems involving contacting materials
(steel, concrete and soils) with contrasting mechanical properties.
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Assessment of Soil Constitutive Modelsfor Predicting Seismic Response of
Sheet Pile Walls: A LEAP2022 Project Study
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Abstract

This paper presents the findings of a study conducted as part of the LEAP2022 project, which aims to
investigate the seismic response of a sheet-pile retaining structure supporting liquefiable soils. The study
compares the accuracy of two different constitutive models, namely Manzari-Dafaias[1] (MD) and PM4Sand
[2], calibrated using element tests provided for Ottawa-F65 sand in the project. The calibrated models are used
to build finite element models that simulate centrifuge experiments. Results show that both MD and PM4sand
models can reasonably capture the behavior of liquefiable soils and wall displacements. The study further
highlights the importance of calibrating for the response at the toe of the wall and the passive zone for accurate
prediction of wall behavior. The study also recommends improvements in the material models to accurately
capture soil and wall behavior under dry conditions. Finally, the study finds that using the PM4sand and MD
models calibrated for F-65 can still provide good predictions for centrifuge tests with different sands.

1. Problem Statement

Predicting soil behavior under seismic loading, especialy the behavior of liquefiable soils, remainsa
significant challenge in geotechnical engineering. Numerical models, likethe Manzari-Dafalias (MD)
and PM4Sand models, have been devel oped to simulate such behavior. However, their reliability and
accuracy in predicting real-world phenomenawhere liquefaction occurs are not fully established. The
LEAP project addresses these uncertainties by comparing the performance of constitutive models in
predicting the seismic response observed in centrifuge experiments3]. Specifically, LEAP2022
focuses on the response of sheet-pile walls retaining liquefiable soils. This study aimsto evaluate the
effectiveness of the Manzari-Dafalias (MD) and PM4Sand models in capturing key aspects of soil
behavior under seismic loading, including wall displacement, excess pore water pressure generation,
and soil-structure interaction.

2. Scope of Work

The LEAP2022 project aimed to create a reliable database of centrifuge experiments for assessing
the predictive capabilities of numerical tools used in soil liquefaction analysis. The scope of this study
involved conducting a series of centrifuge tests at five different facilities worldwide, each focusing
on the seismic response of a sheet-pile retaining structure embedded in liquefiable soils. These
experiments varied in terms of initial relative densities, base excitations, and soil types (including
Ottawa F-65 sand and Silica 306 sand), allowing for a comprehensive evaluation of the models under
diverse conditions. Figure 1 illustrates the baseline schematic of the centrifuge model experiments,
which consisted of alayer of medium-dense Ottawa F-65 sand on top, supported by a sheet pile wall
made of aluminum.

26



Computational Dynamic Soil-Structure Interaction — CompDSS|, Assisi, Italy, September 11-13, 2024

&

=g

* £l * -

+ - - -
i

- & - -

® ® lw

* 3 - &

ig & §  #

ek W E—————f7

L,

(LR . r 1
-
W 1
= e E-n

Figure 1. Experimental setup and instrumentation for LEAP-2020 centrifuge tests] 3]

Two primary soil constitutive models, Manzari-Dafalias (MD) and PM4Sand, were selected for
analysis. These models were calibrated using element tests and then employed in finite element
models (FEM) developed in OpenSeeg4]. The study also incorporated a dry soil scenario to and a
different sand (Silica 306) further challenge the predictive capabilities of these models. Key
performance metrics included wall displacement, excess pore water pressure generation, spectral
accel eration responses, and shear stress profiles.

3. Findings
The results showed that both the MD and PM4Sand models could effectively predict the seismic

behavior of liquefiable soils and the resulting wall displacements. However, several discrepancies
were observed:

Calibration Challenges. Both models exhibited difficultiesin calibration, particularly in accurately
reproducing observed demands from centrifuge tests. The accuracy of the predictions was sensitive
to the calibration of parameters, especialy for the behavior at the toe of the wall and in the passive
zone.

Model Performance: The MD model generally provided better predictions for wall displacement
trends compared to PM4Sand, especially in scenarios involving different relative densities and cyclic
stress ratios. However, the PM4Sand model demonstrated superior performance in predicting excess
pore water pressure trends, particularly when applied to Silica 306 sand.

Dry Soil Conditions: Significant limitations of both MD and PM4Sand models in predicting the
behavior of dry soils were observed. The SANISAND-MS model, an enhanced version of MD,
showed better performance under these conditions, suggesting that improvements in congtitutive
models are necessary for accurate predictionsin dry soil scenarios.

Overal, the findings underscore the importance of careful calibration and the need for continued
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development of soil constitutive modelsto improvetheir predictive accuracy under arange of loading
conditions. These insights are particularly relevant for geotechnical engineersinvolved in the design
and analysis of structures subjected to seismic loading.

4. Conclusion

The LEAP2022 project successfully demonstrated the capabilities and limitations of the MD and
PM4Sand models in predicting the seismic response of sheet-pile walls in liquefiable soils. While
both models showed potential, their performance varied depending on the specific conditions and
parameters involved. The study suggests that further refinement of these models, particularly for dry
soil scenarios, is necessary to enhance their reliability and accuracy. The results contribute valuable
knowledge to the ongoing development of more robust numerical tools for geotechnical earthquake
engineering.
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Trends and gapsin the numerical analysis of offshore wind turbine foundations
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Abstract

The growth of the offshore wind energy sector presents significant engineering challenges, particularly in the
design and installation of monopile foundations. Monopiles, commonly used for offshore wind turbines in
waters up to 60 meters deep, face issues such as cyclic/dynamic tilting, penetration during installation, and
interaction with difficult soils. Advanced numerical models are crucia for optimizing monopile design and
supporting global decarbonization goals. This summary elaborates on the need for further research with regard
to the mentioned knowledge gaps, underscoring the importance of collaboration between industry and
academiato address complex engineering problems.

1. Introduction

With the accelerating growth of the offshore wind energy sector worldwide, the installation of ever-
larger offshore wind turbines (OWTS) in harsh marine environments poses serious engineering
challenges. As OWT foundations mobilize approximately 20-30% of the capital expenditure costs,
guestions and open gaps related to foundation design emerge as some of the most pressing concerns.
In this regard, it is worth noting that monopiles are the most common type of foundation used for
OWTs in water depths of up to approximately 60 meters. To accommodate the increasing size of
wind towers, monopiles with larger diameters (up to 8-10 meters and beyond) are being adopted in
the construction of modern offshore wind farms. As a consequence, monopiles have been — and
continueto be—at the core of important geotechnical research initiatives. Recent studies have focused
on various aspects of monopile performance, including driveability and assessment of different
installation methods, lateral capacity and stiffness, interaction with difficult geomaterials such as
chalk and glauconitic soils and, more recently, dynamic/seismic response. All these aspects are
crucial for optimizing monopile design, a focus of numerous research programs and advanced
consulting projects. Given the high costs and extended timeframes associated with field testing (and,
in general, of experimental work), numerical analysis tools are ever more used for design
assignments. Therefore, the accuracy and reliability of numerical models are essential for producing
suitable designs that can support the attainment of the world’'s ambitious decarbonization goals.
Despite significant advancements in numerical modelling of soil-structure interaction problems, also
in the presence of dynamic effects, there are still areas that require further research and collaboration
between industry and academia.

The following explores the relationship between advanced numerical modeling and monopile
design, highlighting three examples from the author’'s experience where further research is
particularly needed:

1) analysisof cyclic/dynamic monopiletilting;
2) simulation of monopile penetration;
3) monopile-soil interaction in difficult soils.

2. Analysisof cyclic/dynamic monopile tilting

The assessment of monopile serviceability under cyclic/dynamic loading conditions, particularly in
terms of predicting lateral deflection/tilt accumulation, remains a subject of debate. While the
offshore industry often requires simplified approaches (such as p-y methods) for repetitive, location-
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specific calculations, advanced physical and numerical modelling work continues to be carried out to
inform the development of simplified design methods [1].

Figure 1 illustrates the suitability of the SANISAND-M S model for the 3D FE ssimulation of cyclic
monopile behavior in sandy soils[2]. Building on previous research, the primary focusisto evaluate
the model's ability to reproduce the accumulation of permanent deflection and tilt under cyclic lateral
loads. Experimental data from the PISA field campaign, specifically medium-scale cyclic tests
conducted at the Dunkirk site in France, are utilized. This marks the first attempt to simulate the
reference data set using a fully step-by-step 3D FE approach, offering novel insightsinto calibrating
and employing advanced cyclic models for monopile analysis and design, particularly regarding the
guantitative influence of pile installation effects and the microstructural evolution of sand under
cyclic loading.

* 1 I L 1N LR

Figure 1. 3D FE SANISAND-MS simulation of cyclic monopile behaviour [2].

As the development of offshore wind expands in the Asia-Pacific region, fulfilling similar monopile
design criteria becomes increasing challenging in the presence of seismic loading. During seismic
shaking, soils exhibit strongly non-linear behavior, including changes in stiffness and strength,
permanent deformations, and pore pressure build-up. Excess pore pressure can lead to soil
liquefaction, resulting in excessive displacement or catastrophic collapse of structures. These issues
are the core of DONISIS, a new research programme aiming to inform the development of seismic
design models for monopiles, building on advanced physical and 3D FE modelling work.

3. Simulation of monopile penetration

Dynamic effects are particularly pronounced during installation operations. This second section
concerns numerical simulation challenges associated with pile run, which is the sudden and
uncontrolled penetration of a pile or pile/hammer system during impact driving. Two primary
mechanisms can trigger pile run: transitioning from high- to low-strength soil and soil strength loss
during hammering. While acceleration and velocity of the pile/lhammer system can be calculated
using simple Newtonian mechanics principles combined with CPT-based methods for soil resistance
evauation, the complexity of soil behavior under high strain-rate deformation would require more
advanced analysis methods (Figure 2). Techniques such as large deformation MPM or PFEM
simulations can provide greater insight into the impact of non-linear soil behaviour and hydro-
mechanical effects, especially given the typical scarcity of experimental data for validating simpler
engineering methods. The need to advance large-deformation methods for pile penetration problems
is also linked to the analysis of pile driving using vibratory methods [3]. These methods are gaining
popularity due to environmental concerns related to underwater noise emission during traditional
impact piling. This second section of the oral presentation will conclude by reflecting on the existing
gaps that hinder the application of advanced numerica simulation methods for solving these
penetration problemsin practical engineering projects.
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Figure 2. Numerical analysis of pile run during installation in layered deposits (courtesy of NGI).

4. Monopile-soil interaction in difficult soils

Offshore wind development in the US is rapidly expanding, especialy on the Atlantic Coast, due to
high energy demand, suitable shallow water depths, and strong wind speeds. However, the Atlantic
Outer Continental Shelft is designated a “frontier” region by the Bureau of Ocean Energy
Management (BOEM) due to limited geological and geotechnical experience. The area presents
numerous challenges, including high spatial variability, boulders, calcareous sediments, glauconite
sands, shallow bedrock, micaceous soils, and sediment mobility. Serious difficulties for goetechnical
design and field operations are associated with the presence of glauconite, an iron potassium mica,
which behaves as sand but transforms into afine-grained soil upon shearing due to particle crushing.
During pile driving, a shear zone of crushed glauconite forms around the pile shaft, affecting shaft
friction and limiting penetration depths. In addition to the mentioned challenges regarding the
simulation of penetration processes and dynamic operational performance, glauconitic soilsintroduce
fundamental challenges related to soil characterization and constitutive modeling. These soils exhibit
behavior that evolves from granular-like to cohesive-like depending on geological history and
exposure to loading excitations [4].
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Abstract

Wind, wave and periodic blade forces subject Offshore Wind Turbine (OWT) structures to multidirectional
cyclic loads that have varying amplitudes, frequencies, and patterns. The fundamental frequency of the
structure changes during the life of the OWT, depending on the behavior of the structure and the Soil-
Foundation Structure Interaction (SFSI) that occurs. Therefore, understanding the SFSI of the OWT under
realistic loading conditions is needed to improve the design and performance of OWT structures subjected to
different environmental and mechanical loading conditions. The computational formulations used to model
SFSI effectsin OWT requires calibrating the model s using test datafrom experiments performed under realistic
loading conditions. This paper describes applying real-time hybrid simulation (RTHS) to OWT structures to
acquire such data. The response of the foundation of a monopile OWT subjected to operational and extreme
loading conditionsisthen predicted using a calibrated Thermodynamic Inertial Macroelement (TIM) The TIM
is an efficient computational tool, enabling faster solutions by avoiding the modeling of the complete soil-
foundation domain. The TIM is shown to provide reasonabl e agreement with the experimental resultsin terms
of secant stiffness and ratcheting of the soil-foundation system. Recommendationsfor improving the prediction
of SFSI effectsin monopile OWT structures using the TIM are given.

1. Introduction

Offshore wind power isarenewable and infinite source of energy. The conversion of wind into power
creates no harmful greenhouse gas emissions. Thus, OWT will play a major role in the future of
electricity generation.

This paper presents a study that uses a TIM formulation to account for the effects of soil-
foundation interaction on the response of monopile OWT structures subjected to wind, wave, and
operational loads. The fundamental frequency of the structure changes during the life of the OWT,
depending on the behavior of the structure and the extent of SFSI that occurs[1]. The effects of SFSI
on the behavior of a OWT under both normal operating and extreme loading conditions is therefore
necessary in order to improve OWT designs. Investigating SFSI effects can be performed
computationally, however such attempts must use calibrated formulations that are efficient and
accurate. This issue is addressed here using the TIM approach [2-4]. A TIM is a constitutive
relationship between the generalized forces exchanged at the foundation-superstructure contact and
the corresponding displacements and rotations of the soil-foundation system. In the present study, the
TIM model s the monopile foundation and the soil interacting with it, with referencetoa5 MW OWT
developed by NREL [5].

Real-time hybrid ssimulations (RTHS) [6] are initially performed on the considered structure to
produce realistic loading conditions under wind, wave, and energy generation equipment vibration
loadings. The experimental results from the RTHS are used to assess the accuracy of the TIM in
predicting the response of a monopile OWT under operationa and extreme |loading conditions.

2. Thermodynamic Inertial M acr oelement: formulation and OWT foundation modeling

TIMs simulate the nonlinear and frequency-dependent multiaxial response of a suite of geotechnical
systems at aresidual computational demand [3,4]. TIMs are available in OpenSees [7] as multiaxial
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materials, that can be assigned to a zero-length finite element providing afully coupled, 6D response
(three trandations and three rotations) between the two nodes [3]. Each TIM represents a multi-
surface plasticity law with kinematic hardening, whose incremental response is obtained through a
rigorous thermodynamic-based framework fully defined by consistent potential functions, i.e., free
energy and its dissipation.

For the reference OWT, the TIM was employed to reproduce the response of the monopile and of
the soil region interacting with it. The TIM calibration required a few parameters to be determined:
the initial stiffness matrix, the matrix of the participating masses of the soil-foundation system, and
the multiaxial ultimate capacity of the latter. The respective identification procedures followed the
ones delineated in [4] and are omitted for conciseness.

3. Real-time Hybrid Simulation of OWT concept

Real-time hybrid simulation is a testing technique where the system is divided into analytical and
experimental substructures [8, 9]. The former uses well-established computation models to create a
numerical model of aportion of the system. The remaining components of the system, for which there
is no existing well-established computational model, ismodeled physically in the laboratory. The two
substructures are kinematically coupled, and equilibrium is maintained at their common degrees of
freedom (DOFs), as depicted in Figure 1. The embedded foundation and surrounding soil of the OWT
are modeled physically in a soil box in the laboratory while the remaining parts of the system and
loading are modeled analytically. The program OpenFAST [10], developed by the National
Renewable Energy Laboratory (NREL), is linked to a RTHS coordinator to determine the
hydrodynamic and aerodynamic loads acting on the OWT, along with modeling the dynamics of the
electric power generation equipment and associated controller for the OWT. Further details about the
framework can be found in [6].

Analyti Cal SuEEmCirg
(CIMahees wiif 1Ekeanes, Ppdroahymamin ard
Eerpalaslic dorces modeked @ compariar

Eapenmental subsiructurs
il fomndastion piacesd ir soil-Hox)

Cifedone windd Turhbine
Figure 1. Generalized schematic of the real-time hybrid simulation concept for offshore wind turbines.

4. Comparison of TIM and Real-time Hybrid Simulation results

The matrix for the RTHS included two tests: (1) Test 1 — having a steady state wind speed of 12 m/s
and regular wave height of 6 m; and (2) Test 2 — having a steady state wind speed of 20 m/s and
regular wave height of 12 m. Test 1 represented normal operational conditions, whereas Test 2 more
extreme conditions. Shown in Figure 2 are the pile head force-displacement hysteretic response for
the two tests. The cyclic responseis seen to be nonlinear, wherein al of the RTHS thereis a presence
of accumulated pile displacement with a shift towards the positive displacement in the direction of
the loading, along with pinching in the hysteresis loops. The degree of shifting and pinching is more
predominant in Test 2, which had the more severe conditions for wind speed and wave height causing

33



Computational Dynamic Soil-Structure Interaction — CompDSS|, Assisi, Italy, September 11-13, 2024

larger deformations and nonlinear behavior to develop in the pile foundation. The TIM captures the
response quite well in terms of the secant stiffness and ratcheting. However, the TIM is not able to
reproduce the pronounced pinching observed in the experimental data (i.e., RTHS). The TIM
formulation will need further extension to capture the pinching effect, and is the topic of ongoing
research by the authors.
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Figure 2. Pile head force-displacement response for Tests 1 and 2.
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Abstract

Amid the global transition to renewable energy, offshore wind power stands out as akey player. Neverthel ess,
the construction of offshore wind farms in seismic-prone regions highlights the urgent need for practice-
oriented methods to ensure adequate performance during earthquakes. In fact, current codes offer limited
guidance on analysing such complex soil-structure interaction problems under seismic loading. Current
practices involving full three-dimensional dynamic soil-structure interaction (DSSI) models are proven to be
computationally burdensome and economically unfeasible for routine design. To tackle these challenges, Arup
has devised practice-oriented design methodologies for use in routine design.

