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Preface

This report is a product of the NHERI SimCenter under the auspices of the U.S. National
Science Foundation (NSF). It provides an overview and review of simulation requirements and
software tools for natural hazards engineering (NHE) of the built environment. The simulations
discussed in this report are an essential component of research to address the three grand
challenge areas and associated research questions outlined in the NHERI Science Plan (Edge
et al., 2020). These grand challenges entail: (1) identifying and quantifying the characteristics
of natural hazards that are damaging to civil infrastructure and disruptive to communities;
(2) evaluating the physical vulnerability of civil infrastructure and the social vulnerability of
populations in at-risk communities; and (3) creation of technologies and tools to design, retrofit,
and operate a resilient and sustainable infrastructure for the Nation. Accordingly, required
simulation technologies encompass a broad range of phenomena and considerations, from
characterization and simulation of natural hazards and their damaging effects on buildings
and civil infrastructure, to quantifying the resulting economic losses, disruption, and other
consequences on society. Ultimately, the goal is to enable high-fidelity and high-resolution
models in regional simulations that can support technological, economic, and policy solutions
to mitigate the threat of natural hazards.

The natural hazards addressed in this report include earthquakes, tsunami, storm and tornado
winds, and storm surge. While not an exhaustive list of all possible natural hazards, these are
the hazards addressed under NSF’s NHERI research program. The first chapter of the report
provides an introduction to the SimCenter and its goals, including an overview of the plans and
status for software tool development. The subsequent chapters of the report are organized into
five parts in a sequential fashion, including: (1) simulation methods to characterize the natural
hazards; (2) response simulation of structural and geotechnical systems and localized wind and
water flows; (3) quantifying the resulting damage and its effects on the performance of buildings,
transportation systems, and utility infrastructure systems; (4) strategies and emerging tools to
model recovery from natural disasters; and (5) the cross-cutting applications of uncertainty
quantification methods and artificial intelligence to NHE.

Owing to the broad scope of the simulation topics, this review of the state of the art is
presented with the goal of educating and informing researchers—including both simulation
tool developers and users—on key requirements and capabilities within each simulation topic.
The report is also a guide to the on-going development of simulation capabilities by the NSF
NHERI SimCenter. Each chapter of the report begins with a brief overview of the purpose of
the simulation component, including a discussion of the goals of the analysis (what is being
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calculated), the underlying physics or principles involved in the simulation, common modeling
assumptions and simplifications, and typical input and output of the simulations.

With the aim of taking stock of computational simulation capabilities, informing the NHERI
community of research advances to date, and positioning the work of the NHERI SimCenter
as it relates to computational simulation, the summaries identify and review commonly used
simulation software that is widely known and used for research in academia and industry.
Particular emphasis is placed on open-source or other software that is hosted on DesignSafe or
is otherwise easily accessible to researchers. Summary tables of the simulation software tools is
provided as an appendix to the report. In addition to summarizing the state of the art in the
various topic areas, each chapter of the report identifies major research gaps and needs, with the
intent that these could motivate research proposals to NSF or other agencies that will lead to
future advancements.

This report is an update to a State of Art Report that the SimCenter first published in February
2019. This update reflects comments and suggestions that were solicited from leading researchers
in NHE. It includes new chapters on disaster recovery modeling and applications of artificial
intelligence technologies to NHE. Readers are encouraged to contribute feedback regarding this
report and the SimCenter simulation tool development through the online SimCenter Forum at
http://simcenter-messageboard.designsafe-ci.org/smf/.

Stanford University, Gregory G. Deierlein
February, 2021 Adam Zsarnóczay
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Chapter 1
Overview of SimCenter Goals and Computational Tools

Gregory G. Deierlein, Sanjay Govindjee, andFrank McKenna, with contributions by
Adam Zsarnóczay

Computational simulation is an essential component of natural hazards engineering (NHE)
research and practice to assess and mitigate the damaging e�ects of earthquakes, wind storms
and associated tsunami, and storm surge e�ects on communities. The recently published
National Hazards Engineering Research Infrastructure Science Plan (Edge et al., 2020) outlines
three grand challenges and �ve research questions, all of which depend on integration of
data and models through computational simulations. Speci�cally, simulations are critical to
(1) characterize natural hazard phenomena, (2) evaluate their damaging e�ects on buildings,
civil infrastructure, and other physical assets, (3) quantify the socio-economic consequences
of this damage, and (4) evaluate the e�ectiveness of alternative strategies to mitigate and
recover from the damage. Each of these components entails simulations at varying scales, from
detailed analyses of localized response of individual buildings or infrastructure components
to multi-scale analyses of regionally distributed communities and infrastructure systems. The
challenges are multi-disciplinary and require development and management of large datasets
to translate data and analysis results between the simulation components. Recognizing the
challenge as broad and multi-disciplinary, and encompassing natural hazards across a wide
range of scales, the SimCenter's approach is to leverage existing software platforms by creating
computational work�ow technologies that can seamlessly integrate a broad array of simulation
software with high-performance computing (HPC) platforms and data repositories. When
necessary, the SimCenter also creates new software to implement established theories to achieve
its end goals.

1.1 SimCenter Application Framework

The SimCenter's application framework leverages foundational advancements in performance-
based engineering (PBE) to integrate models and data from the physical sciences, engineering,
and social sciences to evaluate and design strategies to create resilient communities (Deierlein
et al., 2020). The basic framework of PBE, illustrated in Figure 1.1, was originally developed
for earthquake engineering design, but the concept is generally applicable to other natural
hazards. Moving from left to right, the process begins with the de�nition of a constructed
facility, based on its design features and location. The next steps are to perform (1) a hazard
analysis to characterize the hazard e�ects (e.g., earthquake ground shaking) that the facility
is subjected to; (2) structural analyses to assess the response of the facility to the hazard;
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2 Deierlein et al.

(3) damage analyses to quantify damage to facility components associated with the imposed
calculated deformations and forces; and (4) consequence analyses to evaluate the resulting risks
to life safety, economic losses, and downtime. Input and output variables from each stage of the
assessment are clearly de�ned as part of an underlying probabilistic formulation to characterize
and propagate statistical data through the analyses.

Fig. 1.1 Performance-based engineering framework for organizing data transfer between modeling components
(after Porter, 2003).

As shown in Figure 1.2, computational work�ows to implement the performance-based
framework can be envisioned as a set of puzzle pieces, each of which encapsulates one or more
software components with pre- and post-processing operations to facilitate transfer of data
between the components. The framework allows users to (1) select from di�erent applications
for each jigsaw piece; (2) build a computational work�ow with the selected components; and
(3) then launch and monitor the running work�ow. Work�ow systems are con�gured to launch
the individual applications and pass the needed input and output data between the applications.
The application framework is designed to be modular and extensible, such that researchers can
introduce their preferred application for any step in the process. Work�ows can be con�gured
for end-to-end simulations, from characterization of the natural hazard e�ects through to
damage and impacts on individual facilities or large inventories of facilities, or alternatively
for sub-portions of the system. As illustrated by the top grey bar in Figure 1.2, an important
emphasis of the work�ows is the ability to incorporate and propagate inherent variabilities
and modeling uncertainties through the computational simulations. Another integrating aspect,
illustrated by the lower grey bar in Figure 1.2, is to integrate the computational tools with
supporting datasets that support various components of the work�ow.

Figure 1.3 illustrates how the conceptual work�ow puzzle is abstracted into software
components, along with supporting datasets. The items listed across the bottom of the �gure
represent key components to the PBE work�ow, and the bins up the right side refer to supporting
databases. The boxes shown higher in the �gure are work�ow applications that integrate various
components of the framework (McKenna, 2020). Details of these components, databases, and
applications are described later. Figure 1.4 illustrates how the SimCenter's work�ow components
and applications are integrated into the NHERI cyber-infrastructure system, DesignSafe (Rathje
et al., 2017), and other supporting online resources. As shown in Figure 1.4 and described by
Rathje et al. (2017), DesignSafe provides computing hardware and software infrastructure for
online databases and HPC.
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Fig. 1.2 Modular framework of the SimCenter computational work�ow for end-to-end simulations of natural
hazard e�ects on damage and recovery of the built environment and communities.

Fig. 1.3 Schematic diagram of simulation framework components, databases, and application tools.

1.2 SimCenter Framework Components

The following is a description of the modeling components and databases of the SimCenter
framework shown in Figure 1.3:

BE�Built Environment Inventory

The BE consists of meta-data and data �les that de�ne the inventory of physical assets for a
regional simulation. This includes buildings, transportation components and systems, utility
infrastructure components and systems, etc. By providing a framework to organize and store
databases on Design Safe, the SimCenter aims to promote best practices for the collection and
sharing of inventory data. To help facilitate development of inventories, the SimCenter has
developed arti�cial intelligence (AI) tools for building inventory data collection (BRAILS[10] �
Building Recognition using AI at Large Scale) and for data enhancement (SURF[9] � Spatial
Uncertainty Research Framework), along with web data query/collection techniques.
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Fig. 1.4 Integration of the SimCenter work�ow tools into the NHERI Computational Environment.

EVENT��Hazard Event

The EVENT consists of meta-data and data �les that de�ne the hazard data (e.g., earthquake
ground motions, wind �elds, storm surge inundation, and tsunami inundation). For earthquake
hazard studies, the SimCenter work�ow tools include software applications for (1) generating
earthquake target spectra from the USGS OpenSHA web service; (2) selecting and scaling
recorded ground motions from the PEER NGA database; (3) generating simulated stochastic
ground motions; and (4) ingesting simulated ground motions from databases of simulated and
recorded ground motions. For wind and storm surge studies, the work�ow can support (1)
generating wind �eld time histories stochastically or usingOpenFOAM[5]; (2) incorporating
experimental wind tunnel datasets utilizing online resources such as Vortex Winds (Kareem and
Kwon, 2017) and the TPU Aerodynamic Database (TPU, 2020), or a user's own local dataset;
and (3) interfaces for querying and ingesting wind speeds and storm surge inundation heights
from external applications.

SAM-�Structural Analysis Model

The SAM is the work�ow component that includes rule-based, AI and other types of applications
to translate descriptive information from the BE into information to create �nite-element or
other types of models to simulate the structural response to the hazard e�ects.

FEM�Finite-Element Modeling

The FEM module consists primarily of wrappers for input/output to existing �nite-element
software to simulate the response of structures and geotechnical materials to earthquake ground
shaking, wind, storm surge wave loading, and tsunami wave loading. Such analyses could also
encompass computational �uid dynamics and structure-�uid interaction. OpenSeesOpenSees
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[6] and OpenFOAMOpenFOAM[5] are the main open-source applications that are called by
the current FEM wrappers.

EDP�Engineering Demand Parameters

The EDP represents the work�ow component that de�nes and manages the output of hazard-
induced deformation or other demands from a �nite-element or other type of analysis model for
input into the damage and loss assessment.

DL�Damage and Losses

DL is the work�ow component where damage and losses are calculated for the assets in the BE.
Since these calculations are essential to all performance assessments and not readily available
in existing software, the SimCenter developed an application framework called PELICUN,
Probabilistic Estimation of Losses, Injuries, and Community Resilience Under Natural Disasters,
(Zsarnóczay and Deierlein, 2020,PELICUN [12]) to generalize the FEMA P-58 methodology
to evaluate damage and losses in buildings and other facilities under earthquakes, hurricanes,
and other hazards.

UQ�Uncertainty Quanti�cation

The UQ component provides an interface to software and routines for methods of uncertainty
quanti�cation, which can be interfaced with other components. One of the registered applications
supported by UQ is DAKOTA (Adams et al., 2009), which o�ers a range of methods for
uncertainty quanti�cation. Additional UQ algorithms are provided by custom SimCenter
software.

Cloud

Cloud is the work�ow component that manages communication with remote computing and
data service providers and sending/receiving data over the web.

DL Data

DL Data is the component consisting of databases of fragility curves for damage and loss
calculations for various types of facilities (e.g., buildings, bridges, and infrastructure) subjected
to demands from various hazards (e.g., earthquake, wind, and storm surge).

Exp/Sim Data

Exp/Sim Data is the component consisting of databases of experimental and/or computational
research data that is utilized for machine-learning SAM applications and validation of FEM
simulation tools.

1.3 SimCenter Desktop Applications and Backend Tools

Figure 1.3 shows the key desktop applications (quoFEM, EE-UQ, WE-UQ, HydroUQ, PBE,
andR2D) with linkages to the underlying components used by each application. The work�ow
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components are implemented into backend software modules and can be combined in multiple
ways. The table in Figure 1.5 lists the SimCenter's current desktop applications and backend
software modules, along with a set of educational applications. The columns of the table indicate
how the various applications and software modules are related to the various hazards and stages
of the PBE framework. Included below are brief descriptions of the desktop applications. For
further detail on these applications, backend modules, and educational applications, the reader
is referred to the SimCenter website:https://simcenter.designsafe-ci.org/ .

quoFEM

The Quanti�ed Uncertainty with Optimization for the Finite-Element Method (quoFEM[7])
tool connects state-of-the-art UQ engines (e.g., Dakota) with simulation tools to supports model
calibration, optimization, uncertainty propagation, reliability analysis, surrogate modeling,
and sensitivity analyses of numerical materials, components, and systems. The graphical
user interface currently supports �nite-element software (OpenSees and FEAP) and can also
interface with custom analysis packages, including, but not limited to those based on the discrete
element and �nite di�erence method and other commercial software that cannot be bundled
with the open-source SimCenter applications (e.g., LS-DYNA, ABAQUS). The GUI can also be
con�gured by users to employ custom UQ engines that are not currently provided with the tool.
Therefore, quoFEM provides users instant uncertainty analysis and optimization capabilities
for numerical models. Furthermore, quoFEM provides an opportunity for researchers working
with experimental facilities to use advanced UQ methods and tools to design experiments and
calibrate numerical models. Some of the planned future capabilities of quoFEM include support
for multi-�delity models, sequential Bayesian updating, surrogate enhanced optimization and
calibration, and optimization under uncertainty.

EE-UQ

The Earthquake Engineering with Uncertainty Quanti�cation (EE-UQ [2]) application has
features to determine the response of a structural and soil�structure systems to earthquake
excitations. The current (V2.2.0) release focuses on quantifying the uncertainties in structural
response, given that the properties of buildings (or other structures) and the earthquake events
are not known precisely, and that many simplifying assumptions are present in the numerical
models (epistemic uncertainties). By embedding features of thequoFEMtool, EE-UQenables
the user to specify statistical distributions of the model input parameters, then Monte Carlo
and other sampling methods are used to characterize the output. The tool has features to select
and input ground motions to match speci�ed earthquake hazard targets. Work is underway to
extendEE-UQto include soil�structure interaction models where bedrock ground motions are
propagated through nonlinear soil models into the structural system.

WE-UQ

This is a Wind Engineering with Uncertainty Quanti�cation (WE-UQ[11]) application to
assess the response of buildings to wind loading, taking into account that the properties of
the building and the wind loads are not known exactly, and given that the simulation software
and the user make simplifying assumptions in the numerical modeling of the structure. It is
similar in composition toEE-UQbut with a windEVENTcomponent. The current (V2.0.0)
version allows users to select from a variety of options for specifying wind forces on structures
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Fig. 1.5 Overview of the current scope of SimCenter computational simulation tools.

from stochastic loading models and online wind engineering databases through to performing
Computational Fluid Dynamics (CFD) analyses utilizingOpenFOAM[5]. The tool is intended
to make detailed CFD modeling more accessible to NEHRI researchers in conjunction with
wind tunnel testing (e.g., to validate computational models and extrapolate beyond the scale
and parameter space that can be tested in the NHERI wind facilities), to allow researchers to
consider more realistic conditions from �eld studies, and assist in the creation of surrogate
models for regional simulations. Two-way fully coupled �uid�structure interaction (FSI) is
currently under development.

Hydro-UQ

This is the SimCenter's Hydrodynamic loading with Uncertainty Quanti�cation (HydroUQ[4])
application to assess the response of structures to �uid �ows from storm surge, tsunami, or other
hazards. The current version (V0.9.0-alpha) allows two-dimensional shallow water solutions
obtained from far-from-coast calculations with GeoClawGEOCLAW[3] to be used as input
to a three-dimensional CFD solver (OpenFOAM[5]). This facilitates a multi-scale coupling
by resolving areas of interest by coupling shallow-water solvers with CFD solvers through an
interchangeable work�ow. As a part of the inputs, the tool allows the researchers to consider:
(a) bathymetry and topography of the ocean �oor and (b) initiation conditions due to tsunami
and storm surge events. Upcoming features will include the ability to useADCIRC[1] runs for
studying hydrodynamic loads during hurricanes.
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PBE

The Performance-Based Engineering (PBE [13]) application is an extensible work�ow ap-
plication to evaluate the performance of buildings or other assets to natural hazards. The
current (V2.0.0) release provides researchers with a tool to assess the performance of a building
subjected to earthquake ground motions. The application focuses on quantifying nonlinear
building response and damage through decision variables.PBEbuilds upon theEE-UQtool
using the estimates of structural response to assess the damage to building components and
the consequences of such damage. The user de�nes the simulation model, the damage and loss
models of the structure, and the seismic hazard model in thePBEtool. The tool incorporates an
underlying work�ow applicationPELICUN, which is modeled after the FEMA P-58 framework
for earthquake loss assessment but with a broader vision to address alternate hazards (wind,
water inundation, etc.) and facilities beyond buildings. Upcoming features will extend PBE
to handle storm wind hazards to buildings as well as the performance assessment of other
infrastructure elements such as buried pipelines.

R2D

The Regional Resilience Determination Tool (R2DTool[8]) is a research application that focuses
on running regional simulations and interpreting their results. The tool integrates the work�ow
components from other research tools developed for individual building assessment (e.g.,
EE-UQ, PBE) and extends them to consider multiple assets and a regional characterization of
hazard scenarios. The �rst release of theR2DToolprovides features for seismic risk assessment.
Additional features planned for 2021 will enable hurricane risk studies including the simulation
of both wind and storm surge e�ects. The calculations are performed by an extensible command
line work�ow application (rWHALE) that integrates the entire framework of backend applications
developed by the SimCenter. Besides several small examples provided to help users get started,
the SimCenter is developing a small number of detailed regional studies to illustrate the potential
in regional simulations and provide researchers several templates of work�ows with various
levels of complexity.

1.4 Concluding Remarks

In addition to developing and releasing the computational work�ow tools and training modules,
the SimCenter is engaging with researchers to extend the simulation capabilities through
collaboration with NHERI researchers. Collaboration opportunities include: (1) development
and implementation of new computational simulation models, metadata standards, and software;
(2) application studies to apply and enhance the simulation tools across a spectrum of scales,
from individual components through to regional studies of the impact of natural hazards
on the built-environment; and (3) development of educational resources, including curricula
materials that utilize advanced simulation tools, along with webinars, papers, and other means
of documentation.

This report is an important component of the SimCenter's workplan to identify and incorporate
state-of-the-art simulation methods and software into the computational work�ow applications.
It also identi�es areas where further research and development is needed. Thus, this report
serves not only as a report on the state of the art for the NHERI community but also as a guiding
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document for the SimCenter. As seen in Figure 1.5, for example, there is currently a major gap
in computational models for simulating disaster recovery, which represents a major challenge to
the NHERI community.

Beyond incorporating existing and emerging simulation tools into the computational work-
�ows, an important component of the SimCenter's mission is to overcome computational
challenges associated with scaling up the simulations to allow higher �delity and higher resolu-
tion models. These computational aspects of the software development involve collaboration
and coordination with NHERI cyber-infrastructure available through DesignSafe and other
organizations.