A 3D DSSI model was devel oped withinthe LS-DY NA environment and used as areference for the validation
of simpler approaches based on beam-on-nonlinear springs, as defined by Japanese provisions. These springs
are used in the context of a decoupled approach, in which the seismic action is defined by means of a
manageable free-field soil response. In detail, this study explores the application of two spring typologies,
namely visco-elastic and nonlinear springs. Their efficacy in capturing intricate 3D soil-structure interaction
responses in terms of displacements and internal forces is discussed. However, caution is warranted,
particularly in highly seismic regions, as the adoption of visco-elastic springs may |ean towards conservatism,
emphasi zing the importance of accounting for soil nonlinearity in soil-structure interaction problems. Finaly,
it is shown that simplified 1D models effectively capture 3D response attributes, significantly reducing
computational run times for offshore wind farms with around 100 turbines.

1. Introduction

Offshore wind energy has emerged as acrucia renewable power source, with the global average size
of turbines increasing from 1.5 MW in 2000 to 8.1 MW by 2021, and projections suggesting it will
exceed 12 MW by 2025 [1]. In addition, it is expected that 680 GW of wind capacity will beinstalled
globally by 2027, of which 130 GW will be offshore [2]. Monopiles are the preferred support for
these turbines in shallow waters due to their cost-effectiveness. However, accurate seismic response
modeling is essential in seismically active regions such as Japan, Taiwan, and the Western United
States to ensure safety and performance.

Current design codes provide limited guidance on soil-structure interaction (SSI) under seismic
loading, necessitating the use of complex and time-consuming three-dimensional dynamic soil-
structure interaction (3D DSSI) analyses. These analyses are crucia for understanding monopile
compliance effects and foundation internal forces. Recent advancements in design methodol ogies,
such as the PISA methodology, have improved efficiency by using three-dimensional finite el ement
analysisto calibrate 1D non-linear springsin static conditions. Nevertheless, thereisaneed for further
guidance on dynamic SS| problems.

Recent studiesby Galleseet al. [3,4] demonstrate that simplified 1D models can effectively capture
complex 3D DSSI responses. These advancements are essential for developing cost-effective and
timely design solutions that meet the demands of the offshore wind industry.

2. Methodology

The study focuses on an idealised offshore site resembling conditions in East Asia, with a 30-meter
water depth and a soil profile consisting of stiff clay layers overlying fine-grained sedimentary rock
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(mudstone). The analysis involves a 15 MW Offshore Wind Tower (OWT) as per International
Energy Agency [5] data, with amonopile (MP) diameter of 10.5 meters and alength of 47 meters.

A comprehensive 3D dynamic soil-structure interaction (DSSI) model created using LS-DY NA
software to simulate the offshore wind turbine is depicted in Figure 1. The model includes solid
elementsfor the soil and shell elementsfor the embedded sections of the monopile. The superstructure
is modeled with elastic beam elements and lumped masses to simulate non-structural elements and
hydrodynamic loads. The input earthquake motion is applied at the base of the model, with non-
reflecting boundary conditions, whilts free field conditions are reproduced at the edges.
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Figure 1. (a) Half-isometric view of the 3D soil-structure model developed in LS DYNA; (b) detail of the soil-
structure contact.

Two simplified methods for modeling soil-structure interaction were investigated, based on Japanese
provisions. The first method follows the Japan Society of Civil Engineers (JSCE, [6]) guidelines,
which use elastic springs and viscous dampers to model soil behavior. The spring stiffness and
damping are derived employing common solutions of proven validity taking into account the results
of the site response analysis (SRA).

The second method adheres to the Japanese Specifications for Highway Bridges (JRA, [7]). This
approach uses a bilinear curve to define soil resistance, with the strength determined by passive
resistance around the pile whilts the initial stiffness is based on the horizontal subgrade reaction
coefficient, adjusted for the installation procedure.

Theflowchart of the 1D simplified procedureisshown in Figure 2 and it is based on the decoupled
approach where displacement time histories along the depth of the MP are carried out from a1D SRA
and then applied along the springs of the beam-on-nonlinear-Winkler-foundation model. The masses
of the foundation nodes are lumped at the discretized points considering the sum of the structural part
and the soil inside the cylinder.

The study examined seismic responses using three spectrally matched bedrock time histories to
assess the system under different levels of seismic excitation, denominated as low, medium, and high
intensity in the following.

3. Resultsand conclusions

Results show that the 1D JRA model closely matches the 3D model across all seismic intensities,
while the 1D JSCE model tends to overestimate internal forces and bending moments, particularly
under high seismicity. Thisoverestimation is attributed to the use of linear springsin the JISCE model,
which do not fully capture the nonlinear soil response.

Despite some limitations, these findings suggest that, with proper calibration against 3D models,
1D models can provide cost-effective and time-efficient solutions for seismic anaysis in offshore
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wind turbine design, even in regions with high seismic activity. This advancement supports the
growing demand for sustainable and resilient offshore wind energy infrastructure.
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Figure 2. Flowchart of the simplified procedure for the 1D-SS analysis. (1) free-field soil response analysis
and (2) evaluation of the displacement time histories at each depth along the monopile; (3) 1D-SS analysis.
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and (c) high seismicity.
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Abstract

Large, buried water reservoirs are increasingly utilized to store and deliver water in major urban centers. They
are considered critical infrastructure that must continue to operate during and after an earthquake. This
presentation will discuss the results of adetailed simulation-experimental program aimed at understanding the
seismic behavior of these reservoirs and devel oping reliable and calibrated numerical models that captures the
seismic fluid-structure-soil interaction (FSSI). The experiments and simulations showed conclusively that the
response of buried water reservoirs is three-dimensional, and that two-dimensional simplification misses
important damage modes, and the importance of fluid interaction. Advanced nonlinear three-dimensional (3D)
FSSI numerical models of reservoirs were successful in capturing measured behavior. Parametric numerical
analyses were conducted considering reservoir size, embedment depth, soil profile, and ground motion
variability. The analyses show that the seismic response of reservoirsis strongly correlated with PGA, unlike
conventional underground structures. Reservoir columns around the center experienced the highest demands
and appear to be the point of initiation of failure. The roof in-plane shear stresses accumulate along the walls
and towardsthe corners. 3D FSSI numerical modelsarereliabletoolsfor the seismic evaluation of large, buried
water storage reservoirs.

1. Problem statement

Buried water reservoirs are increasingly being built to replace open aboveground municipal water
supply reservoirs in urban areas to enhance water quality and utilize their surface footprint for other
purposes such as public parks or placement of solar arrays. Many of these lifeline structures are in
seismicaly active regions and as such need to be designed to remain operational after severe
earthquake shaking. However, evaluating their seismic response is challenging and involves
accounting for the interaction of the structure with the stored fluid and the retained soil, in other
words, accounting for fluid-structure-soil interaction (FSSI). Reasonably so, the code-based and
simplified methods commonly used for their design are not always applicable which raises concerns
regarding the reliability and performance of these structures. In order to properly study their resilience
to earthquake damage, one needs to cumulatively consider the interactions between the surrounding
soil, the structure itself, and the enclosed water during an earthquake.

2. Scope of research

The work presented herein was performed to advance our understanding of the seismic fluid-
structure-soil-interaction in buried water reservoirs using centrifuge tests and numerical modeling.
With the lack of available centrifuge experiments that focus on water hydrodynamics, it was first
deemed important to examine the complex dynamic response of water in a scaled environment under
shaking. Moreover, the reliability of numerical models and commonly used analytical and smplified
methods in predicting the centrifuge measurements needed to be evaluated as well before upscaling
to the full engineering system featuring the components of structure, soil, and water.

First, a series of five centrifuge model tests were performed where water tanks with a range of
dimensions and configurations were subjected to sine waves and earthquake motions (a total of 130
tests) to isolate and investigate the hydrodynamic pressures generated inside the tank. The motions
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used varied in peak ground acceleration (PGA) ranging from 0.003 to 0.74 g which excited the water
at severa frequencies, including its natural frequencies. Numerical simulationswere performed using
the Arbitrary Langrangian Eulerian (ALE) solver inLS-DY NA [1], acommercia FE package (Figure
1 —[2]). The numerical models prediction capability was first tested against available 1g shake table
experimental data and analytical solutionsin the literature. Then, the centrifuge experimental data of
this study were employed to validate the numerical predictions under a scaled environment.
Commonly used analytical, simplified, and code-based methods were also compared to determine
their reliability when used in quantifying water dynamic response.
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Figure 1. Study of water hydrodynamics through (a) centrifuge testing and (b) ALE numerical modeling.

Then, seismic FSSI response of buried water reservoirs was studied through centrifuge model testing
and advanced FE numerical modeling. Two series of centrifuge model tests were performed at
different reservoir orientationsto investigate one-dimensional (1D) and two-dimensional (2D) motion
effects under full, half full, and empty reservoir conditions. Corresponding numerical models were
developed whereby the structure, and the soil were represented by continuum Lagrangian finite
elements, while the fluid was again modeled via the ALE formulation. Soil-structure and fluid-
structure interface parameters were calibrated using the experimental measurements (Figure 2 —[3]).
The simulations successfully captured the measured reservoir responses in terms of accelerations,
bending moment increments, and water pressures, aswell asthe near- and far-field soil. The validated
numerical models were further employed to have amorein-depth evaluation by having accessto data
that are not measured in the experiments.

3. Findings

The results from the first stage of this research showed that the ALE models yield a good match to
the experimental recordings. Most importantly, ALE numerical modeling was found suitable for use
in a performance-based design approach of complex fluid-structure-soil interaction problems. The
analytical and simplified solutions showed reasonable performance under earthquake motions.
However, the analytical solutions were found to overestimate the dynamic response when resonance
ispresent. The simplified solutions were al so found to underestimate the peak response when sloshing
issignificant.

The results from the second stage of this research found that the common assumption of plane
strain is not applicable for reservoirs as their behavior was found to be truly three-dimensional (3D).
Thiswas observed by the non-uniform distribution of earth pressures, localized stress concentrations,
water dynamic pressures, and the racking deformation shape of the roof. The roof dab acted as a
diaphragm that distributed the lateral forces to the vertical structural elements based on their relative
stiffnesses. It was found that the lateral forceswere mainly resisted by the walls parallel to the motion
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direction and least resisted by the columns. Furthermore, the full reservoir resulted in the highest
seismic demands in the reservoir walls and roof while the empty reservoir yielded the highest base
dippage. The study demonstrates that the complex reservoir seismic response is best captured by
carrying a 3D FSSI numerical simulation.

The study highlighted the limitations of traditional design practices for reservoirs, emphasizing
the need for more comprehensive analysis methods. Simplified approaches may underestimate or
misrepresent demands due to the complex, three-dimensional nature of reservoir behavior under
seismic conditions. To ensure the accurate assessment and robust design of this class of structures, it
is recommended that full fluid-structure-soil interaction (FSSI) simulations are performed,
considering 3D geometry and bidirectional shaking, and accounting for the presence of water.
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Figure 2. Sudy of reservoir fluid structure soil interaction through (a) centrifuge testing and (b) advanced
numerical modeling.
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Abstract

Nonlinear dynamic analysis of soil-structure systems requires advanced and time-consuming computations
that may not be feasible for most practical applications. The present research is devoted on conceptualizing
and validating simplified proceduresthat are easier to implement, yet capabl e of capturing the essential features
of the dynamic response of the systems at hand, consistently with modern concepts of seismic performance
and capacity design. The geotechnical systems herein considered include retaining structures, bridge
abutments, multi-propped excavations, and tunnels. The seismic capacity of a geotechnical system is studied
through nonlinear static numerical analysis (NLSA), in which equivalent inertial forces, proportional to a
seismic coefficient, are applied to the system until the activation of a global plastic mechanism. The overall
deformability of the system, from static conditions to failure, can be represented by a capacity curve, relating
accelerations to seismic displacements of scrutiny points. The capacity curve proves to be a versatile
representation of the system response under seismic loading in both displacement-based and equivalent force-
based design approaches, discussed in the first and second parts of this work, respectively. The first part
pertains to systems that may accumulate permanent displacements under seismic loading such as earth
retaining structures, whereas the second refers to systems that cannot experience important seismic
deformations, otherwise, the structural integrity of the entire structure/infrastructure would be compromised.
Bridges with integral abutments (IABs) and multi-propped excavations belong to the latter category. Both
methodologies are extensively validated and underscore the essential role of the capacity curve in the seismic
assessment of geotechnical systems within the framework of the decoupled approach.

1. Introduction

Seismic design of geotechnical systems involves evaluating their performance under earthquake
loading, which can significantly differ based on whether the system is able or not to accumulate
permanend displacements. Displacing systems, such as slopes, unsupported excavations, and certain
retaining structures, exhibit asymmetric behavior under seismic loading. They tend to displace both
the soil and structural members towards weaker zones, leading to irreversible deformations. For these
systems, a common assumption is that the structural members interacting with the soil do not reach
their capacity during strong motions and are therefore regarded as non-dissipative elements. On the
contrary, the soil can mobiliseitsstrength, acting asadissipative element. Conversely, non-displacing
systems, such as deep excavations, underground frame structures, and bridge abutments, are
characterized by the fact that, if the structura members are designed to remain in the elastic range,
these systems cannot accumulate displacements. Therefore, it islogical to expect that the design of
the first type of system adheres to the philosophy of the displacement-based approach, while the
design of the second type follows the philosophy of the force-based approach.

The distinction between these systems is crucia for selecting appropriate seismic design-
methodology. Among the simplified methods to be employed for a practical design, there are the ones
based on the decoupled approach, whereas, differently from the advanced and complicated coupled
soil-structure interactions systems, the seismic action and system response are evaluated separately
and combined only at the end. This design-approach allows for a more manageable assessment of
complex systems. In this context, the capacity curve is one of the way to characterise the system
response following the modern philosophy of the performance based design.
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In summary, identifying whether a geotechnical system is displacing or non-displacing guides the
design strategy for controlling seismic performance. Nevertheless regardless of the approach, the
capacity curve can be effectively used for both types of systems.

2. Methodology and discussion

The seismic capacity of a geotechnical system can be evaluated through NLSA, in which equivalent
inertial forces are applied to the system, taken to be proportional to a seismic horizontal coefficient
kn representing the ratio of the horizontal acceleration to the gravity acceleration. In this context, the
capacity curve can be expressed as a relationship between the seismic coefficient ki and the
corresponding horizontal displacement ur of apoint of interest, for instance the top of the embedded
retaining wall depicted in Figure 1 [1]. In this analysis, commonly known as a ‘incremental
pseudostatic analysis the seismic coefficient is increased progressively, until the results of the
anaysis indicate that a plastic mechanism in correspondence of the critical acceleration kc is
activated.

Due to the tendency of displacing systems to accumulate deformations under seismic loading, this
curve can be employed in a time-domain calculation to characterise both the tangent stiffness —
evaluated either on thefirst loading branch of the curve or along an unloading-reloading cycle (Figure
1b) — and the ultimate strength kc of an equivalent SDOF system. In the logic of a decoupled
approach, the input motion applied to the equivalent SDOF system correspondsto the seismic demand
obtained from afree-field one-dimensional ground response analysis at a representative depth of the
soil domain. A more detailed and comprehensive picture of this methodology, successfully validated
with both numerical analyses and centrifuge tests, isdiscussed in [1,2,3,4,5].
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Figure 1. (a) Example embedded retaining wall; (b) non-dimensional capacity curve[1].

In contrast to displacing systems, the seismic design of non-displacing systems generally includesthe
evaluation of the maximum internal forces in the structural members. Using a single-span integral
abutment overpass recently built in Italy as areference, an advanced coupled 3D soil-bridge model
was developed in OpenSees. To facilitate more efficient dynamic computations, a more manageable
and validated equivalent 2D model was also created, as detailed in [6,7]. This 2D model serves as a
benchmark for validating a simplified procedure to study the seismic behavior of the bridge in the
longitudinal direction, which generally governs the overall seismic response.