Part I
Hazard Characterization

Characterization of natural hazards for engineering applications aims to quantify the severity
of a natural hazard at a particular location or over a pre-de�ned region of interest. The time
histories that provide a detailed description of natural-hazard e�ects�such as severe ground
shaking or high-speed winds�are often summarized by so-called intensity measures (IMs) that
represent their most important characteristics. Peak ground acceleration, permanent ground
deformation, average one-minute wind speed, and peak inundation depth are a few examples
of such IMs for various natural hazards. Using IMs facilitates the development of a stochastic
hazard model that de�nes the hazard severity at the site(s) of interest using one more more
random variables or random �elds. The uncertainty in the hazard that is captured by these
random entities shall be propagated through engineering simulation.

High-�delity approaches simulate the time-history of structural response using dynamic
analyses (see Part II for details). These simulations require a time-dependent load function that
represents the hazard characterized by IMs. An acceleration time history of a ground motion
is an example of such a load function, which is often used for seismic response estimation.
These load functions are either selected from historical data (e.g., ground-motion records) or
generated using a stochastic process (e.g., local wind in�ow conditions for a CFD simulation).
The procedures and best practices available for this task will be discussed for each natural
hazard below.

Three types of natural hazards are examined in the following sections: earthquake, hurricane,
and tsunami. They present several fundamentally di�erent threats to the built environment,
such as ground shaking and liquefaction under earthquakes, or wind and storm surge under
hurricanes. Each chapter in this part discusses one of those threats.





Chapter 2
Earthquake�Ground Shaking

Adam Zsarnóczaywith contributions by Wael Elhaddad,
along with review comments and suggestions by Jack W. Baker and David McCallen

The simulation methods and the software tools presented in this section characterize the
ground-shaking intensity due to earthquakes at a speci�c site or over a group of sites that cover
a region. Although the amount of historical earthquake data at any particular site is small, the
improvements in the �eld since the publication of the seminal paper on earthquake hazard by
Cornell (1968) allows engineers to combine the available information from several sites and
create a seismic hazard model that can quantify the expected ground-shaking hazard and the
corresponding uncertainty.

Probabilistic Seismic Hazard Assessment (PSHA) and disaggregation of the calculated hazard
are the most popular methods to characterize ground shaking at a site of interest (Bazzurro and
Cornell, 1999). The earthquake engineering community is fortunate to have access to a large
number of free�and often open-source�tools available for this task. Besides PSHA tools, this
chapter also covers tools that perform scenario-based, deterministic analysis. Most probabilistic
and deterministic analyses use empirical ground-motion models (GMMs) that describe the
attenuation of shaking intensity with increasing distance from the hypocenter to characterize
the ground shaking at a site from fault rupture. [The empirical GMM denomination is preferred
over the conventional GMPE (ground-motion prediction equation) in several recent publications
to emphasize that modern attenuation relationships are substantially more complex than a single
equation.] Other approaches, such as physics-based GMMs and the corresponding simulations,
are also becoming su�ciently robust to be widely applicable for risk assessment, and they are
likely to be used more widely in the near future.

This chapter reviews the above methods, the data they use, and the tools that have implemented
them. The recent book by Baker et al. (2021) provides more details about the characterization
of ground shaking and the methods available for probabilistic seismic hazard assessment.

2.1 Input and Output Data

2.1.1 Input Data

Ground-motion hazard assessment requires information about the site and the seismic source(s)
in its vicinity. These data can be classi�ed as follows:

13
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Site location(s)

These are latitude and longitude pairs for each site of interest. For regional analyses, ground
shaking is either characterized directly at the location of each asset or a carefully designed
intermediate grid is used, and the site-speci�c results are determined by interpolation between
the grid nodes. The direct approach is used when the number of assets is relatively small (e.g.,
Padgett et al., 2010), while the intermediate grid is used in studies with millions of assets (e.g.,
Deierlein et al., 2020).

Site data

Local soil conditions have signi�cant in�uence on the ground motion at the surface at a
particular site. Two neighboring sites with practically identical bedrock hazard might experience
fundamentally di�erent surface ground motions if their soil characteristics are di�erent. If the
soil pro�le above bedrock is available, the propagation of ground shaking from bedrock to
surface can be modeled using the methods described in Chapter 10 of this report. However,
the bedrock is often at a large depth and the absence of site-speci�c measurements makes it
di�cult to characterize the complete soil pro�le. This is especially the case for large, regional
simulations with thousands or millions of sites. The lack of data translates into signi�cant
uncertainty in the ampli�cation of ground motion from bedrock to surface and the resulting
surface ground-motion estimate.

A pragmatic solution in the earthquake engineering community uses the average shear-wave
velocity in the top 30 meters of the soil (+(–30) as a proxy for soil conditions to estimate the site
ampli�cation at a site. Information about+(–30 or at least about a broad soil class (e.g., rock,
sti� soil, or soft clay) is either available or can be estimated for most sites. The USGS provides
estimates of+(–30 from topographic slope that can be used as an approximate solution when no
other data is available (USGS, 2020).

Seismic sources

Ground motions are generated by seismic sources. Depending on the available historical
information about the earthquakes in the region, sources might be described as faults, points, or
areas with homogeneous seismicity. The abundant information about earthquakes in California
allows researchers to develop a detailed map of faults for the state (Field et al., 2014), while the
Central and Eastern United States (CEUS) is covered by area sources (Mueller et al., 2015).

Scenario-based analysis typically requires a hypocenter location, earthquake magnitude,
and information about the rupture surface and style of faulting. Probabilistic assessments
consider all sources that might a�ect the region along with a stochastic description of those
sources using magnitude occurrence rates, hypocenter depth distributions, etc. These stochastic
models are usually based on historical ground-motion data. The Uniform California Earthquake
Rupture Forecast version 3.0 (UCERF3, Field et al., 2014) is an example of such a stochastic
seismic-source model. It is published jointly by the United States Geological Survey (USGS), the
California Geological Survey (CGS), and the Southern California Earthquake Center (SCEC).
Seismic-source models for other non-U.S. regions have been prepared and made publicly
available by the Global Earthquake Model (GEM) initiative (https://www.globalquakemodel.
org/ ). These include Europe (Giardini et al., 2014), the Middle East (Danciu et al., 2017), and
South America (Garcia et al., 2018).
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Ground-motion model (GMM)

The ground-motion model describes the propagation of ground shaking from the earthquake
rupture surface to the sites of interest. The widely used approaches are empirical, physics-based,
and stochastic GMMs:

ˆ Empirical GMMs estimate the severity of ground shaking in the form of intensity measures
(IMs). These estimates are typically based on regression to historical IM data from recorded
earthquake ground motions. Depending on the data and the functional form used for the
regression, one might arrive at various models. There are hundreds of empirical GMMs
available (Douglas, 2021), and it is important to select the one that is based on data and
assumptions matching the seismicity in the region of interest.

ˆ Physics-based GMMs describe the propagation of seismic waves from the location of the
rupture to the surface at the investigated sites. They require a three-dimensional model
of the local geology (i.e., the upper layers of the Earth's crust) and simulate the behavior
of the seismic sources in the area within this environment. Even though these models are
challenging to build and computationally expensive to run, they are becoming more and more
popular, and are used in a variety of applications (Bradley et al., 2017).

ˆ Stochastic ground motions are arti�cially generated accelerograms either from white noise
that is modi�ed to match target IMs (e.g., Rezaeian and Kiureghian, 2012) or by modifying
historical ground-motion recordings (e.g., Atkinson and Goda, 2010; Seifried and Baker,
2016).

Logic tree

Logic trees have become popular means to consider the epistemic uncertainty in the ground-
shaking hazard. Branches of the trees are populated with various modeling assumptions (e.g.,
GMMs, seismic-source models, maximum magnitudes, site data, etc.), and a set of weights are
de�ned so that the branches and weights represent a probability distribution on the uncertain
issue. Notwithstanding the problems inherent in such a strategy for UQ (Bommer and Scherbaum,
2008), recent research has shown several examples where the logic-tree approach provides
additional insight that would otherwise not be available (e.g., Goulet et al., 2017).

2.1.2 Output Data

One or more of the following outputs are produced to describe the ground-shaking hazard:

Seismogram

A plot of ground motion versus time, which would be recorded by a seismometer or other
instrument in a real event. Seismograms are also known as ground-motion records (GMRs)
and are typically expressed in terms of ground acceleration, which are integrated to obtain
ground-motion velocity or displacement.
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Intensity measure (IM)

A measure of the intensity of shaking associated with a particular seismogram. The peak ground
acceleration (PGA) and spectral acceleration at a given vibration period [Sa(T)] are the most
commonly used IMs.

Response spectra

A response spectrum is often used to describe the intensity of a ground motion and to provide
a proxy for the complete acceleration time history. It is a collection of IMs that describe the
response of single-degree-of-freedom oscillators to the ground-motion record of interest; for
example, acceleration response spectra are de�ned through a set ofSa(T) values. The larger
the number of vibration periods considered, the more detailed the resulting spectrum becomes.
In empirical GMM-based simulations, the resolution of the response spectrum is typically
limited by the vibration-period discretization used in the attenuation model. In physics-based
simulations, the response spectrum is determined from the simulated GMR.

Hazard curve

Rather than focusing on ground motions from a single event, probabilistic assessments
characterize the hazard through the annual exceedance rate of various IMs at the site of interest.
This information is represented by a hazard curve. Each IM has its corresponding hazard curve.
Studies typically focus on obtaining hazard curves for a set ofSa(T) IMs.

Hazard spectrum

Given a set of hazard curves corresponding to(0 ¹) 8º for ) 8 in a su�ciently wide range of
vibration periods, it is possible to collect the(0 ¹) 8º that correspond to a pre-de�ned annual
exceedance rate. These(0 ¹) 8º values describe the so-called uniform hazard spectrum (UHS),
which is the collection of spectral accelerations that have identical (uniform) probability of
exceedance. A popular alternative to the UHS is the so-called Conditional Spectrum (CS),
where the spectra are conditioned on the probability of exceedance of response at a pre-de�ned
(conditioning) period) (Baker and Lee, 2018; Lin et al., 2013). The UHS and CS are often
used to describe the hazard in a probabilistic framework.

Hazard map

Given a particular annual exceedance rate (or return period or exceedance probability over a
pre-de�ned time period) and corresponding hazard curves at various sites in a region, one can
create maps of IM levels that describe the intensity of expected ground shaking. The engineering
community uses a small set of pre-de�ned return periods (such as 475 years, which is equivalent
to 10% probability of exceedance over 50 years) to describe the hazard for structural design
and performance assessment purposes. Using the same return periods within the community
facilitates the comparison of hazard maps among di�erent regions and within di�erent parts of
the same region.
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Disaggregation of the hazard

Probabilistic seismic hazard analysis aggregates the contributions of several sources to produce
a hazard curve for a site. Disaggregation provides a break-down of the contribution of various
seismic sources to the total seismic hazard. This allows researchers to estimate the characteristic
features of the earthquake scenarios (typically magnitude and source-to-site distance) that
are the main contributors to the seismic hazard at the site. Information about such features
complements the estimated IMs and provides a more detailed understanding of the seismic
hazard at the site.

2.2 Modeling Approaches

The two main approaches used in the research community for ground-shaking hazard character-
ization are as follows:

Estimate IMs using an empirical GMM

This type of methodology describes the hazard using IMs estimated based on historical
earthquake data. The advantage of using empirical GMMs is the computational e�ciency
of the calculation; these models typically describe IMs as random variables. This approach
allows engineers to estimate the probability of exceeding a pre-de�ned IM level given the
characteristics of the earthquake scenario, the location of the site, and other parameters (soil
conditions, damping, etc.). By aggregating these exceedance probabilities and the occurrence
rates of corresponding earthquake scenarios over a region, engineers can arrive at the total
probability of exceedance of a pre-de�ned IM level at the site of interest. Performing such a
calculation for multiple IM levels produces the hazard curve for the site. The ground-shaking
hazard is commonly described using a set of hazard curves that correspond to the spectral
acceleration at various vibration periods. These hazard curves can serve as the basis of a UHS
or CS for structural response estimation.

The choice of IM has been a subject of a large number of studies in recent decades (e.g.,
Luco and Cornell, 2019; Shome et al., 1998). There are three widely-used criteria when IMs
are discussed: (1)practicality refers to the complexity of the calculation and if tools are already
available to perform it; (2)e�ciency describes the predicting power of the IM for the important
characteristics of structural response; and (3)su�ciency corresponds to the uniqueness of
the hazard description provided by the IM (i.e., a unique description means that GMRs with
identical IM values yield identical structural responses). Besides the popular PGA and(0 ¹) 1º,
the average spectral acceleration(0 0E6 and signi�cant duration are also used and assessed in
several studies (e.g., Bijeli¢ et al., 2018). There are more complex IMs that have been shown to
perform better in terms of e�ciency and su�ciency, and can become superior to conventional
choices once widely applicable GMMs become available for them (e.g., Dávalos and Miranda,
2019).

In studies that use empirical ground-motion data, the selection of historical GMRs for
dynamic analyses can be challenging. One can either use a generic suite of GMRs produced and
vetted by experts (e.g., Baker et al., 2011) or perform the selection of GMRs from a database
(e.g., Ancheta et al., 2014) based on a site-speci�c description of the hazard. As the number of
records in ground-motion databases increases, the set of selected GMRs can often provide a



18 Zsarnóczay

good representation of the probabilistic hazard at the site, but rare events and unconventional
hazard characteristics can still prove di�cult to represent with empirical GMRs. If matching
historical ground motions are not available, stochastic ground-motion generation is also an
option to consider.

Estimate ground-motion records using a physics-based GMM

This type of methodology relies on a physical model of the crust and propagation of seismic
waves in that model. It requires a signi�cant amount of information about local geology to arrive
at reliable results. Furthermore, the calculations are computationally expensive and usually
require a high performance computing (HPC) environment. To the extent that the physics-based
models are validated and based on reliable model parameters (geologic data), they can represent
local geologic e�ects (such as deep geologic basins) that are not captured as well by empirical
GMMs. The earthquake simulations provide GMRs directly as opposed to the IM proxies used
in empirical approaches. These records can be applied directly in response estimation, which
removes part of the uncertainty and ambiguity associated with GMR selection to match IM
targets in empirical studies.

There are computational and modeling challenges before this approach becomes common-
place, but early adopters in the research community (such as SCEChttps://www.scec.org/
and Lawrence Livermore National Laboratory,https://www.llnl.gov ) are already providing
physics-based simulations that are being applied for performance and risk assessment (e.g.,
Frankel et al., 2018; Rodgers et al., 2019b). The SCEC Broadband Platform (Maechling et al.,
2015) provides open-source access to such models and simulation tools; similar initiatives are
available in Italy (D'Amico et al., 2017) and in New Zealand (Bradley et al., 2017). A recent
special issue of Earthquake Engineering and Structural Dynamics also provides a selection
of relevant research (e.g. Kato and Wang, 2021; Kusakabe et al., 2021; Paolucci et al., 2021;
Seylabi et al., 2021; Zhang et al., 2021).

Concerns about the reliability of simulated ground motions have been addressed by recent
studies that have shown similar demands and responses from real and simulated ground motion
records (e.g., Figure 2.1, Galasso et al., 2013; Rodgers et al., 2019a). SCEC has a group of
researchers focusing on testing and rating methodologies to build con�dence in the use of these
simulated acceleration time histories. As the gap between empirical and simulated ground
motions is closing, the community will be able to take advantage of synthetic seismograms that
can represent rare hazards and special site conditions.

2.3 Research Gaps and Opportunities

Conventional, empirical GMMs are expected to be replaced by non-ergodic models that can
consider local site and path information when available (e.g., Abrahamson et al., 2019). In areas
with abundant information, such models are expected to reduce the variability in the ground
motion and provide a more realistic description of the seismic hazard. Because such detailed
information is not available in every location, the models need to account for site-speci�c
aleatory and epistemic uncertainty, thus acknowledging that the uncertainty in the estimated
hazard is not uniform in space. This enhanced treatment of uncertainty will also require an
expansion of existing logic trees to represent the center, body, and range of the input parameters
(Gerstenberger et al., 2020).
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Fig. 2.1 Illustrative example of the comparison between empirical and physics-based GMMs from (Rodgers
et al., 2019a): Left: RotD50 acceleration response spectra for a site in Oakland, California, predicted by
four empirical GMMs (squares in color) and by a three-dimensional ground-motion simulation for the San
Francisco Bay Area (circles in black). Right: Distribution of residuals between the simulated and empirical IMs
over the entire simulation region. The thick black line indicates the median, the boxes show the interquartile
range (IQR) (i.e., central 50% around the median), and the whiskers extend until 1.5 IQR. Outliers are shown
as circles. Dashed and dotted lines show between-event uncertainties corresponding to the empirical GMM.

The rigorous combination of multiple empirical GMMs (e.g., Goulet et al., 2017) is also a
promising direction that would allow the consideration of model uncertainty in the estimated
hazard. Other sources of uncertainty that a�ect the seismic source model�or the physical
model of the crust that is used to estimate soil ampli�cation�are also important to quantify
and propagate through the analyses.

The research community recognizes that there is long-term variability in the rate of earth-
quakes, and some nations have already adopted time-dependent, non-Poissonian models to have
a more realistic estimate of the seismic hazard. More work is needed in this area to improve the
corresponding models and to expand their use to other areas, including the hazard maps of the
U.S.

When it comes to physics-based models, the continual increase in computational resources
makes simulations that resolve the ground-motion time-histories up to 10 Hz and include
softer soil layers in the analyses a feasible goal for the near future. As our ability to compute
ground motions to ever higher frequencies increases, we are outstripping our knowledge of the
subsurface geology at a �ne scale. Addressing these geologic model uncertainties is one of the
challenges for the community.

The next step for physics-based models would be to expand to probabilistic simulations that
produce multiple plausible realizations of the ground shaking considering various sources of
uncertainty in the generation and propagation of the waves. Such calculations require orders
of magnitude greater computation ability than what is currently available. The challenge is to
improve the physical models and frameworks to make such probabilistic analyses more feasible.

2.4 Software and Systems

The following is a list of software that is commonly used for characterizing earthquake ground
shaking.
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AWP-ODC

AWP-ODC[14] is an elastic wave propagation program (AWP-ODC, Cui et al., 2010) that
performs a parallel �nite-di�erence wave-propagation simulation. The software can simulate
the dynamic rupture and wave propagation that occurs during an earthquake. It was originally
written in Fortran and supports parallel computation using the message passing interface (MPI).
A version of the software written in C and CUDA is also available to run on graphics processing
units (GPUs).

BBP

The The Broadband Platform[29] Platform (Maechling et al., 2015) is a software system
developed by SCEC that can be used to generate synthetic ground motions using wave-
propagation models. The BBP is distributed with data products (velocity models and Green's
functions packages) that allows for the generation of seismograms for simulating historical
or hypothetical earthquake scenarios in California, the northeast of the U.S., and Japan. The
software runs on Linux systems and provides di�erent seismogram generation models.

CyberShake

CyberShake[15] is a computational simulation project on physics-based PSHA, developed and
hosted by SCEC. CyberShake simulations have been created from studies that de�ne the inputs,
computational software, and the outputs. Outputs from studies done using CyberShake are
stored in publicly accessible databases that includes studies performed for southern and central
California. Data products of CyberShake include seismograms, hazard curves, disaggregation,
duration results, and hazard maps.

HAZ

HAZ [18] is a probabilistic seismic hazard analysis tool written and maintained by Norman
Abrahamson. It is written in FORTRAN and it is not heavily documented, but it still is a popular
tool for several bridge, dam, and nuclear projects.