In IABs, the monalithic connection between the deck and the abutments is such that the seismic
response tends to be controlled by the interaction of the abutments with the surrounding soil, and
especially with the approach embankments. In the context of the Capacity Spectrum Method (CSM)
[8] commonly used for the seismic anaysis of civil engineering structures, the capacity curve
obtained from a NL SA is combined with a seismic demand, evaluated with a decoupled approach, in
the form of an acceleration-displacement (AD) response spectrum. Specifically, the capacity of the
system is evaluated through the application of two different distributions of equivalent inertial forces
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replicating the main two deformation patterns associated with dominant vibration modes. These
modes are primarily controlled by the soil response and can be reasonably determined through a
modal analysis of the soil deposit including the approach embankment. The entire methodology,
implemented in OpenSees and validated against results of several dynamic analyses conducted on a
reference case study is summarised as a flowchart in Figure 2, where only the pattern of kn
reproducing the first soil-bridge mode is shown for simplicity.

In summary, for practica design, the seismic assessment of geotechnical systems (both
‘displacing’ and ‘not displacing’) can effectively use practice-oriented methods based on the
decoupled approach. In this contect, the capacity curve, obtained through nonlinear static analysis
(NLSA), plays akey rolein describing the response of the systems at hand.

o r r

o BoE 01 Q15 a 200 4000 S0
S i dm) Il (kM)
Figure 2. Recap of the simplified tool developed for the seismic design of a single-span |AB: a) Free field
response used to determine acceleration at the abutment-deck node, b) Nonlinear static analysis replicating
one of the two main deformation modes, ¢) Superimposition of the capacity curve with the seismic demand and
definition of the performance point employing an iterative procedure for the determination of the equivalent
damping.
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Abstract

The dynamic interplay between soil and foundation may significantly influence the response of a construction
during an earthquake. Deep foundations can filter the seismic excitation, causing the foundation input motion
to differ substantialy from the free-field ground motion. In the sub-structure approach, this phenomenon is
called kinematic interaction and has been deeply investigated in the literature. Uncoupled methods are often
used asvalid aternatives to handl e soil-structure interaction problems to optimize computational accuracy and
analysistime. Several authors have derived frequency-dependent transfer functions that relate the steady-state
harmonic motion experienced by the foundation to the amplitude of the corresponding free-field motion of the
soil. Neverthel ess, these functions have been obtained assuming rigid, massless, and isolated foundations (i.e.,
no other foundations nearby). Foundations, however, have their own mass. Furthermore, they are often built
in densely urbanized areas, where buildings and infrastructure may be very close to each other, thus
experiencing multiple interaction phenomena through the soil. This paper presents a numerical study aimed at
evaluating the effect of Foundation-Soil-Foundation Interaction (FSFI) on the classical kinematic interaction
coefficients 1, and ls. The parametric study was conducted through a 2D finite difference code, varying the
embedment of the deep foundation and the distance at which a nearby shallow foundation is placed. From the
numerical results obtained, new transfer functions were derived so that the foundation mation of the target
structure may be computed considering those factors typically neglected in practice, such as the proximity
among structures and their foundations.

1. Introduction

The dynamic behavior of a structure may strongly be affected by the constraints assumed at its base.
The fixed-base assumption is not always suitable due to soil-foundation compliance, which could
modify the dynamic and seismic response of the superstructure. In addition, the foundation input
motion (FIM) can differ substantially from the free-field ground motion, leading to the so-called
kinematic interaction ([11], [3], [10]).

For arigid, massess, cylindrical or rectangular foundation, embedded in a homogeneous elastic
or linear viscoelastic half-space, kinematic effects are relevant ([3]-[9]): under seismic actions, the
foundation, due to its stiffness, cannot follow the ground deformations, and the wave field reflected
from its walls interferes with the incident waves propagating in the subsoil. Kinematic transfer
functions, lu and le, were thus defined to link in steady-state conditions the translation and rotation
motion of the foundation to that of the free-field soil ([1]-[3], [10]).

However, these functions were derived assuming a stand-alone foundation, i.e., a foundation
without any other foundations nearby. Nevertheless, structures are often placed in urbanized
environments with very small building-building distance [12], so that Foundation-Soil-Foundation
Interaction (FSFI) phenomena through the underlying soil could arise in addition to the classical soil-
structure interaction (SSl).

This paper presents the results of a numerical study aimed at evaluating the effect of FSFI on the
well-known kinematic interaction coefficients, lu and le. The parametric study was conducted through
the finite difference code FLAC2D, varying embedment of the deep foundation and the distance at
which ashallow foundation is placed nearby. New transfer functions, lu and l¢ were derived from the
numerical results to compute the FIM in the case of a shallow foundation close to a deeper one
(caisson).
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2. Numerical model description

The reference scheme of the numerical study is shown in Fig. 1 and depicts a shallow foundation of
width, B, placed at a distance, S, from a deep foundation of height, H, and base, B. In the performed
time-domain parametric analyses, the depth, H, of the caisson and the distance of the caisson from
the shallow foundation, S, were varied such that the values of H/B and S/B were varied between 0.5
and 2, for atotal amount of nine cases analyzed.

B 5 B Casa H/B =]
1 0.5 0.5
f I z 0.5 1
3 0.5 ]
H* & 1 0.5
5 1 1
6 1 2
7 2 0.5
8 2 1
L 9 2 2

Figure 1. Reference scheme with a list of parameters used in the numerical study.

To unravel the physics of the problem, the soil was assumed to be an isotropic linear viscoelastic
material (p=1900 kg/m?®, Vs=100 m/s and Poisson's coefficient v=0.3). Rayleigh viscous damping
(1.2 % at the center frequency of 3.3 Hz) and perfect contact between the foundations and the soil
elements were assumed. The rigid and massless foundations were modeled through elastic beams
with low mass density (= 0) and high stiffness (E=5 GPa; A=7 m?; =6 m*, p=8 kg/m®).

Free-field boundary conditions were applied along the sidewalls of the model, while viscous
dampers and dynamic input, defined as a time history of horizontal velocity with increasing
amplitude, duration of 60 s, and frequency rising linearly over time from 0.5 to 10 Hz, were applied
at the base of the model to reproduce an upward shear wave propagation. The mesh elements have a
maximum size of 0.5 m near the foundation to correctly describe the minimum wavelength of the
applied signal (Amin=V s/fmax=10 m).

During the analyses, the time histories of the horizontal displacement, un, at the center of both the
caisson and the shallow foundation together with the vertical displacements, uv1 and uvz, of the same
points were recorded. The complex kinematic interaction functions were obtained through the
following relations:

Ly = Upy [Upro (1)

lg = Opm * H/Ugpro (2)
where Urro is the Fourier transform of the horizontal displacement at the ground surface, urim is the

Fourier transform of the horizontal displacement of the caisson (or shallow foundation), and rim is
the caisson (or shallow foundation) rotation obtained as (Uvi-uv2)/B.

3. Resultsand discussion

For brevity, only the results obtained for the shallow foundation will be provided to highlight how its
motion could be affected by a nearby caisson. Figure 6 shows the kinematic interaction coefficients,
luand le, as afunction of H/A for fixed values of the S/B and B/H ratios. With reference to |y, it may
be observed that a very slender caisson (e.g., B/H=0.5) is always beneficial for a nearby shallow
foundation when H/A<0.3, irrespectively of S/B. For H/A > 0.3, the beneficial contribution of the
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caisson (lu< 1) isassured only at very short distance fromit (S/B <1). For squatter caisson (B/H equal
to 1 or 2), the higher the B/H ratio the higher |, especialy at short distance S/B. In this case, the
caisson presence is detrimental for the neighboring shallow foundation since an amplification of its
horizontal motion up to 20% with respect to the free-field soil motion was obtained. An opposite
trend may be observed for the rotational component of the motion experimented by the shallow
foundation, i.e. the closer the deep caisson (B/H=0.5) is to the shallow foundation (S/B=0.5), the
greater itsrotation. It isworth underlining that for a shallow foundation under vertically propagating
SH waves this spurious kinematic rotation would have been zero if the nearby caisson had not been
present. Thisis afurther aspect of FSFI (Zeollaet a., 2024).
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Figure 2. Kinematic interaction coefficients, |, and I for a shallow foundation close to a caisson.
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Abstract

Within the scope of the study, superstructure analyses were carried out to examine the effect of soil-structure
interaction on the structure response in liquefiable soil. Building properties and soil properties were created
according to a reference model published in the literature, and parametric analyses were planned by changing
H. (liquefiable soil layer thickness). Analyses for the direct models and sub-structure approaches were carried
out in Plaxis2D and ETABS programs. Non-liquefiable and liquefiable soil models were created, and the
effects of the liquefiable soil layer on the superstructure and foundation responses were examined by
considering the soil-structure interaction. In order to investigate the effect of liquefied soil in the soil-structure
interaction response, analyses were carried out by both PM4Sand and HS-Small models. The created Plaxis2D
and ETABS models were generated for two different liquefiable soil thicknesses and a single structure for a
given earthquake. The foundation input motions and the structure responses such as the roof spectral
accelerations were compared based on the acceleration time history analyses. The effectiveness of the sub-
structure method in the design of structures built in liquefiable soils has been discussed.

1. Introduction

The code-based design spectrum is used for the traditional seismic design of structuresin earthquake-
prone areas. However, the code-based design method is insufficient in liquefiable locations,
necessitating site-specific analysis. The main objective of site-specific analysis is to determine the
strain-compatible soil parameters (damping ratio and degraded soil modulus), which are the input for
soil-structure interaction (SSI) calculations, as well as the foundation input motion (FIM).

The impact of liquefied soil layers on the structural reactions has been studied by a number of
researchers (Tokimatsu et a., 2019, Kirkwood and Dashti, 2018, Dashti et al., 2010). In this study,
the effect of liquefiable layer beneath the structure was studied using both HS-Small and PM4Sand
(susceptible to liquefaction) and the differences in terms of roof spectral acceleration values were
compared and evaluated. The analyses were performed for two different liquefiable soil thicknesses
(3m and 6m) for both direct and substructuring methods.

2. Numerical Models

Within the scope of the study, in order to investigate the effect of soil-structure interaction on the
structure response in liquefiable soils, superstructure analyses were carried out in ETABS and
Plaxis2D programs. First, liquefiable and non-liquefiable soil models were created in Plaxis2D and a
direct model was created by considering the soil-structure interaction in order to investigate the
effects of the liquefiable soil layer on the superstructure and foundation responses. Then, an inertia
model was created with the sub-structure approach in the ETABS program to investigate the effects
of the liquefiable soil layer on the superstructure and foundation responses. The direct model (a) and
the inertial model (b) created are shown in Fig. 1. the numeric models and input parameters were
reported in detail by Kocak et al. (2024). Structural features and soil propertieswere formed according
to the baseline model, and parametric analyses were performed in terms of the liquefiable soil layer
thickness (HL) which were selected as 3m and 6m.
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a) Direct Model b) Inertial Model
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Figure 1. Soil-Structure Interaction Analysis a) Direct Method b) Inertial Model in Sub-structure Approach.

In this context, the structure geometries were selected as a 12m foundation width, 3 stories with 12m
height, and 1m embedded shallow foundation.

The study utilized both PM4Sand and HS-Small models to explore the impact of liquefaction on
soil-structure interaction. The HS-Small (Brinkgreve et al., 2010) soil constitutive model was
exclusively employed to generate the non-liquefiable models. Additionally, PM4Sand (Boulanger &
Ziotopoulou, 2017) characterized the behavior of the liquefiable soil layer. The linear elastic bedrock
layer, 1 meter thick, was defined as the bottom boundary in each analysis.

The model dimensions were set to 120m width and 21m height to minimize boundary effects.
Above the liguefiable layer, there was a 2m thick very dense sand layer with arelative density (Dr)
of 90%. Theliquefiablelayer, with aDr of 50%, was modeled at depths of 3m and 6m for two different
groundwater levels (HL). Below thisliquefiable layer, a 20m depth included a very dense sand layer
with Dr of 90%.

2.1. Direct Model for Sail-Structure Interaction Analysis

The superstructure was simulated in adirect model and inertiamodel using a 2D reinforced concrete
frame system incorporating the building configurations detailed in Bray and Macedo (2017) The
parameter values such as flexural stiffness (EI) and axial stiffness (EA) of beams, columns, and
foundations were used the same asin Bray and Macedo (2017) modeled asframe elementsin ETABS
and Plaxis2D software. The analysis was performed according to the plane strain method. The super-
structural columns and the mat element were defined as plate elements. Direct models were created
for non-liquefiable (a) and liquefiable soils (b) as shown in Fig. 2.
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Figure 2. Plaxis2D Direct Model with 3m and/or 6 m non-liquefiable (a) and liquefiable (b) layer.

2.2. Sub-structuring Approachesfor Soil-Structure Interaction Analysis

The soil-structure interaction analyses were performed as accel eration-dependent and the kinematic
and inertial interaction results were combined through superposition principle. The acceleration
records obtained from the kinematic interaction analyses were superposed with theinertial interaction
results.

Impedance parameters representing the soil-foundation system spring constants and damping
ratios were derived from the Plaxis2D program, using the degraded shear modulus (G) of the soil
analyzed with HS-Small and PM4Sand models, based on shear strain variations with depth.

To modéel the interaction, stiffness and damping ratios of springs were defined for rotational,
horizontal, and vertical degrees of freedom using link elements. A connection element was placed at
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each end of the foundation, ensuring appropriate rigidity and damping characteristics were
considered.

3. Comparison of numerical models and analysisresults

The structural responses in terms of spectral roof accelerations considering both direct and
substructure method were represented in Figs 3(a). These analyses were performed for both HS-Small
and PM4sand constitutive models to represent the effect of liquefaction on the structural responses.
The spectral accelerations values obtained from liquefiable model (PM4Sand) were calculated lower
than non-liquefiable model (HS-Small). The same effect was observed for the inertial analysis due to
the both the lower spring values which were defined at the bottom of the structure and the base input
motions. Additionally, the effect of the thickness of the liquefiable layer was studied. The Figure 3
(b) shows the response spectra of the accelerations obtained from the 6m liquefiable soil model
analysis. It is observed that the damping effect is directly related with the thicknesses of the
liquefiable soil layer and relative density.
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Figure 3. a) Spectral acceleration comparison for 3m liquefiable soil model, b) Spectral acceleration
comparison for 6m liquefiable soil model.
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Abstract

The main objective of our study was to assess the effectiveness of a ground-improvement scheme that would
densify the potentially liquefiable soils behind a proposed 70-foot-deep bulkhead wall and optimize the design
of the wall itself while satisfying the project’ s performance-based criteria per ASCE 61-14. We evaluated the
effects of wall design to understand the moment demands and the consequent displacements at the end of the
design earthquake excitations at the bulkhead wall.

FLAC2D was used to model the soils, bulkhead wall, and slope behind the wall, for three ground motions
corresponding to a design earthquake level of shaking per ASCE 61-14. Soils that have a high relative density
were modeled as a Mohr Coulomb material with calibrated damping parameters. Liquefiable soils, before and
after proposed improvement were modelled using the PM4SAND model. The bulkhead wall was modeled
using elastic beam elements.

The soil-model parameters were based on field measurements for large-strain and small-strain stiffness
parameters. A two-dimensional-plane strain analysis was conducted which is representative of the central
portion of the 130-foot-long bulkhead wall.

The residual displacement values at the end of the base excitation were about 7 feet at the top of thewall. The
moment magnitudes varied from about 800 kip-ft to about 1,000 kip-ft, depending on the different Design
Level motions. Thelocation of high moment demands on thewall roughly coincided with the depth of interface
between liquefiable and competent soil.

1. Project Overview and Background

The project involves construction of bulkhead wall in a highly seismic location in the United States
of America. Severa boring logs in the area of interest were assessed to develop an idealized cross
section. Preliminary liquefaction analysis showed high soil liquefaction susceptibility. Thereafter,
decisions were made on the need of ground improvement to limit the effect of soil liquefaction on the
bulkhead wall. ASCE 61-14 requires numerical analysis to substantiate the design of bulkhead wall
in liguefiable soils. In this article, bending moments and soil displacements are assessed for asingle
wall type.

2. Development of Input Time Series

Based on the deaggregation from the United States Geological Survey (USGS) Unified Hazard Tool,
the probabilistic seismic hazard analysis (PSHA) is dominated by the a subduction interface seismic
source, with magnitude of about nine point two (9.2). We sel ected records using the metadata obtained
from the NGA-Sub Flatfile R211022, dated October 2021. Time series were developed for three
design categories, i.e., Design Earthquake (DE), Contingency Level Event (CLE), and Operating
Level Event (OLE).

3. Material Properties

To determine representative properties for all soil units (summarized in Tables 1 and 2), we used the
SPT data from the relevant borings in the area of the interest. The SPT data was classified into
corresponding soil units based on their location and depth. For each soil unit, we calculated the best
estimate of (N1)eo values and shear wave velocity (Vs). We then assigned the effective friction angle
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(f'), coefficient of lateral earth pressure (Ko) and Poisson’s ratio (1) for each soil units based on
(N1)eo. Best estimate for PM4SAND [1] propertiesis developed from empirical correlations.

Table 1. Best estimate of properties of soil units modeled as Mohr Coulomb.

(Nyso | Vs(ft/s) | ' (°) Ko 1%
Fill 54 545 41 0.35 0.26
L oose sand 11 355 34 0.44 0.30
Medium sand 23 725 37 0.40 0.28
Dense sand 46 805 41 0.35 0.26
Glacial 41 955 40 0.36 0.26
Bedrock 2,493 0.25 0.20
Table 2. Best estimate of PM4SAND material properties.
Soil zone RD Go hpo
L oose sand Unimproved 48% 405 0.05
Medium sand 70% 775 0.01
L oose sand (85% RD) 85% 835 0.05
- Improved
Medium sand (85% RD) 85% 1,125 0.01

4. Model Geometry

To develop the geometry of the slope and soil stratigraphy (Figure 1), we used the data from eleven
boring logs. The boring locations were superimposed on a satellite photo. One idealized subsurface
cross section, A-A’, was selected as the basis of our subsequent analysesin this article and is shown
in Figure 1. We identified six major soil and rock units at the site, including (1) fill, (2) loose sand,
(3) medium-dense sand, (4) dense sand, (5) glacia soils, and (6) bedrock for the idealized cross
sections. The model contains predominantly quadrilateral elements approximately 3ft long. The
bulkhead wall is 70 ft long which extends from €l. 20 ft to el. -50 ft. The location between the wall
and insitu material isfilled with structured fill with properties same asfill.
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Figure 1. Model Geometry and Soil Sections.

5. Modeling Consider ations

Using the computer program FLAC2D [2], we modeled a two-dimensional section shown on Figure
1. The analysis was performed for pipe-pile wall having an equivalent bending stiffness of 118*106
kips-in? per foot. A final relative density (RD) of 85% was modeled for the improved sandy layers
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behind the wall (land side only) subjected to 3 ground motions of the Design Earthquake (DE) level.
Input motions were applied as stress waves at the bottom of the model and the sides of the model had
free-field elements. Liquifiable soils were modeled as PMASAND materia whose properties are
shownin Table 2.

6. Results

Figure 2 presents the post-earthquake residual displacements for the input motion which resulted in
the largest residual displacements. Figure 3 presents the envelope of the instantaneous bending
moments with depth for the pipe wall and post-earthquake residual lateral displacement for the DE
level motions.

From the examination of the results presented in Figure 3, we note that maximum instantaneous
bending moment of about 940 kip-ft/ft. The maximum residual movement is about 7 feet, with a
maximum differential between the top and the toe of the wall of about 5 feet.
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Figure 3. Envelope bending moment with depth for the pipe wall, and post-earthquake residual lateral
displacement for the DE level earthquake.
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2.Artificial Intelligence-based approachesto dynamic soil-
structureinteraction
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Region-Scale Seismic Simulations and Opportunitiesto Exploit their Output
through Machine L earning Techniques
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Abstract

Regional-scale earthquake simulations are becoming more readily available due, in part, to advances in
computational capabilitiesand the availability of metadatato devel op detailed input models, including regional
geotechnical/geological data and civil engineering asset inventories. Massive data/metadata bracket both ends
of these simulations as input and output, which bear inherent aleatory and epistemic uncertainties, requiring
ensembles of analyses. However, each simulation typically has a very high cost and is unfeasible to execute
(or re-execute) on-demand to explore the sample space through simple grid searches, even with access to the
most advanced computing hardware. Machine learning techniques provide opportunities in multiple
subdomains of these simulations, from devising large asset inventories to imputing missing metadata on the
input side, from interpreting and rapidly classifying results on the output side to establishing models that link
input to output to bypass the simulations altogether. This paper provides a brief overview of opportunitiesin
this realm of research, attempting to delineate major avenues. The prior related studies discussed herein are
only meant to illuminate the subject matter and are not meant as a comprehensive review.

1. Regional Earthquake Simulations: Ruptureto Rafters

It is now well understood that region-scale assessments are needed in order to accurately quantify
seismic resilience due to the inherently interconnected and distributed nature of the built environment
[1, 2]. While there are numerous pathways to achieve this, there appears to be a consensus that is
building around computational tools that enable so-called "rupture-to-rafters’ type anayses, which
encompass characterization of site-specific hazards [3], development and analysis of structure-
specific models to determine asset and system fragilities [4], and examination of holistic loss and
recovery simulations under ensembles of scenario events [5-8].

While the concept of "rupture-to-rafters’ analyses was articulated more than a decade earlier [9],
the development of requisite tools and databases took some time and have only recently become
adequately mature and effective, at least for research purposes (see, for example,[10]). On the hazard
characterization side, data-driven [11] and semi-analytica models [3] with ever-increasing
complexity [12, 13] have dominated both research activities and engineering practice. Nevertheless,
advancesin computational capabilities continuously paved theway for fully physics-based simulation
tools [14, 15]. The validity of such simulation codes as Hercules [16], SPEED [17], and SW4 [18]
have been well examined, and their abilities have routinely increased in capturing regional seismic
wave propagation at resolutions that will now impact earthquake engineering practice (e.g., > 10 Hz).
Multiple efforts around the world have also aimed to make both the simulation codes and their output
readily available in databases [19] and in formats adaptable as input to commercial or open-source
codesfor localized nonlinear analyses of soil-foundation-structure systems[20-22]. Not surprisingly,
the regional scale analyses utilizing these tools are becoming more common and impactful [21, 23].

One of the aforementioned toolsis by Taciroglu and co-workers[21]. It incorporates Hercules and
various other tools for model inventory generation and localized soil-structure interaction analyses,
such as the domain reduction method and perfectly matched layers[22]. Itsworkflow beginswith the
construction of ensemble fault-rupture scenarios and utilization of these in seismic wave propagation
simulations, ending with structure-specific analyses (Figure 1). As stated above, al ingredients of
such workflows are laden with data and metadata (whether physical input data extracted from field
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surveys or computed/synthetic—albeit physics-based—output data from the simulations. The
following section outlines a few opportunities to use these data to generate effective and accurate
machine-learning models, which can enhance the utility and impact of regional simulations.
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2. Machine Learning Applicationsto Regional Earthquake Simulations

The past decade brought extreme advances in Artificial Intelligence (Al) and Machine Learning
algorithms. Coupled with commensurate progress in computing hardware (e.g., GPUSs), applications
have rapidly proliferated, including those in earthquake engineering [24], with a promise of more to
come that will potentially dominate the research activitiesin this area. Omitting a detailed review for
the sake of brevity, Table 1 outlines potential threads of research that can make use of regional
simulation or help improve their effectiveness and accuracy.

Table 1. Potential ML/AI applicationsin regional seismic simulations.

Learning

Class Description Common Algorithms Potential Applications
Train on labeled datasetsto learn  Linear Regression, - Predict structural
Supervised  mapping from inputs to outputs, Random Forests, SVM, performance and damage
make predictions on new data. ANN - Improve eqg. early warning
Unsupervised Works with unlabeled datato find k-Means Clustering, PCA -_Anoma!y detection (e.g.,
hidden patterns or groupings. liquefaction)
Semi- Use asmall amount of |abeled data - Develop model inventories
Supervised combined with alarge amount of Self-training through imputation
P unlabeled data to improve accuracy. - Improve model accuracy
Applies knowledge from one Pre-trained NNs, Domain . e
Transfer domain to arelated problem Adaptation Rapid damage classification
. . Random Forests,
Ensemble Combl hes multiple models to reduce Gradient Boosting, - Predict earthquake impacts
variance. : :
Bagging, Stacking
Physics I ntegrates phys_l ca Iaw_s into Physics-Informed NNs, M odeli ng SSl
learning, ensuring predictions . - Simulating struct. response
Informed . Hybrid Models Y
adhere to known physics. under seismic load
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structure systems:. the case of a multi-story MRF-DBF frame
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Abstract

Real-Time Hybrid Simulation (RTHS) is a technique where the system is decomposed into analytical and
experimental subdomains. These are kinematically linked, and the equations of motion are solved in real-time
to obtain the response of the complete system. In this study, a Neural Network (NN) based macroelement is
developed for introducing soil-foundation interaction into a nonlinear RTHS. The macroelement is shown to
effectively capture the response of the soil-foundation domain when compared to full soil-foundation-
superstructure numerical representations. The NN macroel ement is 2400 times faster compared to a continuum
numerical model of the soil domain, leading to a substantial extension of the RTHS framework for multi-
directional assessments of soil-structure systems under complex loading.

1. Introduction

Nonlinear dynamic analysis is rapidly becoming the primary solution for assessing the performance
of structural systems under natural and man-made hazards. However, this approach entails the use of
a very refined numerical representation of the whole system, whose characterization can be
compromised by the lack of detailed information or the presence of sub-components showing
complex behavior. Real-Time Hybrid Simulation (RTHS) is a powerful technique overcoming these
limitations, based on which the system is discretized into an analytical and an experimental
subdomain. The latter is used to simulate physically critical system components which refined
analytical models do not exist for. The remaining system is instead modelled numerically. Through
the equations of motion, the subdomains are kinematically linked and synchronized in real-time.

In this view, the present study extends the RTHS approach to the simulation of soil-structure
interaction in the time-domain dynamic analysis of structures. This is a critical task as, on the one
hand, it iswell known that soil-structure interaction can substantially alter the dynamic response of a
structural system and, on the other hand, physical modeling of the soil-foundation system is mostly
impractical. Furthermore, numerical modeling of the soil domain requires a non-trivial
implementation, a broad characterization of the behavior at the meso-scale and is computationally
expensive, making highly problematic the real time transmission of information between the
numerical and physical subdomains. To address these issues, in the present study the nonlinear and
frequency-dependent effects relating to soil-structure interaction are lumped into a macroelement,
whose response is formulated using neural network (NN) models. The NN-based macroelement
simulates the soil-foundation restoring forces at the interface with the superstructure at an extremely
low computational effort, making RTHSs feasible.

2. The NN-based macroelement: development and validation

The approach delineated in Section 1 is applied to a three-story building equipped with a selected
seismic hazard resistant system, composed of steel moment and damped braced resisting frames
(named MRF and DBF, respectively) combined with nonlinear viscous dampers [1]. The respective
2D finite element model is shown in Figure 1. The prototype structure presents three stories above
ground and a basement embedded into the soil for a depth of 2.8 m. Beams and columns of the MRF
are modeled by means of explicit force-based fiber elements[2] exhibiting an elastic-plastic behavior
with combined isotropic and kinematic hardening. In the DBF layout, the columns are model ed using
explicit force-based fiber elements, whilst the beams and braces as elastic elements since they are
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designed to remain elastic under dynamic loading. Geometric nonlinearities are accounted for by an
appropriate geometric transformation considering P-A effects. Overall, the superstructure model had
289 degrees of freedom and 138 elements.
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Figure 1. Finite element model of the three story MRF DBF frame and soil-foundation system.

The NN-based macroelement is trained in Python using the results of a coupled soil-foundation-
superstructure (SFS) model for the considered layout in Fig. 1, implemented in OpenSees [3]. The
soil domain is composed of 2429 four-node quadrilateral elements with a total of 4868 degrees of
freedom, where the element behavior is described by a multi-surface plasticity constitutive law with
kinematic hardening [4], knownasPDMY . Thelatter is calibrated to reproduce the subsoil conditions
of awell-documented sandy deposit in Italy [5]. The superstructure rests on shallow footings and the
excavation produced for the installation of the basement is supported by retaining walls. The
foundation structural members are modelled through el astic beam column elements. To train the NN-
based macroelement, it isimplemented into a2D model of the sole superstructure layout created with
the collaborative use of Simulink [6] and HyCoM-3D [7]. A total of 100 seismic records are selected
from PEER NGA ground motion database [8] to train the NN model, where the selected ground
motion records are representative of the seismic hazard on a stiff outcrop for the case at hand.
Nonlinear dynamic time history analyses are carried out on the complete SFS model to compute: (i)
the generalized restoring forces; and (ii) the corresponding displacements and rotations at the
interface between the superstructure and the soil-foundation domain. These are quantities used to
train the NN macroelement.

The NN-based macroel ement consists of four Long Short-Term Memory (LSTM) layersfollowed
by a dense fully connected layer. The input for the macroelement is represented by the ground
acceleration at the base of the soil domain along with the displacements and velocities at the
foundation-superstructure interface (a total of 13 inputs). Accordingly, the macroelement provides
the 6 generalized forces exchanged with the superstructure. The Adam optimizer [9] is used during
training to update the weights of the NN and mean square error of the loss function.

The effectiveness of the proposed model to reproduce the seismic performance of the considered
structure isillustrated in Figure 2 in terms of the time histories of the horizontal (X) and vertical (Y)
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roof displacements for a generic seismic scenario (not included among the ones used for training the
NN model) scaled to MCE hazard level. The NN macroelement accurately reproduces the response
predicted by the complete SFS model. The normalized root mean sgquare error in the X and Y
directions is 0.48% and 1.09%, respectively. It is also worth mentioning the extremely high
computational efficiency of the proposed approach: the NN-based macroelement requires 0.5 seconds
of CPU to perform the analysis compared to the 20 minutes associated with the 2D soil-foundation
OpenSees model (that is, the proposed approach is 2400 times faster than the reference one).
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Figure 2. Comparison of OpenSees full S-S model with the Smulink model of the structure and NN-based
macr oel ement.

The proposed integration of the RTHS framework with artificial intelligence paves the way to new-
generation approach for simulations, in which the development and real-time cyber-physical testing
of novel hazard mitigation solutions for civil infrastructure can be used to assess the entire system
accounting for soil-foundation-structure interaction effects.
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Abstract

Monopiles support 60% of existing offshore wind turbines (OWTS). However, their effective design remains
expensive and challenging due to complex, nonlinear soil-structure interaction (SSI) under varying loads.
Moreover, during their lifetime, OWTs will experience large storm surges that may negatively affect their
structural safety. Current design codes do not provide sufficient guidance on tackling these problems. To
address these issues, firstly, this study provides simple equations derived from numerical data, that estimate
the change in the fundamental frequency of OWTs due to soil stiffness degradation, post-storm. Secondly, it
presents an explainable Al, pAlle, using the long short-term memory model that can predict pile head
displacements and rotations in response to cyclic environmental loads. This Al can aso be used for rapid
monopile size optimization and post-storm deformation assessment. 108 parametric finite element analyses
were conducted, considering different pile diameters, lengths, soil strengths, and loading scenariosto build the
data base for both aspects of this study. Shear stiffness degradation ratios were utilized to predict the change
of natural frequency, given the mudline loads. Testing results showed that pAlle efficiently predicts pile head
displacements and rotations (R°=0.995), by reproducing non-linear SSI. Finally, feature importance analysis
showed that it correctly understands which physical parameters govern pile head deformations.

1. Introduction

With climate change in mind, expanding energy generation via offshore wind turbine (OWT) farms
along extensive coastlines becomes a viable solution to achieve carbon neutrality. Monopiles,
supporting 60.2% of existing OWTs [1], are critical structures influencing the safety and energy
efficiency of these dynamic systems. However, their effective design remains expensive and
challenging. Moreover, accurate guidelines are lacking on how common storm surges may affect the
natural frequency and performance of OWTSs [2]. Current OWT monopile design challenges stem
from complex nonlinear soil-structure interaction (SSI) under varying loads, often oversimplified in
design codes, such as neglecting intermediate pile behaviour (not rigid or flexible), soil damping,
inertia of soil, and pile gapping [3]. To address these issues, firstly, this study provides a simplified
method to estimate the natural frequency change of OWTs post-storm, due to soil stiffness
degradation. Secondly, it presents an Al model, pAlle, that predicts fully nonlinear pile head
deformations in response to cyclic loads, and can also be used to rapidly size monopiles at the
preliminary design stage, readily considering nonlinear SSl.

2. Methodology

To generate the data necessary for the above solutions, high-fidelity finite element (FE) models of
monopile-supported OWTs in clay were built and validated against dynamic centrifuge tests
conducted by Lal et al. [4]. Subsequently, a parametric analysis of 108 scenarios was conducted,
considering different pile diameters, lengths, soil strengths, and loading scenarios. All permutations
of the parameterslisted in Table 1 were modelled in FE. OpenSees was selected as the FEM platform
for high-fidelity modeling and STKO [5] for facilitating the use of the open-source software. A multi-
axial cyclic bounding surface plasticity soil constitutive model [6] was adopted to capture the
undrained cyclic behavior of clays, and abeam-solid contact element [ 7] based on the Mohr-Coulomb
frictional model with tension cutoff to facilitate pile gapping and realistic soil-pile interaction. The
utilized FE elements and environmental |oading scenarios are depicted in Figure 1.

60



Computational Dynamic Soil-Structure Interaction — CompDSS|, Assisi, Italy, September 11-13, 2024

Table 1. The range of variables considered in FEM simulations.

Diameter: 4 m 5m 6m 7m
Length: 26m 30m 40 m
Clay soil su.= 40 kPa su.= 75 kPa su= 120 kPa
parameters: Gmax= 14 MPa Gmax= 29 MPa Gmax = 46.5 MPa
L oad Mumax = 141 MNm Mumax = 267 MNm Mmax= 360 MNm
scenarios: Frax=2.9 MN Frax= 4.3 MN Frnax=5.3 MN
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Figure 1. Dimensions and adopted elements of FEM models a). The three considered pile head loading time

histories b). FEM model validation results c).