HAZUS 4.2

The Federal Emergency Management Agency (FEMA) has been supporting the development of
Hazus 4.2[17] for more than two decades. It is publicly available and provides a convenient
way to perform regional risk assessment following the HAZUS Multi-hazard Loss Estimation
Methodology 2.1 (FEMA, 2011a,b,c, 2017). The methodology covers earthquake, hurricane,
tsunami, and �ood hazards. Researchers and agencies in the U.S. can download input data with
the tool that provides information about the hazard, the exposure (i.e., building locations and
characteristics), and the vulnerability (i.e., building fragility and consequence functions) of the
region. These inputs are prepared in the standard format required by the software and provide
exposure data (building inventories, etc.) at a census-tract-level resolution. The software runs
on Microsoft's Windows operating system and has a GUI.
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Hercules

Hercules (Tu et al., 2006) is a parallel �nite-element wave-propagation software that can be used
to simulate earthquake ruptures. It was originally developed by the Quake group at Carnegie
Mellon University in collaboration with SCEC. The software is designed to be memory-e�cient
and highly scalable to run large-scale simulations in an HPC environment (Taborda et al., 2010).

NSHMP-Haz

NSHMP-Haz[20] is a Java-based library for PSHA that has been developed as part of the
National Seismic Hazard Mapping Project (NSHMP) within the USGS Earthquake Hazards
Program (EHP). The library is the engine driving di�erent USGS web services and applications,
which enables high-performance seismic hazard calculations required for generating hazard
maps over large regions using di�erent ground-motion models. A legacy Fortran version of this
library is also available, although it is deprecated at the time of writing this report.

OpenSHA

OpenSHA[22] (Field et al., 2003) is an open-source platform for seismic hazard analysis (SHA)
that was developed by the SCEC in collaboration with USGS. The platform is comprised of Java
libraries and a suite of applications that are suitable for di�erent SHA applications. For instance,
OpenSHA provides graphical applications for calculating hazard spectra, hazard curves, hazard
maps, hazard disaggregation, and querying site data. In addition, all the features provided by
the graphical applications are available programmatically through the OpenSHA Java libraries.

OpenQuake Engine

OpenQuake[21] (Pagani et al., 2014) is an open-source library for seismic hazard and seismic
risk computations. The library was developed using Python and is cross platform. The library
uses data, methods, and guidelines outlined by GEM.

PEER Ground-Motion Database

The PEER ground-motion database (NGA-West2, Ancheta et al., 2014) is a comprehensive set
of ground-motion records from shallow crustal earthquakes in active seismic regions around
the world. The database includes 21,336 records from 599 earthquake events. In addition
to the ground-motion records, the database stores detailed metadata that includes di�erent
source-site distance measures, site, and rupture characterization. A web service that can perform
ground-motion record selection and scaling using the records in database is also provided.

R-CRISIS

R-CRISIS[25] is the latest version of the CRISIS software that has been developed by Ordaz
et al., 2013 and supported by the National Autonomous University of Mexico and the Italian
Department of Civil Protection. The latest version of the software is free and publicly available.
It is designed to work with a GUI in a Windows environment. The software is designed to
perform PSHA calculations with a large number of GMPEs built in and seismic-source models
available in the literature.
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SW4

Seismic waves, 4th order (SW4[23], Petersson and Sjogreen, 2017) is a software originally de-
veloped at the Lawrence Livermore National Lab (LLNL) and currently jointly developed by the
LLNL and the Lawrence Berkeley National Lab under the U.S. DOE Exascale Computing Pro-
gram EQSIM application framework. It can solve three-dimensional seismic wave-propagation
problems. The software was developed using Fortran and C++ and makes use of a distributed
memory-programming model using MPI. The software is suitable for running on HPC and is
capable of producing synthetic seismograms in di�erent formats.

UCVM

The Uni�ed Community Velocity Model (UCVM, Small et al., 2017) is a software framework
developed by SCEC that provides a common interface to query di�erent three-dimensional
seismic velocity models for the State of California. The software allows the use of alternative
models to query and visualize seismic-wave velocities. The software provides query scripts to
obtain the seismic-wave velocities and density visualized on a horizontal slice, cross section,
and depth pro�le, and can also provide basin depth and+B–30 maps. The properties provided
by the velocity models included with UCVM are crucial for many wave-propagation software
presented in this section.

UGMS MCER

UGMS-MCER (Crouse et al., 2018) is a web-based tool developed by the SCEC Committee
for Utilization of Ground Motion Simulations (UGMS) to provide a site-speci�c maximum
considered earthquake (MCE) response spectra for the Los Angeles region according to the
site-speci�c seismic hazard analysis procedure outlined in ASCE 7-16. The tool is user-friendly
and is oriented towards practitioners, and only requires the location (latitude and longitude) and
site-soil classi�cation (site class or+B30).

2.4.1 Relevant SimCenter Tools

The SimCenter supports empirical ground motion modeling with a ground motion utility (GMU)
that is integrated in research tools such asEE-UQ [2], PBE [13], andR2DTool[8]. These
research tools also provide a standardized ground motion input feature that enables importing
intensity measures and IM �elds as well as ground motion acceleration time histories that were
prepared in external tools. Such external tools include physics-based ground motion simulations.
There are simulation examples provided that use data fromSW4[23] to encourage researchers
to take advantage of such data sources.

GMU

The Ground Motion Utility (GMU) is currently a backend application that interfaces with
OpenSHA[22] to characterize the seismic hazard. Given the hazard, the GMU has several
spatial correlation models (e.g., Jayaram and Baker, 2009; Markhvida et al., 2018) implemented
to simulate spatially correlated ground motion intensity measure �elds for a regional analysis.
Finally, to support high-�delity structural response estimation, the GMU can connect to the
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PEER NGA-West2 ground motion record database (Ancheta et al., 2014) and select ground
motion records from there that match the intensity measures (i.e., target spectrum) at each
location of interest. These features are available for the analysis of individual buildings in
EE-UQ[2], andPBE[13], and for regional analyses inR2DTool[8].

QS3HARK

The Site-Speci�c Seismic Hazard Analysis and Research Kit with Uncertainty Quanti�cation
(QS3HARK) simulates wave propagation through soil layers. The simulations use the �nite
element method as implemented inOpenSees[6] to perform the calculations. Uncertainties
in both the soil properties and the bedrock ground motion inputs can be characterized and
propagated throughout the simulations to arrive at a probabilistic description of the ground
shaking. QS3HARK is integrated inEE-UQ [2], and PBE [13] to enable the automatic
propagation of ground shaking from bedrock to surface and application of the simulated surface
shaking in a structural analysis. This work�ow will be integrated intoR2D to enable such
high-�delity analyses at a regional scale.

smelt

The Stochastic, Modular, and Extensible Library for Time histories (Smelt[27]) is a C++ library
for stochastically generating time histories, including acceleration time histories to represent
ground shaking.

Educational Tools

The e�ect of ground shaking is illustrated in several educational tools developed by the
SimCenter. The Multiple Degrees of Freedom Application (MDOF [19]) allows students to
explore the e�ects of di�erent building parameters on the time-varying response of a building
under transient loads, including ground shaking e�ects. The building is represented by a shear
column.

The Earthquake versus Wind Application (EvW[16]) focuses on comparing the response of
buildings subjected to earthquake and wind loading, using the same shear model that is applied
in MDOF.

The Site-Speci�c Seismic Hazard Analysis and Research Kit (S3HARK[26]) is the educational
version of QS3HARK that provides the same features and versatile set of material models but
without uncertainty quanti�cation. Removing UQ supports educational needs by streamlining
the user interface and facilitating the setup of simulations.

The Pile Group Tool (PGT [24]) supports studies on the behavior of a pile or a pile-group in
layered soil under ground shaking. Its user interface allows students to interactively observe the
response of the system to changes in the soil characteristics, the pile con�guration, and the pile
design.

The Transfer Function Tool (TFT [28]) focuses on calculating the transfer function that maps
a given bedrock motion to a surface motion. The tool allows students to de�ne the characteristics
of layered soil pro�les and examine how the input motion is a�ected by the soil deposit.





Chapter 3
Earthquake�Surface Fault Rupture

Michael Gardner with contributions by Jonathan D. Bray,
along with review comments and suggestions by Pedro Arduino, Chaofeng Wang

Surface fault rupture is a manifestation of subsurface fault displacement through the overlying
earth�including soil deposits�resulting in permanent ground surface deformation that can
damage engineered systems. The characteristics of the surface deformation depend on the type
of fault movement, the inclination of the fault plane, the amount of displacement on the fault,
the depth and geometry of the materials overlying the bedrock fault, the nature of the overlying
earth materials and de�nition of the fault, and the structure and its foundation (Bray, 2001). The
subsurface movement of the fault may be expressed as a distinct rupture plane or as distributed
distortion of the ground surface. Additionally, extensional movement of the fault can cause
tensile strains and cracking at the ground surface.

3.1 Input and Output Data

3.1.1 Input Data

Input data for analyses assessing surface fault rupture describe the characteristics of the fault,
the overlying materials, and in some cases the structures overlying the fault. These inputs can be
classi�ed as follows:

Depth of overlying soil

The depth of the overlying soil a�ects how subsurface fault deformations manifest as surface
fault rupture. In closed-form solutions, the depth of soil is an input into the analytical equation.
In pseudo-static analyses, the depth of overlying soil is de�ned by the boundary conditions in
the numerical model.

Angle of dilation

Some closed-form solutions take the angle of dilation as input, while soil constitutive models
used in pseudo-static analyses account for soil dilatancy in their formulation. The angle of
dilation will depend on the type and characteristics of the soil overlying the fault. �Dense� sand
will tend to increase in volume during shearing, which is described by a larger angle of dilation.
Conversely, �loose� sand may contract during shearing such that the dilation angle is often near
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zero or negative. Normally consolidated to slightly over-consolidated clay is characterized by
low dilatancy, while heavily over-consolidated clay will respond dilatively.

Fault characteristics

The type of fault, slip-type, and fault geometry in�uence the likelihood and amount of surface
fault rupture that may occur during an earthquake. Closed-form solutions are only applicable
for the fault type for which they were developed, so care must be taken when applying these
methods. Pseudo-static analyses explicitly model the fault type and geometry by specifying
boundary conditions and boundary displacements in the numerical model. Some probabilistic
models, such as the model developed by Moss and Ross (2011), are speci�c to a particular
type of fault and slip-type, while other methods, such as the Hecker et al. (2013) model, can be
applied more generally.

Moment magnitude

Moment magnitude is a quantitative measure of the earthquake size or magnitude. It is the only
magnitude scale that is not subject to saturation as it is based on seismic moment as opposed to
the ground-shaking level. Probabilistic fault displacement hazard assessments take magnitude
as an input and condition the probability of surface fault rupture occurring and the probability
of rupture past the site on the input magnitude.

Numerical method and soil constitutive model

In pseudo-static analyses, soil is modeled using both continuum and granular methods. Both
�nite-di�erence and �nite-element methods have been applied when modeling the soil as a
continuous medium. Constitutive models employed in these methods have ranged from the
elastoplastic Mohr-Coulomb model to more advanced models, such as UBCSAND (Byrne et al.,
2004), that can capture nonlinear stress�strain response, contractive and dilative volumetric
response, and dependence on con�ning pressure. The discrete element method (DEM) has been
used to explicitly model the granular nature of soil. In this approach, the particles are modeled
as rigid bodies, and all nonlinear behavior is captured in the model by describing contacts
between particles. Contact models range from as simple as linear elastic contacts to nonlinear
Hertz-Mindlin type contact models.

3.1.2 Output Data

Depending on the type of analytical procedure used, one or more of the following outputs can
be produced:

Shape and location of failure surfaces

Closed-form solutions can provide estimates of the shape and location of the failure surface,
and possible failure modes associated with shallow foundations. Pseudo-static analyses can
provide a more complete description of the anticipated location, shape, width, and extent of the
failure surface and its dependence on soil conditions at the site.
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Foundation-rupture interaction

Pseudo-static analyses can be employed to investigate how di�erent foundation systems and soil
improvement can in�uence how subsurface fault displacement propagates through the overlying
soil deposits and manifests at the surface. This requires more knowledge about the conditions at
the site being analyzed such that constitutive models can be calibrated to provide meaningful
results.

Probability of surface rupture

Probabilistic fault displacement hazard assessments can provide estimates of the probability
of surface rupture occurring at a site and the probability that the rupture will fall within an
estimated range of displacements.

3.2 Procedures for Evaluating Surface Ruptures

In the event that surface fault rupture is anticipated to occur at a site, the following procedures
can be applied:

Closed-form solutions

Closed-form solutions for evaluating surface fault rupture and its interaction with structures
are not typically used in research or practice because they are oversimpli�ed and not well
validated by �eld case histories. For free-�eld analyses, the method presented by Cole and Lade
(1984) provides estimates of the shape and location of failure surfaces in soil. The required
inputs for this procedure are the depth of the overlying soil, the angle of dilation of the soil,
and the dip angle of the fault; however, this method is restricted to dry, cohesionless soils
above dip�slip faults. Note: this procedure was developed based on small-scale experiments and
has not been validated by �eld case histories. Another approach, presented by Berrill (1983),
provides analytical solutions for assessing various failure modes for shallow foundations across
strike�slip faults. Similarly, this procedure is not widely used in practice.

Probabilistic assessment of fault-displacement hazard

Probabilistic fault displacement hazard assessments provide a means to evaluate the probability
of some amount of fault displacement occurring at a site. Generally, these methods provide an
estimate of the probability of some level of fault displacement being exceeded. This is analogous
to the approach used in PSHA for ground shaking based on a given set of input parameters
that characterize the type of event and location of the site relative to that event. Examples of
such methodologies are Hecker et al. (2013), Moss and Ross (2011), Petersen et al. (2011), and
Youngs et al. (2003).

Pseudo-static analysis

Pseudo-static numerical analyses can provide estimates of not only the amount of surface fault
displacement that may occur at a site, but also the characteristics of the deformation at the site
and how structures might interact with the deforming soil. Continuum-based methods (such as
�nite-element and �nite-di�erence methods) and discontinuous methods (such as the DEM)
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have been implemented to model surface fault rupture. These methods can capture how fault
and soil material properties a�ect surface manifestations of subsurface fault displacement,
providing insight into potential hazards at a site. These methods require more knowledge of
site conditions and soil properties such that constitutive model parameters can be calibrated to
provide meaningful results for a particular site. For pseudo-static analyses, the dynamics of
fault rupture are ignored. Instead, the fault displacement is speci�ed while the displacement
rate is kept slow enough to avoid dynamic e�ects. Some researchers have investigated dynamic
surface fault rupture (Oettle et al., 2015) and have demonstrated that ignoring dynamic e�ects
results in insigni�cant di�erences in the results; therefore, most analyses are implemented in a
pseudo-static manner (Anastasopoulos and Gazetas, 2007; Anastasopoulos et al., 2008; Bransby
et al., 2008a; Bransby et al., 2008b; Garcia and Bray, 2018a,b; Oettle and Bray, 2017; Oettle
and Bray, 2013).

3.3 Research Gaps and Opportunities

Recent advances in probabilistic fault rupture assessment methods allow for hazard-based
evaluation of surface fault rupture and are amenable to being applied at a regional scale;
however, they do not currently incorporate soil conditions in evaluating surface fault rupture.
Comparatively, pseudo-static simulations of surface fault rupture have been used to assess how
local soil conditions and the characteristics of foundations overlying the fault a�ect the rupture
path and how it manifests at the surface. Unfortunately, the computational demand associated
with these analyses is prohibitive at the regional scale. The challenge of assessing surface fault
rupture can be attributed to the nature of the phenomenon, i.e., displacements occur across a
narrow shear band along signi�cantly longer lengths of rupture, posing unique challenges to the
research community.

When considering numerical simulations of surface fault rupture, a major di�culty is ensuring
su�cient numerical resolution while also minimizing computational cost. Given that the area of
interest is highly localized�even in �loose� soil deposits where deformation is more distributed,
the shear band is relatively narrow compared to the rest of the simulation domain�adaptive
meshing and re�nement techniques could help alleviate some of the computational burden
while maintaining su�cient resolution where it is needed. Additionally, currently simulations
do not consider the layered and heterogeneous nature of natural soils, which potentially could
have a signi�cant in�uence on the propagation of subsurface rupture to the ground surface. To
implement and validate numerical models capable of performing these simulations in HPC
environments, open-source software is needed. In addition, there is a gap in the amount of
high-quality experimental data that is available to validate numerical capabilities. Available
experimental datasets focus primarily on homogeneous, cohesionless soils, so it is not possible
to calibrate and validate numerical models that potentially could capture the in�uence of
heterogeneity in overlying soil deposits.

On a regional scale, probabilistic assessment of fault displacement hazard has great potential
for broad application. Current methods consider the probability that surface fault rupture will
occur at a site conditioned on the earthquake magnitude being large enough to cause rupture
and that su�cient subsurface rupture occurs to manifest as surface rupture. Developing models
that are capable of incorporating additional data that describes soil conditions and explicitly
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consider di�erent fault and slip-types would provide insight into how more localized conditions
could a�ect regional response.

3.4 Software and Systems

The following list is a compilation of software commonly used in assessing earthquake surface
fault rupture. Currently, there are no software packages available for the closed-form procedures.
Although probabilistic fault displacement hazard assessment software has been developed by
consultants that perform this type of analysis (Wells and Kulkarni, 2014), it is not available
publicly.

OpenSees

The Open System for Earthquake Engineering Simulation (OpenSees[6]) is an open-source
software framework capable of performing pseudo-static and dynamic analyses with the �nite-
element method. OpenSees is maintained by the Paci�c Earthquake Engineering Research
(PEER) Center and actively developed by researchers at UC Berkeley and various research
institutions. Several commonly used soil constitutive models have been implemented in
OpenSees, and additional models can be added based on user needs. The framework is capable
of running on HPC systems and supports MacOS, Linux, and Windows operating systems.

YADE

YADE[38] is an extensible open-source framework focused on the DEM (’milauer, 2015) that
can be used to perform pseudo-static and dynamic analyses. Yade is capable of performing
three-dimensional simulations with various particle shapes and contact models. Since it is
open-source, it is possible to add di�erent particle shapes and contact models as needed.
Currently Yade supports Linux operating systems. In terms of parallel-computing capability,
shared memory parallelism using OpenMP implemented though distributed memory capability
using MPI is under development. More information, including the source code, can be found on
the Yade homepage.

LIGGGHTS

LIGGGHTS-PUBLIC[33], an open-source (at least partially) DEM package, is capable of
performing both pseudo-static and dynamic analyses. LIGGGHTS originated as an expansion of
the granular package inLAMMPS[32], an open-source molecular dynamics framework devel-
oped and maintained by Sandia National Laboratories. Some functionality within LIGGGHTS
is not available in the public version. The source code for the public version is available at
https://github.com/CFDEMproject/LIGGGHTS-PUBLIC .

LMGC90

LMGC90[34] is an open-source framework developed and maintained by the Mechanical and
Civil Engineering Laboratory (LMGC), a research laboratory of the University of Montpellier
and of the French National Center for Scienti�c Research (CNRS). The software implements
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the DEM with non-smooth contact dynamics. More information is available on the LMGC90
homepage.

FLAC

Fast Lagrangian Analysis of Continua (FLAC [31]), developed by the Itasca Consulting Group,
has been used to perform pseudo-static and dynamic surface fault rupture analyses. FLAC
implements the �nite-di�erence method and models the soil as a continuum. In addition to the
pre-programmed soil constitutive models available in FLAC, users can provide customized soil
constitutive models either as pre-compiled dynamic libraries or by using the scripting language
FISH. This software is proprietary, closed-source, and does not support HPC deployment.
Currently, FLAC supports only Windows-based operating systems.

PFC

Particle Flow Code (PFC [36]) is a general-purpose DEM framework. The PFC can model the
granular nature of soil and has been used for pseudo-static analyses of surface fault rupture in
sand; it is capable of performing either two-dimensional or three-dimensional analyses using
various contact models. User-de�ned contact models can be input using either FISH scripts
or pre-compiled dynamic libraries. Currently, PFC supports only Windows-based operating
systems and is not HPC capable. The software is proprietary and closed-source.