Table 2. Input and output variables of pAlle.
Input Output
Horizontal force and moment time history (F, M) [N, Nm]
Pile diameter, length, bending stiffness (D, L, EI) [m, Pam?]
Undrained shear strength and shear modulus (s, Gmax) [Pa]  Pile head rotation time history (0) [rad]

Pile head displacement time history (d) [m]

During simulations, the shear stiffness degradation ratios (G/Gmax) at 1D (pile diameter) depth were
recorded and utilized for the estimation of post-storm OWT natural frequency changes. Secondly,
pile head displacements and rotations were collected to train pAlle. The parameters that fully define
the problem of OWT monopole design, and as such are used to train pAlle arelisted in Table 2.

3. Reaults

For post-storm natural frequency change, G/Gmax around the monopile can be estimated using a set
of curves derived from the FE data, for given soil and pile parameters and according to maximal
mudline forces that occur during a storm. These curves are published in Kato et al. [8]. Subsequently,
a set of formulae were derived that correlate the natural frequency change of the whole OWT with
estimated post-loading G/Gmax values around the monopile. Following the data published in Kato et
al. [8], separate formulas were identified for flexible (Eg. 1) and rigid (Eq. 2) piles. The coefficient
of determination (R?) is0.97 for Eq. 1 and 0.9 for Eq. 2.

f(I)mst—storm — f0(1 _ (19_ 45e—5(G/Gmax))/100) (1)

f(g;ost—storm = fy(1 — (0.67(G/Gpay)”+18)/100) (2)
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where P S°Misthe post-storm natural frequency of the OWT, foisits undamaged natural frequency,
and G/Gmax is the stiffness degradation value at 1D below the mudline. Such ssimple but reliable
formulae can aid in the post-storm safety assessment of wind turbines at offshore farms.

pAlle is an explainable Al trained on high-fidelity FE data using the long short-term memory
(LSTM) model and explained via a feature importance anaysis. pAlle predicts pile head
displacement and rotation histories of an arbitrarily sized monopile in clay, subjected to sinusoidal
wind and wave loading. Testing results showed that pAlle accurately (R? = 0.995) predicts pile head
deformations both at small strains and at post-failure flow state. It was able to reproduce nonlinear
SSI phenomena, such as cyclic accumulation of plastic strains, plastic flow, and damping, as shown
in Figure 2. Feature importance analysis showed that pAlle correctly understands which physical
parameters govern pile head deformations. Finally, pAllewaswrapped into a Python |oop to optimize
monopol e size by varying pile length, diameter, and flexural rigidity until the predicted deformations
satisfy serviceability and ultimate limit criteria. The procedure takes 2 seconds and only requires
readily available inputs: design wind and wave loads, and basic soil parameters.
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Figure 2. Pile head |oad-displacement predictions by pAlle against FEM results for a post-failure scenario a)
and a pre-yield scenario b). The applied load corresponding to the highlighted (red) time intervalsis shown in
c). Prediction errors are quantified in terms of mean squared error (MSE).
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3.Mitigation of natural hazardsin urban settings
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Mitigation of Seismic Liquefaction in Stratigraphically-Variable and Urban
Sites

S. Dashti?, C. Bessette! and Y.W. Hwang?
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Abstract

The existing engineering methodologies for liquefaction mitigation rely on free-field triggering in uniformly
layered granular soil deposits. These methods routinely ignore cross-layer interactionsin realisticaly stratified
deposits, soil-structure interaction (SSI) on shalow foundations, or interactions between closely spaced
structures in urban settings (structure-soil-structure interaction [SSSI]). In this presentation, through an
experimental-numerical-statistical study, we show that these methods are unreliable, jeopardizing our ability
to assess and mitigate liquefaction vulnerability. More than 4,000 fully-coupled, 3D, dynamic finite element
analysesin OpenSees, validated with centrifuge experiments, show that combining ground reinforcement with
drainage and densification improve foundation's settlement. These methods, however, may increase
foundation’ stilt potential, which must be eval uated on a case-by-case basis. The combined influence of seismic
coupling and stratigraphic variability on mitigation efficacy is shown to be significant in terms of foundation
tilt, spectral accelerations, and flexural drifts experienced within the superstructure of both mitigated and
unmitigated neighbors. These effects are notable for spacing-to-foundation width-ratios (S'W) aslarge as 1.0,
which are common in cities. Additional measures and technologies may be needed to reduce tilt to acceptable
levels in closely-spaced cluster configurations and realistically stratified deposits, while simultaneously
strengthening both the ground and structures at an area-level. Physics-informed machine learning is
subsequently used to identify the key predictors and models for foundation’ s settlement ratio, which can guide
the future design of mitigation near buildings.

1. Background and introduction

Recent case histories as well as experimental and numerical studies have demonstrated that methods
for liquefaction triggering, consequence, and mitigation in the free-field do not apply to buildings on
shallow foundations [1,2], because of differing seismic demands, deformations, and flow patterns.
Much effort has been directed toward improving our understanding of soil-structure interaction (SSI)
and structure-soil-structure interaction (SSSI) on uniformly layered deposits of liquefiable clean sand
with or without mitigation [4-7]. Though insightful, saturated and susceptible granular depositsin the
field often have non-uniform stratification and uncertain layer continuity, including low-permeability
silt or clay interlayers [8]. Previous studies have revealed that liquefaction-induced lateral spreading
can manifest even in slopeswith inclinationsas gentle as 0.3-1°, resulting in substantial displacements
of upto 2 mand posing risksto critical infrastructure and lifelines (O’ Rourke and Lane 1989). Similar
displacements may result from non-uniform or sloped stratigraphies. Additionally, the severity of
liquefaction manifestation can be strongly influenced, if not controlled, by interactions among soil
layers in interbedded deposits, as demonstrated during the 2010-2011 earthquake sequence in
Christchurch, New Zealand [9]. Nevertheless, these system-level effects are poorly understood and
are not included in existing triggering and settlement procedures, particularly near structures. Hence,
they are also not included in designing mitigation strategies. The next generation of liquefaction
procedures need to account for complexities associated with SSI, SSSI, and stratigraphic variability.

2. Fully coupled 3D dynamic finite element simulations

Three-dimensional (3D), fully-coupled, effective stress, nonlinear finite element (FE) simulations
were performed within the object-oriented, paralel computation platform OpenSEES [11] on the
Alpine supercomputer at CU. These simulations were first validated with a series of centrifuge
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experiments and then expanded with additional input parameters. To model the nonlinear response of
the granular soil layers, we used the pressure-dependent, multi-yield surface, version 2, soil
constitutive model (PDMY 02) implemented in OpenSEES [3]. A small-strain Rayleigh damping
value of 3% at frequencies corresponding to the soil column’s first and third initial modes was used
in addition to the model’ s hysteresis damping, following a similar methodology adopted in [7].

Following calibration and validation, a comprehensive numerical parametric study followed in
3D (a sample of which is shown in Fig. 1 schematically). Soil stratigraphy, interlayering, and
mitigation properties (with dense granular columns) were varied in these simulationsto evaluate their
effects on the performance of isolated and adjacent, similar and dissimilar structures and identify the
key predictors of performance. The parameter space was determined using Quasi-Monte Carlo
sampling, leading to more than 4,000 total simulations.
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Figure 1. Schematic view of a subset of numerical model configurationsin the parametric study.
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3. Effectsof interlayering and SSSI on foundation performance and mitigation effectiveness

Fig. 2 describesthe trends from asmall subset of 3D simulations on the effectiveness of various DGC
mechanismsfor isolated structures. We compare the EDPocc/EDPnm predictions from five of the soil
models (Fig. 1) for two structures and zgwt = 2 m, along with their absolute values (NM or DGC), to
evaluate the effect of stratigraphic variability on DGC performance. The results highlight the
effectiveness of draining DGCs (k- = 100) in reducing ¢ compared to NM. The simulations also
indicate that interlayering in the deposit can notably amplify the negative influence of SSSI and
seismic coupling on foundation tilt. The key predictors of onw for an isolated structure are identified
as CAV of the outcropping rock as well as the thickness of the loosest sand layer and thickness to
depth ratio of silt and clay interlayers. The key predictors of docc/dnm are identified as foundation
width, thickness, relative density, and depth to critical layers within the foundation’ s influence zone.
Two machine-learning methods (i.e., the random forest and lasso with classical regression) are used
to develop predictive models of foundation performance and optimize model uncertainty.

65



Computational Dynamic Soil-Structure Interaction — CompDSS|, Assisi, Italy, September 11-13, 2024

MnEay o~ Amactaw o= o= Uil

1 R N L o
= % 'IE =l ' W)

Pervii. Tih, O ey )

Senlessnil &

[

: q.-nr-r.:l H,-_.,,

i, [hit ¥ Ralic

1
:h'r- i,

E- w1
s N N—
]

E 4 %

Aol (L1
Figure 2. Median normalized (ratio of mitigated to unmitigated) response, mitigated response (with DGCs),
and response with no mitigation (NM) for different models for a subset of numerical simulations.
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Abstract

Surface waves might cause significant building damage at large distances from an earthquake epicenter,
particularly when they are amplified by sedimentary layers in basins. The rotational components of these
ground motions, often neglected in traditional assessments, can further exacerbate seismic damage. Therefore,
accounting for three-dimensional ground motions, including rotational effects, in seismic risk management
could be important. To reduce structural vulnerability, one approach is to prevent earthquake mation from
reaching the structure's foundation. A practical solution involves using vertical rigid materials, or rigid
inclusions (RIs), in the soil, which serve as wave barriers to attenuate seismic waves through frequency
bandgaps. Rls can be installed beneath the foundation or around it as abarrier, especially in cases dealing with
existing structures. This study examines a soil-structure interaction (SSI) model under 3D seismic loading,
focusing on a structure with a foundation reinforced by RIs, situated over a sedimentary basin. The research
assesses the seismic response and damage potential using a three-dimensional wave propagation model that
incorporates local geology using a Performance Based approach. The findings evaluate the effectiveness of
Rls in mitigating seismic damage through parametric dynamic analyses, exploring both the beneficial and
detrimental effects of this mitigation strategy.

1. Introduction

Seismic surface waves, particularly those affecting structures located above sedimentary basins, can
significantly amplify and extend the duration of seismic events. This phenomenon has been well-
documented in previous studies [1, 2], indicating that the unique geological features of basins can
exacerbate seismic amplification in both intensity and duration. Moreover, the geological featuresin
sedimentary basins impose in the full seismic wavefield a complex three-dimensiona (3D) aspect,
characterized by ground motions including both horizontal and rotational components. While
rotational components of ground motions are often overlooked in traditional earthquake engineering
assessments, these can be especially induced by surface waves (Love and Rayleigh) in basins,
substantially increasing the destructive potential of moderate earthquakesin such areas and, therefore,
pose significant challenges in seismic risk management.

In response to these challenges, treating the subsoil to modify its mechanical characteristics has
emerged as a potential mitigation strategy, as it can reduce the amplitude of seismic waves reaching
structures [3, 4]. This can be achieved by either increasing the inertia of the foundation with respect
to the soil, or by creating a dynamic altering system in the soil. Among the various techniques
available, one solution is the use of vertical rigid materials in the soil. These materials act as wave
barriers, mitigating seismic waves and surface waves by exhibiting bandgaps at different frequencies
that result in seismic wave attenuation [5]. In this topic, a Rigid Inclusion System (RI) is a soil
improvement technique commonly employed to increase the soil-bearing capacity and limit the
settlement of the superstructure, making them a viable option for creating such an altering system. In
situations where existing structures are concerned, upgrading the structure is not aways feasible or
cost-effective, thus, an alternative solution is the retreat of the foundation. In this case, the same
vertical rigid materials are inserted into the soil around the foundation and serve as a periodic wave
barrier by restraining the wave's arrival at the foundation.

This study builds on this foundation by exploring the use of RIs as a method for altering soil
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characteristics to protect infrastructure in earthquake-prone urban areas. The study uses a
Performance Based approach [6] to compare both the demand and the capacity of the infrastructure
and therefore have a comprehensive assessment of the effectiveness of the RIs in mitigating the
structural damage from 3D basin-induced ground motions.

2. Modelling approach for the quantification of structural responseduetoregional 3D ground
motions

The numerical study presented here represents arealistic soil-structure interaction (SSI) model under
seismic loading, focusing on a reinforced concrete bridge pylon in soil reinforced by RIs over a
sedimentary basin. The time-domain nonlinear response-history analyses (NRHAS) are performed
with a three-dimensional wave propagation from the earthquake source to the structure, including
local geology (i.e., the basin), using the coupled method based on the Domain Reduction Method
(DRM) based on the work of [7]. The study utilized the spectral element code SEM3D [8] for large-
scale wavefield generation, considering the earthquake source, regional geological features and local
soil layers. The regional model is coupled with the finite element method (FEM) software CodeAster
[9], which modelslocal interactions involving the surficial soil layers, the infrastructure, and the RIs.
The transition of wavefields from the 3D regional scale to a reduced, more focused domain is
facilitated by paraxial boundaries, ensuring an accurate representation of local effects on structures.
Regional wave propagation simulations and subsequent localized analyses are conducted in order to
capture the distinct characteristics of surface waves impacting the barrier-soil-structure system. A
schematical representation of the main features of the 3D numerical model, as well asthe size of both
regiona and local domains, isillustrated in Figure 1.
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Figure 1. Schematic reprwen"tation of the regional and reduced domains, including RI foundation and
infrastructure.

Parametric dynamic analyses are carried out by considering either the rigid inclusions beneath the
foundation or on the outside, working as abarrier. Each pile isimplemented with beam elements, and
their mechanical properties are carefully selected to match typical reinforced concrete, ensuring
realistic simulation conditions. A comparative analysisis designed where three model s are devel oped:
two incorporating the RIs (beneath or as a barrier) and another without them.

3. Main outcomes of the study and per spectives

The study pretends to achieve a deeper understanding of the relationship between the characteristics
of RIsand the attenuation of seismic wavesin the frequency domain, particularly those with rotational
components such as Love and Rayleigh waves. It also aims to clarify the extent to which RIs can
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mitigate seismic-induced structural damage by using a Performance Based approach. By comparing
the performance of structures with and without RIs, the research will provide valuable insights into
the potential benefits of this retrofitting method.

Initial findings showed similar results from the two RI configurations tested in this study in terms
of attenuation bands, indicating the feasibility of retrofitting existing structures. Whileinitial findings
suggest that the implementation of RIs can significantly reduce several Intensity Measures (IMs) as
indicators of the seismic response at the ground level, the introduction of RIs aso atered the
mechanical characteristics of SSI, leading to complex structural responses under 3D ground motions.
These findings highlight the need for further research to fully understand the implications of using
RIs in seismic risk mitigation. Future work should focus on refining the understanding of these
complex interactions and exploring additional configurations and materials for optimizing the
performance of RIsin different seismic scenarios.
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Abstract

Seismic hazard is recognized as one of the main causes of structures and infrastructure failure worldwide.
Geotechnical Seismic Isolation (GSl) systems have emerged as a mitigation technigue that enhances soil
behavior through natural or modified geomaterials. Soil-rubber mixtures (SORMs) are recognized as an
effective eco-sustainable solution for protecting structures in earthquake-prone regions [2]. The main idea is
to improve the soil immediately underneath the foundations using SoORMs so that seismic energy will be
partialy dissipated within SORM s before being transmitted to the structures. SORMs are generally obtained by
mixing sand or gravel and granulated tyre rubber. Rubber grains for the mixtures are manufactured from End-
Of-Life Tyres (ELTs), the disposal of which has become a severe environmental problem worldwide. Recent
|aboratory tests on gravel-rubber mixtures (GRMs) have highlighted their good static and dynamic properties
[3-4]. Comprehensiveinvestigations, including numerical analyses and small-scale experiments, evaluated the
effectiveness of GRMsas GSl systems[5]. Only one full-scale test was recently performed on the EuroProteas
prototype structure located in the Euroseistest site (Greece), after replacing the foundation soil with GRMs
characterized by different rubber contents[2]. These tests demonstrated that a GRM characterized by arubber
content per weight equal to 30% (GRM 70/30) can effectively dissipate the seismic energy within it before
being transmitted to the structure. Following these promising outcomes, the dynamic interaction between
GRMs and buildings was further investigated numerically, focusing on the effects of the GRM 70/30 layer
beneath the shallow foundations of areal structure.

1. The FEM models

Parametric analyses were performed varying the seismic motions and the GRM layer thickness.

The analyses were performed developing three different FEM models (Figure 1): i) without the
GRM layer as abenchmark model (Model 1); ii) witha0.80 m GRM layer (Mode 2); iii) witha 1.50
m GRM layer (Model 3). The main dimensions of the FEM models are reported in Figure 1. The
hypothesized GRM, as previously introduced, was the same mixture adopted for thelarge tests carried
out in Greece [2], (GRM 70/30). The chosen structure was a typical reinforced-concrete Italian
building, damaged by the 2018 Catania earthquake. It was modelled by 2-node Hermitian beam
elements, considering different moment-curvature curvesto consider nonlinear behavior [6]. Both the
soil-structure system without the GRM and with the GRM were modelled, using plane-strain 4-node
2D-solid elements and adopting an equivalent visco-elastic constitutive model for the soil and the
GRM. The main properties of the structure, soil deposit and GRM layer are reported in [6]. The
element size was 1/6 + 1/8 of the ratio between shear waves velocity in the GRMs layer and the
maximum significant frequency of the dynamic input. In addition, a finer discretization near the
structure was considered to consider the areas with high stress concentrations. As regards the
boundary conditions, the horizontal displacements of the structure beams in the y-direction were
linked by "constraint equations’ to simulate an axial rigid diaphragm. The nodes at the soil's lateral
boundaries were connected by "constraint equations” that ensured the same y- and z-trandations at
the same depth. Nodes at the model's base were constrained only in the vertical direction and, to
simulate the bedrock, dashpots were applied at the base of the model, following Lysmer and
Kuhlemeyer [7] formulation. Contact surfaces were appropriately defined between the foundation
and the soil for Model 1, and between the foundation and the GRM layer for Models 2 and 3, to
simulate interaction phenomenasuch as uplifting and/or sliding, assuming afriction angle of 6 = 2¢/3.
The material viscosity was modelled according to the Rayleigh damping. The loading conditions
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applied to each model included: the weight of the entire model, distributed loads on the beams
(evaluated in the seismic design combination), and vertical forces on the columns. Nine
accelerograms were applied to the dashpots as input motions. two recorded and seven spectrum-
compatible according to [8]. For more details see [6].
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Figure 1. FEM models: (a) Model 1: soil-structure system, W|thout the GRM layer; Models 2 and 3: a zoomed
view (near the building) of the two FEM modelsincluding the GRM layer underneath the structure of 0.80 and
1.50 m, respectively, modified by [8].

2. Reaults and conclusions

The performance of the GRM 70/30 layer as a GS|I system was assessed by examining the seismic
responses of Models 1, 2 and 3, considering the nine accel erograms. Among the results eval uated, by
way of example, the envelope of the elastic response spectra in acceleration for the configuration
without the GRM layer (Model 1) and with the GRM layer of 0.80 m and 1.50 m (Models 2 and 3,
respectively) for the foundation and the roof motion, assuming adamping ratio equal to 5% are shown
(see Figure 2).

In general, the GRM layer leads to a general decrease in spectral acceleration and a tranglation of
the spectral acceleration peakstoward higher periods. Thisresult istypical of all those systems where
valuable DSSI phenomena occur. The spectral accelerations decrease as the GRM layer thickness
increases. This effect is due to the different strain level activated by the GRM layer: the strain level
induced by the GRM layer with athickness of 1.50 m is more significant that that with a thickness of
0.80 m, leading to a more pronounced decrease in shear modulus and an increase in the damping
ratio. More specificaly, at the roof level, the GRM determines an excellent reduction (average
value = 40%) in spectral accelerations for the period range 0-0.8 s and 0-0.9 s, by using the 0.80 m
and the 1.50 m GRM layer, respectively. At thefoundation level, asignificant reduction of the spectral
accelerations is obtained for periods lower than 0.2 s and 0.3 s, as well as for periods in the range
0.4-0.9 s and 0.5-0.9 s, by using the 0.80 m (average value=15%) and the 1.50 m GRM layer
(average value=25%), respectively. But the effects of soil-GRM-structure interaction could not
always be beneficial: for period ranges equal to 0.2—0.4 sand 0.9-2 sby using the 0.80 m GRM layer,
aswell asfor period ranges equal to 0.3-0.5 sand 0.9-2.0 s by using the 1.50 m GRM layer, thereis
anincrease (up to 20%) in the spectral accelerations at the foundation, the more significant, the higher
the GRM layer thickness. So, GRM layers underneath foundations appear to be a valuable GSI
solution even with reduced thicknesses. Nevertheless, careful attention should be devoted to the
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period ranges inside which GRM have irrefutable positive effects. Further Authors' studies will be
aimed at parametric analyses involving different site seismicity, soil types and structures, as well as
analyses concerning the static behaviour of GRM-structure systems, also considering the durability
of the overall performance over time.
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Figure 2. Comparison between the envelopes of the elastic response spectra in acceleration at the foundation
and the roof: (a-b) without and with GRM layer having a thickness h = 0.80 and 1.50 m.
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Soil-structureinteraction asa meansfor optimising hazard resistant solutions:
the case of Tuned Mass Dampers
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Abstract

The dynamic behavior of foundation soils can compromise the performance of Tuned Mass Dampers (TMDs)
aimed at mitigating earthquake- and wind-induced vibration in structures. Therefore, the present study
illustrates a multi-scale analysis of dynamic soil-structure-TMD interaction, as a framework to design TMDs
accounting for the soil compliance. In afirst stage, advanced numerical simulations on a coupled soil-building
model were carried out to grasp soil-structure interaction effects controlling the seismic performance of TMDs.
Thisled to the devel opment of an up-scaling process, setting up asimplified, interpretative model reproducing
cardinal features of soil-structure-TMD interaction. Its extensive use pointed out critical soil-structure layouts
in which TMDs can partly or fully loose their effectiveness. Therefore, optimised correlations between the
TMD parameters and the ones featuring the soil-structure system were devised, exploiting the dynamic
coupling of the whole system. The effectiveness of the optimised design was finaly validated against the
results of time-domain dynamic analyses.

1. Understanding: advanced numerical modelling

The frequency-dependent and nonlinear interactions between soil, structure and classically designed
TMDs(i.e., nelecting soil-structure interaction) was investigated through nonlinear dynamic analyses
on a comprehensive numerical model of a 3D soil-building system [1] developed in OpenSees [2],
shown in Fig. 1. The model simulates a case study situated in the earthquake-prone Pantano region
(Messina Strait, Italy), whose subosil is composed of a coarse-grained deposit (Cat. C in European
standards, EN 206-1) with friction angle of 38° [3,4]. The subosil is discretised by brick elements
exhibiting a highly nonlinear, hardening behaviour [5]. The building is a RC existing strcuture
designed in accordance with an outdated Italian code [6]. Its members are modelled as elastic-plastic
fiber section elements. The TMD s integrated into the system as masses placed at the top of the
building and connected to the latter by means of rheological devices. Because the TMD effectiveness
is sengitive to the mass ratio MR=mrmp/ms between the TMD mass and the one of the building, a
large variability of MR was explored.
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Figure 1. Mesh of the 3D soil-building-TMD model.
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Figure 2 plots the effectivness n of the TMD, taken as the reduction of the maximum interstorey drift
of the building compared to the case with no TMD, as afunction of MR and for different intensities
of a spectrum-compatible seismic record (IM=0.5, 0.75, 1.0, 1.25 for the Full Operational, Damage
Control, Life Safety and Near Collapse Limit State, respectively). The TMD effectiveness appears
very sensitive to the intensity of the seismic input, due to the the detrimental effect induced by the
nonlinear soil response. This unfavourable effect dominates the one produced by the nonlinear
structural response as the alteration of n produced by IM is much more limited when soil-structure
interaction is neglected (Fig. 2a vs 2b). Nonethless, large MRs can lead to a positive TMD
effectiveness even under strong ground motion.
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Figure 2. TMD effectiveness in the a) fixed-base model and b) soil-building model.

2. Interpretative model

On the basis of the understanding gained by advanced modelling, an interpretative model, named
SimilSDOF, was devel oped as a manageabl e tool for extensive assessments [7]. This model extends
the two-masses system (M« + mrmp) used in standard design to soil-structure interaction. The
SimilSDOF was initidly used in a global sensitivity analysis to point out the non-dimensional
parameters controlling the TMD performance [ 7], which, in addition to the ones used in conventional
design, were found to be the structure-to-soil relative stiffness, the structural slenderness, the
foundation aspect ratio and the radius of gyration of the structure. This paved the way for an optimised
design criterion for TMDs.

3. Optimised design criterion for TMDs

The SimilSDOF was therefore used to carry out a parametric analysis varying the dominant
parameters, with the aim of identifying optimal configurations of the TMD minimising seismic-
induced structural deformations. As a result, optimum analytical expressions were devised for the
TMD fundamental frequency and damping ratio, with the aid of multi-objective, multi-dimensional
best-fitting methodol ogies. These parameters were correlated to MR and the ones dominanting soil-
structure interaction effects (see Section 2). The soil-driven optimised criterion is expressed in a
rigorous non-dimensional form and can be directly used for design purposes, enhancing structural
performance by a convenient tuning of the device to the soil-structure system.

4. Standard practice vs soil-driven optimised design

A comparative assessment was performed between the proposed soil-driven TMD design (OPT) and
the largely diffused Den Hartog (DH) criterion [8] neglecting the soil compliance. A variety of soil-
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structure layouts equipped witha TM D were investigated by means of time-domain dynamic analyses
using the SimilSDOF, considering MR=5-30 % and multiple ground motions.

Preliminary results of the parametric study are consicely depicted in Figure 3, asthe ratio nopt/npbH
plotted as a function of the TMD effectiveness obtained with the conventional design, non. Three
regions can be identified, corresponding to negligible soil-structure interaction (DH is still the
optimum), significant coupling between the dynamic response of the structure and the soil (DH loses
partly its effectiveness) and response dominated by the soil (npn reduces to a minimum).

In aminor percentage of cases, the soil-driven design worsens slightly the performance provided
by DH. Conversely, in most of the cases, the optimised design improves evidently the performance,
with maximum values of norr/mpr attained when soil-structure interaction impacts significantly
structural performance.

The discussion above is a preliminary demonstration of the capability of the soil-driven design to
tune conveniently the characteristics of TMDs to the overal dynamic response for enhancing
structural safety and usability. By virtue of these promising results, the proposed methodology is
currently being extended to a broader class of hazard protection devices.
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Figure 3. Comparison of the effectivenessin an optimized and a classic procedure for TMDs.
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Modelling Liquefaction Effects— From Lateral Spreading to Soil-Structure
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Abstract

Sail liquefaction induced by earthquakes can cause significant damage to adjacent structures and lead to
considerable economic loss. The mechanism and effects of soil liquefaction have been studied extensively
throughout the years. With the development of computational tools and advanced constitutive models which
can capture complex soil behavior under various loading and drainage conditions, numerical modeling has
become popular for predicting liquefaction-induced ground failure, deformations, and effects induced by this
phenomenon. This is particularly true for Soil Structure Interaction (SSI) problems where the interaction
between the liquefied soil and pile foundations is highly nonlinear and inherently complex in nature. In this
paper, we examine important considerations that must be taken into account when numerically evaluating soil
structure interaction effects due to liquefaction effects including the capabilities of the constitutive model,
boundary conditions, solution strategies, and soil-pile interface representation.

1. Problem Statement

In this presentation, we focus on addressing the significant risks posed by soil liquefaction, a
phenomenon triggered by seismic events that compromises the integrity of structures built on loose,
saturated soils. Liquefaction causes soilsto lose their strength and stiffness, transforming into afluid-
like state, which can result in severe structural damage. One of the most critical consequences of this
processislateral spreading, where large horizontal displacements of soil occur, particularly in sloped
areas or near riverbanks. These displacements exert substantial forces on structures such as bridge
foundations, increasing design demands and potentially leading to failures. The complex and
nonlinear interaction between liquefied soil and structural foundations, known as Soil-Structure
Interaction (SSl), presents a challenging problem that requires advanced computational techniques
and robust constitutive models to model accurately.

2. Scope of Work

In this study, we explore and evaluate various methods for the numerical modeling of liquefaction
effects, with a particular emphasis on lateral spreading and SSI. The study [3] covers several key
areas.

a. Finite Element Formulations: We examine finite element (FE) methods, including the
widely used u-p and u-p-U formulations based on Biot’s theory of poroelasticity [3]. These
formulations are crucial for modeling the coupled behavior of the soil skeleton and pore fluid
during seismic events, providing the necessary framework for understanding the dynamic
response of soils.

b. Constitutive Models: Weinclude acritical analysis of constitutive models, particularly those
designed to simulate cyclic loading in soils. The focus is on the Manzari-Dafalias model, a
sophisticated plasticity model capable of capturing both dilatant and contractive behaviors of
sands under seismic loading conditions [Fig-1a][1][2]. This model’s ability to represent the
critical state conditions and cyclic response of soils is discussed in detail, highlighting its
relevance for accurate seismic soil modeling.
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c. Boundary Conditions: We emphasi ze the importance of implementing appropriate boundary
conditions in FE models to achieve accurate simulations. Various strategies, including
transmitting boundaries and the Domain Reduction Method (DRM), are reviewed to ssimulate
seismic wave propagation and its effects on local soil-structure systems, ensuring that
boundary effects do not distort the simulation outcomes [3].

d. Soil-Structure Interaction (SSI): We explore the interaction between structural elements
(e.g., piles) and liquefied soil, with a focus on advanced modeling techniques like the
embedded element approach [Fig-1b][4]. We discuss the challenges of simulating SSI,
including the need for accurate representation of the soil-pile interface and the complexities
introduced by large deformations and soil-structure contact mechanics.

e. Validation and Case Study: We highlight validation efforts using experimental data from
the LEAP (Liquefaction Experiments and Analysis Projects) initiative. A case study involving
the lateral spreading of a soil-pile system is presented to illustrate the practical application of
the discussed modeling techniques and to demonstrate the effectiveness of
the proposed methods in real-world scenarios [3].

(a) (b)
Figure 1. @) Manzari Dafalias yield surfaces and mapping method, b) Embedded beam-solid element for S3

3. Findings

The findings of this study indicate that advanced constitutive models, like the Manzari-Dafalias
model, when coupled with robust FE formulations, are critical for accurately predicting the effects of
soil liquefaction and lateral spreading on structures. Validation efforts using LEAP data demonstrate
that while current models can reasonably simulate seismic soil behavior, challenges remain,
particularly in capturing large deformations and the transition from solid to fluid-like behavior in
soils. The embedded element approach for SSI modeling is highlighted as an effective method for
simulating the complex interactions between piles and surrounding soil, though further refinement is
needed to improve the accuracy of large-scale simulations.

In this study, the case study demonstrates that the orientation of seismic motion relative to the slope
direction [Fig-2a] significantly influences the structural demands on piles [Fig-2b]. Simulations
indicate greater displacements and higher structural demands when the seismic motion is applied
parallel to the slope, underscoring the importance of considering directionality in seismic design.
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(a) (b)
Figure 2. (a) Liquefied soil response to loading in different directions, b) Pile structural response

4. Conclusion

In this work, we provide a comprehensive overview of the numerical modeling approaches required
to simulate the complex phenomena associated with soil liquefaction and SSI during seismic events.
The study integrates advanced constitutive models with effective FE formulations and boundary
conditions, enhancing the predictive capabilities of simulations. The results suggest that continued
research and development are necessary to address the limitations of current models, particularly in
dealing with large deformations and nonlinear SSI effects, ultimately contributing to safer and more
resilient structural designsin liquefaction-prone areas.
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Therole of site effects on the seismic response of an existingr.c. bridge
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Abstract

To accurately evaluate the seismic response of bridges, it is often necessary to develop complex numerical
models that include a significant portion of the soil deposit, especially when the bridge is not directly founded
on rock. The subsoil model should be as precise as possible to capture the main stratigraphic and topographic
irregularities of the bridge valley, along with key aspects of soil behavior under seismic loading conditions. In
this study, both 1D and 2D site response analyses were conducted to calculate the seismic input at the base of
areinforced concrete bridge that was extensively studied from both structural and geotechnical perspectives.
Soil nonlinearity was considered in two ways: asimplified approach using the equivalent linear procedure and
a more advanced approach utilizing a refined constitutive model of the soil. The results of these analyses
revealed significant differences in the ground response at the pier locations depending on the assumptions
made (1D vs. 2D geometry and equivalent linear vs. nonlinear soil behavior). The resulting acceleration
response spectra were then compared to the design response spectra prescribed by the Italian technical code
for the same soil category as the bridge piers. The primary focus of the study is on site response at the bridge
piers. The outcomes of these analyses serve asinputs for the assessment of the structural safety of the bridge.

1. Introduction

Soil-Structure Interaction (SSI) may play asignificant role in the seismic response of bridgesthat are
not founded on rock. To determine whether SSI is beneficial or detrimental to the bridge response
and its structural components [1], coupled approaches are generally considered the most effective
solution. As highlighted in the literature, local site features such as ridges, slopes, and canyons can
strongly influence the seismic wave propagation within a given soil deposit, thereby affecting the
seismic response of bridges located on such sites.

The objective of this study is to assess the influence of site effects on the seismic response of a
pre-stressed concrete bridge built in Italy in the 1950s. A highly accurate numerical model of the
superstructure was devel oped and validated in aprevious study [4]. Modal analysis was performed to
validate this model, and the results were compared with the experimental findings by De Angelis et
a [5]. To quantify the modifications in seismic motion at the base of the bridge piers due to valley
and stratigraphy effects, both 2D equivalent linear and true nonlinear analyses were conducted. In the
latter case, soil behavior was modeled using the Hardening Soil with Small Strain Stiffness
constitutive model [6]. The results indicate a significant amplification of seismic motion at the base
of the bridge piers due to site effects, which has important implications on the response of the
superstructure.