PLAXIS

PLAXIS[37], now part of Bentley Systems, is a �nite-element method software package that
can be used to perform pseudo-static and dynamic analyses. Custom soil constitutive models
can be implemented within this platform. PLAXIS is proprietary and closed-source. Currently,
it is not HPC capable and supports only Windows-based operating systems.

General FEM solvers

LS-DYNA[35] andABAQUS[30], both proprietary, closed-source general �nite-element methods
solvers, have been used successfully for large-scale pseudo-static and dynamic analyses. Custom
material models, such as UBCSAND, can be implemented in these frameworks. Depending
on the license purchased, LS-Dyna and ABAQUS are capable of running on HPC systems.
LS-Dyna supports Unix, Linux, and Windows-based operating systems and is currently available
on DesignSafe. ABAQUS currently supports Linux and Windows-based operating systems.

3.4.1 Relevant SimCenter Tools

The SimCenter supports the application of advanced uncertainty quanti�cation techniques in
the �eld of numerical simulation of fault rupture.

quoFEM

The Quanti�ed Uncertainty with Optimization for the Finite-Element Method (quoFEM[7])
tool facilitates model calibration, optimization, uncertainty propagation, reliability analysis,
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surrogate modeling, and sensitivity analyses of numerical materials, components, and systems
by combining existing simulation environments with state-of-the-art uncertainty quanti�cation
applications. The graphical user interface currently supports �nite-element software (OpenSees
and FEAP) and can also interface with custom analysis packages, including, but not limited to
those based on the discrete element and �nite di�erence method and other commercial software
that cannot be bundled with the open-source SimCenter application (e.g., LS-DYNA, ABAQUS).
These features provide users instant uncertainty analysis and optimization capabilities for
numerical models. Furthermore, quoFEM provides an opportunity for researchers working
with experimental facilities to use advanced UQ methods and tools to design experiments and
calibrate numerical models.





Chapter 4
Earthquake�Soil Liquefaction

Chaofeng Wangwith contributions by Jonathan D. Bray,
along with review comments and suggestions by Pedro Arduino, Brady Cox, and Michael
Gardner

Soil liquefaction has caused much damage in recent earthquakes (e.g, Bray et al., 2017;
Cubrinovski et al., 2011; Cubrinovski et al., 2017). In �uid-saturated, geologically unconsolidated
soil, liquefaction is a phenomenon caused by a sudden change in stress due to a rapid earthquake
loading, during which the pore-water pressure increases and the e�ective stress reduces so that
the soil loses much of its sti�ness and strength and behaves like a liquid. The lique�ed soil may
lose its ability to support overlying structures or buried utilities.

As summarized in the Kavazanjian et al. (2016) report, the consequences of liquefaction may
include vertically or laterally displaced ground, landslides, slumped embankments, foundation
failures, and mixtures of soil and water erupting at the ground surface. In turn, these e�ects
may lead to settlement, distortion, and the collapse of buildings; the disruption of roadways; the
failure of earth-retaining structures; the cracking, sliding, and over-topping of dams, highway
embankments, and other earth structures; the rupture or severing of sewer, water, fuel, and other
lifeline infrastructure; the lateral displacement and shear failure of piles supporting bridges and
waterfront structures; and the uplift of underground structures.

4.1 Input and Output Data

Input data for assessing the liquefaction hazard describe the earthquake intensity measures
(IMs), the characteristics of geologic and technical site conditions, and the topography of the
site.

4.1.1 Input Data

Ground motion and intensity measures

Mechanics-based numerical simulation of liquefaction requires ground motions as input data.
Simpli�ed empirical methods take earthquake moment magnitude and IMs as input data that
include peak ground acceleration (PGA), spectral acceleration ((0 ¹) º), Arias intensity (� � ),
etc. Which IM to use depends on the selected analytical models.
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Site characteristics

Site characteristics include geologic and geotechnical site conditions, water table, slope, and
topography.

Geologic characteristics

Regional liquefaction assessment depends on geologic information. Youd and Perkins (1987)
proposed a method for classifying the liquefaction susceptibility of numerous geologic units. This
requires the mapping of geologic units, which are generally characterized by their depositional
environment, physical characteristics, and age. The depth to the groundwater table is also
required.

Geotechnical characteristics

Geotechnical characterization of the site consists primarily of identifying soil properties, such
as soil type, shear strength, density, �nes content, water saturation, etc. These parameters can
be estimated byin situ tests, such as the cone penetration test (CPT), standard penetration test
(SPT), and shear-wave velocity (+B) measurement, or laboratory testing of soil specimens.

Topography

Ground topographic parameters (e.g., ground slope, free face height, and the distance to a free
face) de�ne the boundary conditions of a site and are input data required for a liquefaction
assessment.

4.1.2 Output Data

Depending on the modeling approach used, one or more of the following outputs can be
produced:

Liquefaction indices at a site

Based on input data collected at a site, various liquefaction indices can be calculated, including
liquefaction potential index (LPI), liquefaction severity number (LSN), etc.

Induced ground displacement at a site

Liquefaction in the soil can lead to the deformation of the ground surface, such as vertical
settlement and lateral spreading.

Liquefaction maps

Maps of liquefaction susceptibility or liquefaction-induced ground damage can be the outputs
of a regional liquefaction assessment.



4 Earthquake�Soil Liquefaction 35

4.2 Modeling Approaches

Analysis of liquefaction and its consequences is an active area of research and development in
geotechnical engineering. Methods for estimating liquefaction triggering and its consequences
vary. They fall into two categories: simpli�ed methods and mechanics-based numerical methods.

Simpli�ed methods

In 1998, a consensus was reached within the geotechnical community on the use of an empirical
stress-based approach for liquefaction triggering assessment called the �simpli�ed method,�
�rst developed by Seed and Idriss (1971). This method is still commonly used in practice today
(Kavazanjian et al., 2016; Youd and Idriss, 2001).

In a simpli�ed method, a factor of safety (FS) against liquefaction triggering, de�ned as
the ratio between the seismic loading required to trigger liquefaction (i.e., the liquefaction
resistance) and the seismic loading expected from the earthquake (i.e., the seismic demand),
is computed. Both the seismic demand and the liquefaction resistance are characterized as
cyclic stress ratios, de�ned as the ratio of the equivalent cyclic shear stress to the initial vertical
e�ective stress. The seismic demand is the earthquake-induced cyclic stress ratio (CSR), and
the liquefaction resistance is the cyclic resistance ratio (CRR): that is, the cyclic stress ratio
required to trigger liquefaction.

Seed and Idriss (1971) proposed a simpli�ed equation, based on Newton's second law, to
compute a representative CSR for a given earthquake magnitude. This model was later revised
by Boulanger and Idriss (2014), Cetin and Seed (2004), Idriss (1999), and Idriss and Boulanger
(2008).

The most common approaches used in practice to compute CRR are based on geotechnical
�eld data, e.g., CPT, SPT, and+B. The most commonly used relationships to estimate CRR
from a CPT pro�le are those developed by Idriss and Boulanger (2008), Moss et al. (2006),
Robertson and Wride (1998), and Robertson (2009). The most commonly used relationships to
estimate CRR from SPT blow count are those proposed by Boulanger and Idriss (2014), Cetin
et al. (2018), and Youd and Idriss (2001). The most commonly used relationships to estimate
CRR from a+B pro�le were developed by Andrus and Stokoe II (2000) and Kayen et al. (2013).

Mechanics-based numerical simulation

The development and validation of numerical analysis tools and procedures for estimating
the e�ects of liquefaction on the built environment is identi�ed as an overarching research
need (Bray et al., 2017). Numerical analysis is critical for several reasons, including obtaining
insights on �eld mechanisms that cannot be discerned empirically, providing a rational basis
for developing or constraining practice-oriented engineering models, and providing a tool for
evaluating complex structures with unique characteristics that are outside the range of empirical
observations.

Finite-element and �nite-di�erence procedures are the most common procedures used
in engineering practice. As pointed out in Bray et al. (2017), there are major challenges
in developing robust validated numerical analysis procedures for evaluating the e�ects of
liquefaction on civil infrastructure systems due to the variety of multi-scale, multi-physics
coupled nonlinear interactions that come to the forefront in di�erent scenarios where analytical
capabilities for liquefaction e�ects have not been validated. Currently, research or commercial
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software platforms have not incorporated the best available solution techniques/options for
these challenging problems, such as the coupled, large-deformation analysis of strain-softening,
localizations, cracking, and interfaces in two or three dimensions with complex constitutive
models.

4.3 Research Gaps and Opportunities

Liquefaction risk analyses has focused on assessing the likelihood of triggering of liquefaction,
resulting in maps of susceptibility. The consequences of liquefaction, i.e., the induced damage
to the ground, is not su�ciently studied. Well established and universally applicable methods
for quantifying liquefaction-related damages to the ground are still to be developed. HAZUS
provides a method derived from engineering experiences for evaluating liquefaction-induced
permanent ground deformation (PGD) given PGA and site-speci�c liquefaction susceptibility;
however, the HAZUS method was developed based on observations of relatively old events.

In recent years, with more liquefaction cases observed (Bray et al., 2017; Cubrinovski
et al., 2017) and the creation of large liquefaction databases (Brandenberg et al., 2020), new
regression-based ground damage models are being developed (Khoshnevisan et al., 2015;
Stewart et al., 2016) and tested for di�erent regions (Chen et al., 2016). New insights into the
consequent damage to overlaying structures and their fragility are also being developed (Bray
and Macedo, 2017; Fotopoulou et al., 2018). In regional simulations, large-scale assessment
of liquefaction is needed. Traditionally, regional liquefaction can be coarsely assessed based
on geological data (Holzer et al., 2006). In recent years, techniques such as random �elds are
proposed for regional-scale modeling of liquefaction hazard, which can account for spatial
uncertainties while considering both geotechnical and geological information (Wang and Chen,
2018; Wang et al., 2017; Zhu et al., 2017a).