2. Case study

The San Nicola Bridge is located in the city of Benevento (Italy). The structure was designed in
between 1952 and 1955 by the engineer Riccardo Morandi. A detailed analysis of the San Nicola
Bridge can be found in previous papers by the authors [4-5, 7], while the most important data are
recalled hereinafter. The bridge deck is made of pre-stressed concrete, cast in situ, while the piers and
foundations are made of reinforced concrete. For the geotechnical characterization of the site, three
boreholes with SPT were carried out together with laboratory tests (oedometer test and triaxial tests)
on the fine-grained materials of the soil deposit. In correspondence of the right pier of the bridge, the
shear wave velocity Vs was measured through a Down Hole test while the fundamental frequencies
of the subsoil wasidentified through an HV SR analysis. The performed investigations lead to the 2D
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geotechnical model shown in Figure 1. The following soil layers have been identified: an artificia
fill (AF), alluvial deposits consisting of sand and gravel (Y S), fluvial colluvia deposits (FC), aluvia
deposits consisting of sandy silt to clayey places (LS), and blue-grey clayey silt (BGC). The rigid
bedrock formation, represented by the bottom blue-grey clay layer, was detected at a depth of 65 m
from the ground level in correspondence of the east pier (borehole S1-2020).

.—‘& |

Figure 1. Longitl_Jdi nal section of the valley with a superimposed picture of the bridge.

3. Numerical model and results

To assess the seismic response of the bridge by accounting for site effects and the likely spatia
variability of seismic motion at the two bridge piers, the finite-element software MIDAS FEA NX
was adopted. The structure was modelled trough three-dimensional (solid) finite elements. A linear-
elastic constitutive model was attributed to the bridge material, with the mechanical properties
identified as described in [5].

Regarding the soil model, both 1D, 2D and 3D models were extensively validated in a previous
study [7]. To evaluate the topographic and stratigraphic effects on ground motion at the bridge piers,
2D sections were identified along the longitudinal axis of the bridge and transversely at the locations
of the two piers. Beyond the geometric considerations, the results of site response analysis (SRA) are
significantly influenced by the nonlinear behavior of the various soil layers that make up the deposit.
In this phase of the study, soil nonlinearity was modeled using both a simplified equivalent linear
procedure and a more advanced soil model [6].

To perform a time-history seismic analysis of the bridge, seven groups of spectrum-compatible
acceleration signals were selected for the horizontal (x and y) and vertical (z) components. These
signals were selected with reference to a peak acceleration on rock ag = 0.349g, use class IV and
topographic category T2 (SLV limit state). For brevity, the discussion will focus on the motion
computed at the base of the two bridge piers, specifically addressing the y-component and the
longitudinal section B-B as shown in Figure 2.

The predictions obtained from 1D site response analyses solved with the STRATA software were
compared with those provided by the 2D equivalent linear or nonlinear analyses through MIDAS.
The response spectra of the acceleration signals provided by the 1D and 2D analyses at the bridge
bases (Figures 2a) were compared to the design spectrum prescribed by the Italian technical code
(NTC2018). In particular, the design spectrum at the pier site was computed for a soil category B.
Even taking into account soil nonlinearity, the 2D models provide for a higher amplification than the
1D analyses. In addition, the spectral accelerations obtained through the 2D site response analyses
are higher than those corresponding to the requirements of the Italian technical regulation. This
difference could be attributed to both stratigraphic and geometric features of the valley. The impact
of these results on the bridge response is illustrated in Figure 2b, which shows the profiles of peak
accelerations along the bridge piers. It is clear that a response-spectrum analysis, traditionally used
in structural engineering, is insufficient for capturing the actual response of the piers. Although soil
nonlinearity improvesthe pier response compared to linear approaches, it isevident that incorporating
2D effectsis essential for accurately assessing the pier response.
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Figure 2. Results of 1D and 2D site response analysesin y direction.

4. Conclusions

The paper examined the influence of site effects on the ground motion computed at the two piers of
areinforced concrete bridgein Italy. Both 1D and 2D soil modelswere devel oped, with the 2D models
encompassing the entire alluvial valley of the bridge. The study findingsindicated that the 2D models
predicted higher peak ground accelerations (PGAs) compared to the 1D models. For periods close to
the bridge fundamental frequencies, the accel eration response spectra obtained from both the 1D and
2D analyses exceeded the design spectrum specified by the seismic code for the soil classification at
the piers. Finally, the study highlighted the effects of ground response analysis on the acceleration
profile along the pier height.
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Assessing and I ncreasing Resilience of Soil-Structure Systemsfor Seismic L oads

Boris Jeremi¢t
LUniversity of California, Davis, CA, USA

Earthquake mechanical waves carry seismic energy and excite soil-structure systems (buildings,
bridges, tunnels, dams, power plants...). The Earthquake-Soil-Structure-Interaction (ESSI), the
propagation of seismic energy in time and space, through nonlinear soil-structure system, determines
the extent of damage, possible collapse and casualties. Controlling, directing propagation of seismic
energy through the soil-structure system can be used to improve safety and economy of infrastructure,
built environment. If seismic energy can be deflected from and/or dissipated outside of structure or
dissipated within structures using designated dissipation devices and SSI system components,
earthquake damage can be reduced and even completely alleviated.

Briefly presented are methods, modeling and simulation tools, that can be used to better
understand seismic energy propagation and practical design recommendations to control and direct
propagation of seismic energy within soil-structure systems. Analysis methodology, including
modeling and simulation tools are based on recent work [1; 2; 3; 4] that isimplemented and available
in a public domain program Real-ESSI Simulator [5]. Proposed methodology to control and direct
propagation of seismic energy encompasses.

1. Sail, hard and/or soft, adjacent to and beneath the structure, and the soil-foundationinterface
zone[6; 7],

2. Energy dissipators, energy sinks, within structure, for example buckling restrained braces
(BRBs), frictional pendulum, lead core elastomers, etc. [8; 9; 7],

3. Viscous dampers and viscous coupling between fluid and structure [10; 8; 11],

4. Externa trenches surrounding the structure [12; 13],

5. Meta-materials, meta-devices, for example resonant unit cells, negative stiffness metamaterial's,
etc., adjacent to or within the structure [14; 15].

Of particular interest isinvestigation of relative contribution of each of the above noted measures for
seismic energy dissipation, seismic energy deflection and seismic energy conversion. Presented will
be details about and design guidance for relative efficiency of seismic protection approaches. In
addition, presented will be analysis methods, simulation tools and models that are available in public
domain and that are used by the engineering community for design, assessment and upgrades of soil-
structure systems.

High fidelity models of soil-structure building systems, ASCE-7-21 standard buildings [7; 16]
will be used to illustrate and asses seismic energy control approaches, as noted above. Presented
anaysis methodology and tools are used to improve safety and economy in designing new objects,
aswell asimproving safety and economy of existing objects through upgrades.
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5 5]

Figure 1. Seismic energy management, control methods and devices for a typical soil-structure system.
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Therole of constitutive and numerical modelling
In seismic design and retrofitting of tunnels

D. Boldinit, G. Caldarini and L. Vignali?
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Abstract

The contribution examines the seismic behaviour of tunnels and proposes strategies for designing new
structures and eval uating existing ones. During the design stage, accurately estimating the inertial response of
the surrounding soil is crucial, which necessitates the selection of an appropriate constitutive model. In certain
scenarios, conducting fully-coupled dynamic analyses becomes essential to capture significant soil-structure
interaction effects. These analyses are also particularly valuable for assessing the seismic performance of
existing structures, especialy when dealing with damaged or inadequately thick linings, or flexible linings at
theinvert arch, as discussed with reference to the case-history of the TT10 tunnel at CERN.

1. Introduction

Tunnels have traditionally been regarded as inherently resistant to seismic events. However, recent
evidence suggests that, during significant earthquakes, tunnels can suffer damage, collapse, and
become the wesak link in an infrastructural network, thereby reducing itsresilience [1].

In the state-of-the-practice, the seismic design of tunnels typically follows a decoupled approach
where: 1) the inertial response of the soil to seismic actions is assessed through a free-field seismic
site response analysis assuming a visco-elastic model for the soil, and 2) the evaluation of the force
incrementsin thelining is performed by modelling the tunnel as an elastic beam resting on an elastic
soil [2]. This approach may be appropriate or even overly conservative for low to medium earthquake
intensitiesin terms of soil response, as soil plasticity tends to reduce the seismic forcesinduced in the
lining [3, 4]. However, during intense earthquakes, soil behaviour can include stiffness degradation,
volumetric-deviatoric coupling, and potentia soil liquefaction in shallow saturated sands, which are
typically associated with more severe conditions than those predicted by the ssmplified decoupled
approach. These distinctive features can be effectively simulated using state-of-the-art numerical
simulations employing advanced soil constitutive formulations [5]. Results also demonstrate that
fully-coupled analyses are sometimes necessary to accurately capture dynamic soil-structure
interaction effects that cannot be adequately predicted using a decoupled approach alone [5, 6].

Fully-coupled analyses are also a fundamental tool for the analysis and retrofitting design of
existing tunnels. Many of these tunnels were often constructed without consideration of seismic
actions. Additionally, particularly in devel oped countries, numerous structures over 50 years old may
have been damaged due to construction inadequacies (such as the absence of waterproofing
membranes, or very flexible invert arches). Numerical simulations can accurately consider the unique
geometry and initial conditions of the tunnel lining, helping to identify the most suitable solutions for
enhancing seismic performance.

This contribution aims to analyse the transversal response of tunnels during seismic events.
Initialy, the response of acircular shallow tunnel excavated in asaturated sand deposit isinvestigated
using different constitutive models, properly calibrated to account for the initial stiffness profile with
depth and stiffness decay with increasing strain levels. Then, from a design perspective, the required
constitutive elements for various seismic intensity scenarios are highlighted, and cases requiring
fully-coupled analyses are identified. Finaly, the role of these types of analyses is discussed with
reference to existing tunnels. In particular, a vulnerable section of the TT10 tunnel, part of the
underground CERN infrastructure, is evaluated [7, 8].
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2. Theroleof constitutive and numerical modelling in the seismic design of tunnels

Different constitutive formulations were adopted to reproduce the seismic response of the saturated
sand deposit in which the tunnel is excavated. Specificaly, the simplest visco-elastic (VE)
formulation, with stiffness and Rayleigh damping parameters properly calibrated against an
equivaent-linear visco-elastic analysis (VE-LE) [4, 9], are investigated together with the HSsmall
[10] and SANISAND [11] models.

Theinput signal, recorded during the 1999 Turkey earthquake, was scaled down to different values
of PGA, from 0.05 g to 0.25 g. It is characterised by a predominant frequency of 1.284 Hz, similar to
the natural frequency of the deposit at small strain, equal to 1.134 Hz. Figure 1ab shows that the
shear stress-strain response calculated at the depth of 6.5 m by the different constitutive models is
comparable up to an input PGA of 0.05 g. However, marked differences are observable for the largest
PGA of 0.25g due to plastic strain accumulation, volumetric-deviatoric coupling (Fig. 1c), and
overall stiffness decay. The SANISAND model is associated with the higher forcesin the lining.

The soil around the tunnel displays liquefaction during the seismic event and the tunnel lining is
pushed towards the ground surface, which suffers a centimetric heave (Fig. 2c). This behaviour is
significantly different from that recorded by the VE (Fig. 2a) and HSsmall (Fig. 2b) analyses. This
indicates that, at least for the investigated problem, the simple VE approach could be acceptable for
simulating the inertial soil response up to shear strain levels on the order of 0.1-0.2%, as already
pointed out in [3]. However, more advanced constitutive laws are needed at higher shear strain levels.
Additionally, especially when liquefaction phenomena occur, using a fully-coupled approach
becomes essential to correctly capture the seismic soil and tunnel responses.
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Figure 1. Shear stress-strain curves in the case of PGA equal to 0.05g (a) and 0.25 g (b) and excess pore

water pressureratio for PGA = 0.25 g (c) for a point at the depth of 6.5 m[5].
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3. Theroleof numerical modelling in the seismic retrofitting of tunnels

Fully-coupled numerical analyses are essentia for assessing the seismic performance of existing
tunnels and designing appropriate retrofitting measures. Figure 3 refersto across-section of the TT10
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tunnel at the CERN underground laboratories, located between the moraine and molasse regions,
showing cracks along the concrete lining [ 7]. Simulations were conducted to investigate the potential
impact of damage on the lining's response to the 1995 Port Island earthquake record, scaled to a PGA
of 0.15 g. The force distribution, in terms of the minimum and maximum values of the increment in
hoop force and bending moment on the tunnel lining during the seismic event, is plotted in the figure
as a function of the angle 6 for five different scenarios of lining deterioration. Results reveal that,
fromastructural point of view, the most severe scenarios arethose involving an asymmetric reduction
in the stiffness or thickness of the lining (i.e., scenarios 3 and 5).
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Figure 3. Maximum and minimum envelopes of hoop force (a) and bending moment (b) during the seismic
event on the tunnel lining for the 5 following scenarios: 1) Ein = 20 GPa for 0° <8 < 360°; 2) Ejin = 10 GPa
for 0° <9 <360°; 3) Ein= 10 GPafor 0° < <113°; 4) tin= 0.15 mfor 0° <6 < 113°, 247° < < 360°, tjin =
0.185 mfor 113° <9 < 247°; 5) tin= 0.15 mfor 0° <6 <113°.
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Abstract

Over the past decade, seismic structure-soil-structure interaction (SSSI) analysis has evolved from being state
of the art to common practiceinthe US State of California. Agencies such asBART, LA Metro, San Francisco
Public Utilities Commission, Caltrans, and the Transbay Joint Powers Authority now routinely rely on SSSI
analyses from their consultants to design underground structures or assess the potential impact of new
construction on the performance of their nearby existing assets during a seismic event.

This presentation will focus on 4 short case studies (2 rail projectsand 2 water projects) to highlight how model
sophistication, agency requirements, and client expectations have evolved over the past 12 years. Each case
study involves 3D nonlinear, fully coupled analysis with bedrock propagating ground motion time histories
with the software LS-DY NA.

1. Rail Case Studies

SSSI analyses for the Salesforce Transit Center and adjacent high rises (circa 2013) in San Francisco
(see Figure 1a) were novel at the time and effective at demonstrating the potential impact of new
high-rise construction on the seismic performance of the Salesforce Transit Center being constructed
simultaneously. Based on these analyses, minor modifications to the transit center were incorporated
such aslocally increased concrete strength in the ground level diaphragm and locally increased rebar
density in the trainbox wall. Comparison of the Salesforce Transit Center case study with more recent
analyses for the UCLA Metro Station and adjacent Wilshire-Gayley High Rise in Los Angeles (see
Figure 1b) highlights several modeling advances and changes to the state of practice such as:

more knowledgeable clients and reviewers

tri-directional shaking (rather than uni- or bi-directional)

non-Masing damping in the constitutive model

automated stratigraphy-generation and soil model validation using conventional SRA
software (i.e. DEEPSOIL)

e automated post-processing of large numbers of simulations via cloud computing.
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Figure 1. SSS Models of (a) Salesforce Transit Center and (b) UCLA Station.
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Results from the UCLA Station analyses are currently being used to assess whether mitigative
measuresincorporated into the station design, such as CLSM placement between the Wilshire-Gayley
tower and UCLA Station, are sufficient to mitigate the SSSI impacts.

2. Water Case Studies

Analyses for the Mariposa Pump Station and adjacent sewer box (see Figure 2a) in San Francisco
performed circa 2017 borrowed the same techniques used for the Salesforce Transit Center project.
Similar to the rail examples, this project consisted of a new structure (a pump station) being
constructed adjacent to critical below-grade linear infrastructure (a transport/storage sewer box).
Unlike the rail examples, the pump station did not impart significant inertial loading from its above-
grade superstructure. Neverthel ess, kinematic effects from introducing a stiff embedded structure had
significant SSSI implications on the seismic performance of the sewer box. The analysis was
ultimately useful to specify a suitable strength and stiffness of CLSM to be placed in a small gap
between the two structures.

A uniquefinding from the Mariposa Pump Station case study wasthat averaging effectsthat tended
to reduce spectral accelerations for the stiff transport/storage (T/S Box) in the longitudinal direction
had the effect of shedding this effect to the adjacent pump station. This phenomenon is shown in
Figure 3 whereby the inclusion of the T/S box reduced shear demands in the pump station in the X
direction but had relatively little effect on the maximum shear demandsin the Y direction.

Comparison of the Mariposa Pump Station analyses with more recent analyses for the Lower
Alemany Stormwater Tunnel and adjacent highway ramps (circa 2023) reinforces all the modeling
advances listed above for the rail case studies. In addition, the Lower Alemany Stormwater Tunnel
provides a useful case study to demonstrate an automated workflow combining soil columns from
DEEPSOIL with soil stratigraphy from LEAPFROG to produce a large soil domain with complex
topography and stratigraphy discussed in the next section.

@ (b)
Figure 2. SSS Models of (a) Mariposa Pump Sation and (b) Lower Alemany Sormwater Tunnel.
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Figure 3. Shear forcesin the pump station super structure with/without the adjacent sewer box.

3. Advances on digital wor kflow

The SSSI model creation process for simulations in LS-DY NA has been streamlined to the point
where it is now economically feasible for relatively small projects. An example SSSI workflow for
the Lower Alemany Stormwater Tunnel project is shown in Figure 4. Parameter generation for a
single soil column can be directly exported from the nonlinear SRA software DEEPSOIL. Python
scripts have been developed to automatically create and run equivalent SRA models in LS-DYNA
with uni-directional shaking (for verification of equivalence with DEEPSOIL) and multi-directional
shaking. One or more of the LS-DYNA SRA models can then be combined with surfaces from the
geologic modeling software LEAPFROG to automatically develop a3D SRA model. 3D SRA models
are useful to provide a continuous assessment of the seismic hazard throughout a project area and to
evaluate theimpact of 3D stratigraphy on the site response. Finally, al or a portion of the soil domain
from the 3D SRA can be recycled to perform SSI or SSSI models.
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Figure 4. General workflow for developing 3D SRA and SSS models.

In addition, the workflow leverages cloud computing resourcesto fully utilize the parallel processing
capabilities of LS-DYNA where sophisticated models can be run on many multi-core machines
simultaneously, which significantly reduces the run time needed for analysis iteration.
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Abstract

Understanding the seismic behaviour of underground structures is essential to assess the response of critical
equipment for scientific experiments, such as those housed in the cutting—edge infrastructure of CERN. The
latter is one of the world’ s largest research centres located at the border between France and Switzerland and
consists of linear and circular accel erators of nuclear particles. In thefield of seismic geotechnical engineering,
the code Real-ESSI (Realistic modelling and simulation of Earthquakes, Soils, Structuresand their Interaction)
permits simulating the behaviour of underground infrastructure when subjected to seismic waves, integrating
advanced finite element model ling techniques with high-performance computing capabilities. Real-ESSI was
used for assessing the seismic performance of the underground caverns hosting the Compact Muon Solenoid
experiment, as part of the Large Hadron Collider complex at CERN. According to the applicable French
regulations in the matter of seismic safety, the site in which the CM S experiment is located is classified as a
zone with moderate seismicity level. By considering three different seismic input motions applied at the model
base, dynamic Finite Elements Analyses (FEA) have been carried out to benchmark results using Real—ESSI
against analyses using the PLAXIS FEA software, as well as to investigate the effects of such input motions
on the CMS infrastructures. This preliminary research provides a baseline for further investigations to be
conducted into how the seismic motions vary through site layers and can affect the sensitive installations
located inside the CM S cavities.

1. Introduction

This paper focuses on the modelling and simulating the behaviour of two deep caverns of the
LHC Point 5 (CERN) hosting the Compact Muon Solenoid (CMS). Stratigraphic and lithological
profiles have been simplified on the basis of previous studies [1]. This study aims to compare
Real — ESSI Simulator [2] with FE software PLAXIS 2D v.20 [3] by applying to the base of the
model Ricker Wavelet as imposed motion in order to assess the amplification of the ground
shaking through the layers up to ground level, as well as to identify the effect of seismic
excitations on the cavern’s boundaries under plane-strain conditions.

2. Verification phase: free—field conditionsand LHC point 5

The model consists of three mgjor layers, starting from the top: i) a Moraine deposits layer extending from
ground level to 50 m depth; ii) an underlying Molasse rock layer, extending to 100 m depth, divided into
sublayers by different stiffness degree; iii) amedium — tiff Molasse rock layer extending afurther 70 mto
the base of the modd. A first verification phase in free—field conditions, i.e. without the CM S cavern, was
initidly carried out. Asdone in PLAXIS 2D [4] the vertical boundaries of the modd were set at five times
the caverns' depth to minimize the effect of boundary wave reflection in the area of interest.

A 1-km-length mode has been created in Real — ESSI, by defining aregular mesh size of 8-node-brick
elements, a linear visco — elastic behaviour and the same materias for soil layers, the same boundaries
conditions, i.e. afull fixity at the base of geometry was generated, whereas roller supports to the vertica
boundaries were assigned, aswell as the same damping ratios equa to approximately 5% for al soil layers
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via Rayleigh approach with double frequency control. For further comparison, athird software capable to
compute alinear-elastic one-dimensional wave propagation through alayered medium, namely Strata, has
been employed [5]. By applying aRicker Wavelet asinput motion at the base of the model, results observed
in terms of acceleration time histories show good compatibility level between the two FE andysesin the
time domain, and the corresponding solution in the frequency domain (Figure 1).
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Figure 1. Input ricker wavelet (on the left) and acceleration time history computed at the ground level in free
—field conditions (on the right).

Figures 2 and 3 show a further comparison between PLAXIS 2D and Real — ESSI with the presence
of the LHC cavities, with the same ground conditions and having the same input motion as above.
Damping ratios equal to 5% have been assumed for the concrete linings of cavernsand pillar. Several
points of the model have been compared in both models (Figure 3).

To better understand if the model can determine structura response of caverns when subjected to a
seismic input motion, instead of the Ricker wavelet input, the recorded time history of acceleration during
Friuli earthquake (1976) and a low intensity event recorded at CERN on November 1%, 2022, were
employed and applied to the base of the model. The last event has a PGA vaue equa to 0.0002 g.

The amplification functions calculated in free-field conditions (Figure 4a) are dmost overlapped,
congstently with the linear elastic framework. Difference in the peak amplitude is due to possible
diversities in the damping ratio among codes. Considering the presence of caverns (Figure 4b), the low
intensity CERN signal produces very large amplifications, possibly due to numerical issues that need
further investigation.
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Figure 2. LHC Paint 5.
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Figure 3. LHC Point 5: results in terms of acceleration time histories on ground level (on the left), UXC55
cavity roof (on the center) and UXC55 cavity basement (on the right).
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(b).

3. Concluding remarks

These numerical simulations have shown the potential of Real-ESSI Simulator in the problem at
hand. However, further analyses are currently being carried out to address the numerical issues
of dynamic response of the lined caverns undergoing very low intensity shaking. This preliminary
activity will permit to deeply investigate how the seismic motions can affect the sensitive
installations located inside the CM S caverns.
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Abstract

Pipeline systems constitute an indispensable type of infrastructure due to their vital function in transporting
essential resources, including gas, water, and data. Given their widespread nature, pipeline systems may cross
unstable slopes, thereby exposing them to potential deformations triggered by slope movements which can
reach critical levels, ultimately leading to pipeline failures. Enhancing the resilience of these systems against
slope displacements requires proper assessment of the displacements magnitude, aswell as of the vulnerability
of the pipelines affected. This paper presents a simplified framework to assess the risk for buried pipelines
exposed to slope displacements induced by groundwater fluctuations. The approach for assessing landslide
displacements builds upon an existing analytical model that predicts slope displacements and velocities by
solving the momentum equation with an added viscous term. The proposed framework expands this model
into aprobabilistic approach, accounting for spatial and temporal variability. Spatial uncertainty primary stems
from variations in soil properties, sliding surface depth, and pore pressure in space. Meanwhile, temporal
uncertainty is mainly attributed to fluctuations in groundwater level over time. Semi-variogram tool is used to
model the spatial variability, while the temporal variability is modelled by using the annual rate of exceedance.
The approach is illustrated using a case study (Miscano slope) in southern Italy. Fragility functions derived
from existing literature data are utilized to assess the vulnerability of buried pipelines. Integrating the
simplified approach for assessing groundwater-induced landslide displacements with the developed fragility
functions for buried pipelines enables a comprehensive first-level risk assessment.

1. Assessment of PGD (Peak Ground Displacements)

The proposed framework for assessing the PGD takes advantage of the analytical model of Corominas
et al. [1], Figure a, in which they could describe the slope movement by solving the momentum
equation after adding the viscosity term:

1

.
ylsinacosa — [¢’ + (ylcos?a —p,,) tang'] — T (Z)X =ma )

Where A and X are the viscosity parameters of the sliding surface which should be calibrated by back
analysis of the measured displacments. ¢’ and ¢’ are the cohesion and the effective friction angle,
respectivily, and they refer to the diding surface. p,, is pore pressure near the sliding surface. y isthe
unite weight of the sail. [ isthe depth of the dliding surface.a isthe slope angle. v isthe velocity.

This analytical model was extended to a probabilistic approach by introducing the spatia
variability in soil properties and the temporal variability in pore water pressure:

D = Ap,>a,) * D+ &y 2

D is a vector with d dimension, where d is the number of the examined sites along the slope, and
represents the computed PGD with a specific probability of exceedance py.

Ap,>a,,) 1S the annual rate of exceedance, i.e. the number of the days in a reference period during
which the groundwater table level (p,) exceeds a specific value (d,,). It represents the temporal
variability in pore pressure. Typically, a one-year period is selected as the reference period for the
regular groundwater regime.
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D is avector, with d dimension. For each site along the slope the analytical model is calibrated
using the measured displacements. For each site, the calibrated model is used to calculate the PGD
for a specific groundwater table level (d,,) and time period equal to one day.

&py, IS @ vector of residual values sampled from the probability distribution of the random
function € corresponding to a probability of exceedance of po,. It represents the spatial
variability in soil properties. € is a vector of spatially distributed residuals € = {g;, &5, ..., €4},
where ¢, is the difference between the measured and predicted PGD at site 1, €, represents the
difference at site 2, and so on. This spatilly distributed residuals ¢ follows a multivariate normal
distribution with zero vector and covariance matrix calculated using semi-variogram tool.

2. Assessment of the vulnerability of buried pipelines

Empirical data available from American Lifelines Alliance appendices (ALA-part 2) [2] are
employed in the proposed framework, to develop the fragility functions of buried pipelines subjected
to permanent ground deformations. This selection is based on the main assumption that permanent
ground deformations that may cause potential damage on the examined pipeline constitute the main
“loading” condition of the pipeline, regardless of the hazard causing these deformations. The limit
state is defined as the state of the examined pipeline failure (having at least one repair for 100 m of
pipeline length). In afirst approximation, al data was selected to develop the fragility function used
in the proposed framework through fitting them using lognormal probability distribution. Additional
analysis was conducted to develop a fragility function to be used in the herein framework, by
employing only the data referring to natural gas, NG, pipelines, Figure b.
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Figure 1. Geometry and variables used in the anélytical model (modified from Corominas et al.[1])(a),
fragility functions based on the available data from ALA [2] (b).

3. Assessment of the associated risk

The resulting risk is quantified solely on the basis of a number of required repairs in a reference
period, without considering the severity of damage on the examined pipelines. To address this
limitation and enhance the reliability of the assessed risk, it is recommended to follow the guidance
of HAZUS [3]. According to HAZUS, for damage of buried pipelines associated with permanent
ground deformations, approximately 80% of reported damage case should be considered as breaks,,
whereas the other 20% should be treated are leaks. Figure aillustrates the flowchart of the proposed
framework.

4. Application of the proposed framework in a case study

Dataavailable from Miscano landslide, located in southern Italy, was used to illustrate the application
of the simplified framework proposed herein [4]. The landslide body consists of highly fissured
sheared clay shales of high plasticity with isolated blocks or fragments of limestone. Field
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investigations and measurements showed that three main zones can be distinguished, i.e., a sliding
body consisting of remolded soil, a sliding surface and the intact soil, Figure b.

5. Reaults

Applying the previously summarized framework on a supposed natural gas pipeline embedded in the
Miscano landslide, the probability of having at least one break per 100m length of the pipe for
different locations along the slope (14, 15, 16 and 17, see Figure b) and for time interval of 10 years:
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Figure 2. Flowchart illustrates the proposed framework (a), longitudinal section of Miscano slope (modified
from Picarelli et al. [4])(b).
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And the probability of having at least one leak per 100m length of the pipe for different locations
along the slope:

0
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Abstract

This paper introduces and validates a novel method for evaluating seismic-induced internal forcesin thelining
of a shalow circular tunnel. The method employs a static nonlinear analysis, typically used for structural
systems, applied specifically to tunnels. In this decoupled approach seismic demand isrepresented by an elastic
response spectrum, while seismic capacity is determined by applying horizontal static forces to the same
numerical plane strain model used for the static design. The study outlines the key steps of the method and its
effectiveness by comparing the results with time-domain dynamic analyses of the soil-tunnel model.

1. Introduction

In recent years there has been a growing awareness of the importance of seismic actions on tunnels,
stimulated in part by damage to severa underground structures during moderate to high intensity
earthquakes. In current practice the seismic forces acting on the tunnel lining are assessed using rather
simplistic methods that model the soil-lining interaction by linear springs connecting the lining to the
free-field soil motion. More accurate methods would require time-domain dynamic analysis using
full numerical models, but the relative complexity and cost are often impractical for standard projects.
Therefore, this paper describes a decoupled design approach developed by the authors, as an
intermediate complexity method exploiting the common static analysis performed to reproduce the
construction sequence of the tunnel. In the method the seismic capacity of the system is represented
by its capacity curve, derived from nonlinear pushover analysis of the soil-tunnel model. Then, the
seismic demand is described by the elastic response spectrum of the considered action, modified to
account for the tunnel's depth. The system performance is ultimately evaluated by comparing the
demand and capacity on the accel eration-displacement (AD) response spectrum.

2. Casestudy

An idealized case, depicted in Figure 1, was developed to validate the method, described through a
plane strain finite element model within the open-source analysis framework OpenSees [1]. The
system's geometry consists of an 80x60 m soil domain, with atunnel situated at a depth of 30 m. The
tunnel hasadiameter of 7 m, and itsreinforced concretelining is0.5 m thick. Thisreplicatesatypical
TBM-excavated urban tunnel.

The finite element grid was generated using a parametric mesh creator developed within the
MATLAB framework. The soil doman was modeled using 4-noded stabilized single-point
integration elements (SSPquad), and the soil mechanical behavior was simulated using an elastic-
plastic constitutive model with kinematic hardening, known as PDMY [2]. The tunnel lining was
discretised by two-noded elements characterized by linear elastic behavior (ElasticBeamColumn).
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Figure 1. Finite element discretization of the reference model.

3. Capacity curve and seismic demand

In alignment with the Capacity Spectrum Method [3] for nonlinear static analysis of structural
systems, this method derives independently the seismic capacity and demand, subsequently
comparing these components on the AD plane. The capacity curve of the soil-tunnel system isderived
by applying horizontal inertial forces incrementally to the numerical model, whose initial condition
corresponds to the end of construction of the tunnel lining. The force distribution is assumed to be
proportional to a uniformly distributed acceleration of amplitude kx-g (g being the acceleration of
gravity), that was see to reproduce with sufficient accuracy the deformation pattern associated with
thefirst vibration mode of the system. In the pushover analysis the seismic coefficient kn is gradually
increased until a global plastic mechanism is activated. The capacity curve for the system at hand is
shown in Figure 2a, where k is plotted as a function of the horizontal displacement d computed at
thetunnel crown. Additionally, for each ku, the pushover analysis provides the distribution of seismic-
induced increments in internal forces across all lining sections. Figure 2a shows such increments in
bending moment, normal force, and shear force in three lining sections of interest.
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Figure 2. a) pushover curves in terms of displacement and seismic-induced increase of internal forcesin the
sections of interest; b) 5%-damped average elastic response spectrum at the ground level and interpolation
with the Eurocode 8 shape; c¢) comparison between the AD spectrum considering or not the effect of the
reduction factor /o (tunnel depth and ground level, respectively).

In the validation of the proposed method, the seismic demand is represented by the average response
spectrum at the ground surface. The latter was obtained by propagating eight selected accel erograms
through a one-dimensional soil column that replicates the stratigraphic profile of the investigated
deposit. This average spectrum, illustrated in Figure 2b, is interpolated using the spectral shape
provided by Eurocode 8. Considering that the analysisfocuses on theinternal forces within the tunnel
lining, it isessential to obtain the seismic demand at the tunnel depth. Figure 2c showsthis adjustment,
achieved by multiplying each point of the AD spectrum by the corresponding value of the reduction
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factor fb, which accounts for the effect of the tunnel depth. The reduction factor was obtained in
analogy with the provisions of Eurocode 8 for retaining structures.

4. Implementation and validation

In the proposed method, the system performance is identified by the intersection of the seismic
capacity and demand in the AD plane (performance point). In doing so it is necessary to adjust the
€l astic response spectrum to consider adamping ratio representative of thelevel of mobilised strength
in the soil for the considered seismic scenario. This process begins with plotting the response
spectrum for an initial damping ratio (e.g., & = 5%). The latter is then evaluated assuming a Masing-
type uloading-rel oading rule and the resonse spectrum is iteratively modified until convenrgence on
the damping ratio is achieved. The acceleration at the performance point is subsequently used in the
nonlinear static analysis to determine the internal forces in the lining sections. The design procedure
was validated by comparing the force increments obtained in the lining sections of interest with those
derived from nonlinear time-domain analyses of the soil-tunnel model applying to the base the same
accelerograms used to derive the average response spectrum. As shown in Figure 3b, the simplified
approach slightly overestimates the bending moment; on the other hand, shear and normal forces are
somewhat underestimated. Despite these discrepancies, the agreement between the two methods is
considered satisfactory, given the simplicity of the proposed design approach.
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Figure 3. a) layout of the method implementation and b) reperentation of the maximum seismic bending
momentsin the lining obtained with time-domain dynamic analyses (gray bars), their average (black line) and

using the proposed method (red line).

5. Conclusions

The proposed method regards seismic action as an equivalent static action, extending traditional
design analyses related to construction phases. This approach allows for the design of the system
without the need of time-domain dynamic analyses, whereas still accounting for the nonlinear
behavior of the soil-tunnel system. The present study demonstrates that the method predicts
earthquake-induced lining forces quite satisfactorily, specifically for the case of a shallow circular
tunnel.

As afuture development, the method will be utilized in a parametric study to enhance its general
applicability and to facilitate the creation of design charts.
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