4.4 Software and Systems

Systems for liquefaction evaluation are divided into two categories according to the method
used: simpli�ed empirical methods and mechanics-based numerical methods.

Simpli�ed methods

Simpli�ed methods have been developed for rapid engineering evaluations of site-speci�c
liquefaction. To date, no open-source software is available.LiqIT [40], Cliq [39], NovoLIQ[42],
andLiquefy-Pro[41] are all Windows based. These tools provide a user interface that can let
the user input the soil pro�les and earthquake loading, and then visualize the liquefaction index
for each soil layer.

Numerical methods

For mechanics-based numerical methods, creating a constitutive model that captures the soil's
behavior under cyclic loads is crucial. Commercial software such asPLAXIS[37] andFLAC[31]
are widely used by the geotechnical community. Both of them are Windows based. OpenSees
is the only open-source software identi�ed for dealing with liquefaction. Several well-known
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liquefaction-capable constitutive models are: PM4Sand, PM4Silt, PDMY02, UBCSAND, and
DAFALIAS-MANZARI. Except for UBCSAND, they are all available in OpenSees.

4.4.1 Relevant SimCenter Tools

The SimCenter develops both research and educational tools to facilitate performing site-
speci�c analysis of soil response to earthquakes. The tools currently available focus on the
one-dimensional propagation of ground shaking from the bedrock to the free surface.

QS3HARK

The Site-Speci�c Seismic Hazard Analysis and Research Kit with Uncertainty Quanti�cation
(QS3HARK) performs site-speci�c analysis of ground shaking and liquefaction by simulat-
ing wave propagation through soil layers. The simulations use the �nite element method as
implemented inOpenSees[6] to perform the calculations. Several advanced material models
are available in QS3HARK (e.g., PM4Sand, PM4Silt, PDMY, PDMY02, PDMY03, Man-
zariDafalias, Borja-Amies) to support advanced site-response analysis. Uncertainties in both
the soil properties and the bedrock ground motion inputs can be characterized and propagated
throughout the simulations to arrive at a probabilistic description of the ground shaking, ground
deformation, and the lique�ed soil layers.

S3HARK

The Site-Speci�c Seismic Hazard Analysis and Research Kit (S3HARK) is the educational
version of QS3HARK that provides the same features and versatile set of material models but
without uncertainty quanti�cation. Removing UQ supports educational needs by streamlining
the user interface and facilitating the setup of simulations.





Chapter 5
Earthquake�Slope Stability and Landslides
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along with review comments and suggestions by Pedro Arduino, and Chaofeng Wang

Earth structures and natural slopes may experience deformation when subjected to seismic
loading. When considering the response of these systems, it is important to �rst identify whether
the materials considered may lose signi�cant strength as a result of cyclic loading. If so, the
system may be at risk of a �ow slide, typically associated with liquefaction, which may lead to
large deformations that can severely compromise an engineered system. Except for a dynamic
nonlinear e�ective stress analysis, the methods presented in this section assume that liquefaction
does not occur, and slopes will instead undergo some amount of deformation because of
incremental displacements during seismic shaking due to inertial loading.

In the simplest case, a pseudo-static seismic slope stability analysis provides a factor of safety
(FS) for a given system based on a speci�ed seismic event or hazard, while more advanced
methods provide an estimate of the range of seismic permanent displacement anticipated.
Regardless of the analytical procedure employed, important aspects to capture in the analysis
are the earthquake ground motion, the material properties of the system being considered and
its foundation, its geometry, and the initial state of stress and pore-water pressure in the system
and its foundation. Much depends on the intensity, frequency content, and duration of the
earthquake ground motion, the dynamic resistance of the earth slope, which is de�ned by its
yield coe�cient, and the dynamic response characteristics of the earth or waste system being
shaken.

5.1 Input and Output Data

5.1.1 Input Data

Whether employing a simpli�ed method or performing a dynamic nonlinear e�ective stress
analysis, the required inputs de�ne (1) the characteristics of the seismic loading; and (2) the
characteristics of the earth or waste system that have the greatest impact on the overall response.
The input data can be classi�ed as follows:

Moment magnitude

Moment magnitude is a quantitative measure of the earthquake size or magnitude. It is the only
magnitude scale that is not subject to saturation, as it is based on seismic moment as opposed to
the ground-shaking level.

39



40 Gardner

Spectral acceleration at the degraded period of the sliding mass

Due to material nonlinearity, it has been shown that using the spectral acceleration at the
degraded period instead of at the initial period of the sliding mass is an optimal IM across a
range of fundamental periods for the sliding mass (Bray and Travasarou, 2007).

Arias intensity

The Arias intensity (� � ) is a ground-motion parameter that includes the e�ects of both amplitude
and frequency content while also providing a good measure of the energy associated with a
particular ground motion. The computation of AI is over the entire duration of the ground
motion; as such, is not sensitive to how duration of strong motion is de�ned.

Peak ground acceleration

Peak ground acceleration (PGA), a measure of the ground-motion amplitude, is one of the
most commonly used ground-motion parameters. The PGA of a motion is taken as the largest
absolute value of the vector sum of orthogonal acceleration components.

Peak ground velocity

Similarly to PGA, the peak ground velocity (PGV) is a good measure of the ground-motion
amplitude. Since PGV is less sensitive to higher-frequency components of a ground motion, it
is likely a better measure of ground-motion amplitude at intermediate frequencies (Kramer,
1996).

Initial and degraded period of the sliding mass

In some idealized sliding mass models, the dynamic sti�ness of the sliding mass is represented
by the initial fundamental period, while the average reduction in the earth or waste slope being
analyzed is captured by the degraded period.

Seismic yield coe�cient

The seismic yield coe�cient,: H, is used to represent the slope's dynamic strength when using
simpli�ed sliding block procedures. Estimating the value of: H requires careful consideration
of the materials being analyzed as it is governed by the critical strata in the slope. Simpli�ed
procedures for estimating: H can be found in Bray et al. (1998).

Soil constitutive model

For dynamic nonlinear e�ective stress analyses, a soil constitutive model is used to describe
the evolution of stress and strain within the soil. These models can also capture the interaction
between the soil and pore water by considering changes in pore-water pressure that depend on
the soil type and boundary conditions in the numerical model. Examples of constitutive models
employed in dynamic analyses can be found in Boulanger and Ziotopoulou (2017, 2018), Byrne
et al. (2004), and Yang et al. (2003).
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5.1.2 Output Data

Depending on the type of analytical procedure used, one or more of the following outputs can
be produced:

Factor of safety

Pseudo-static stability analyses generally provide results in terms of an FS similar to what would
be attained from a static limit equilibrium analysis. With an appropriately calibrated analysis,
the FS gives an indication of magnitude of potential displacement.

Seismic displacement

Sliding block-type analyses generally provide output in terms of an estimated range of seismic
displacement. Additionally, some methods provide probabilistic seismic displacement results as
either the probability of a range of displacement occurring or the probability of exceeding a
speci�ed displacement threshold.

Full Description of displacement, stress, and pore-water pressure �elds

When performing dynamic nonlinear e�ective stress analyses, simulations can provide the
full time histories of the displacement, stress, and pore-water pressure �elds estimated by the
numerical model. These results provide insight into the site-speci�c response and can highlight
localized phenomena that might not be captured by simpli�ed methods.

5.2 Procedures for Evaluating Seismic Slope Displacement

There are three primary approaches employed currently in estimating seismic slope displace-
ments, which are listed in order of increasing complexity:

Pseudo-Static stability analyses

This class of seismic slope stability analysis is analogous to a static limit equilibrium analysis
where the earthquake loading is represented as an additional constant horizontal load applied to
the slope. This horizontal seismic coe�cient is a function of the characteristics of earthquake
shaking and the dynamic response characteristics of the slope. The seismic coe�cient is
estimated as a percentage of the maximum value of the summation of the di�erential masses
of the sliding blocks, each multiplied by the acceleration acting on them over time divided by
the total weight of the sliding mass, which produces the maximum seismic coe�cient. The
percentage of the maximum coe�cient used in the pseudo-static slope stability analysis is a
function of the allowable seismically induced permanent displacement (Bray and Travasarou,
2009). For this type of analysis, the required inputs are soil-strength parameters, slope geometry,
water pressures, and the pseudo-static seismic coe�cient. Results are provided in terms of an
FS that, when appropriately calibrated, gives an indication of the level of potential displacement.
Prevalent pseudo-static methods can be found in Bray and Travasarou (2009), Bray and Macedo
(2019), Hynes-Gri�n and Franklin (1984), Macedo et al. (2018), and Seed (1979).
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Sliding block analyses

Newmark-type sliding block analyses provide a range of anticipated seismically induced
permanent displacements that serve as an index of seismic performance of a system. These
procedures consider the dynamic response of the sliding mass if assumed to be non-rigid
and calculates the sliding displacement. Methods that consider the dynamic response of the
sliding mass consider this response as either decoupled or fully coupled. Typical inputs for
these procedures provide information about the characteristics of the earthquake shaking being
considered�moment magnitude, spectral acceleration at the degraded period of the sliding
mass,� � , PGA, and PGV�as well as dynamic properties of the sliding mass�the initial and
degraded fundamental period of the sliding mass, and the seismic coe�cient at which the
sliding mass will yield, which is called the yield coe�cient. From these inputs, the analysis
provides estimates of the seismic slope displacement and the probability of some displacement
occurring, or, in some cases, the probability of exceeding an allowable displacement. These
methods are semi-empirical and are applicable primarily to events exhibiting similar features to
those contained in the dataset used to develop a procedure. Commonly used procedures can be
found in Bray and Travasarou (2007), Bray and Macedo (2019), Jibson (2007), Makdisi and
Seed (1978), Rathje et al. (2014), and Saygili and Rathje (2008) for shallow crustal earthquakes
and Bray et al. (2018) for subduction zone earthquakes.

Dynamic nonlinear e�ective stress analyses

Continuum-based methods, such as �nite-element or �nite-di�erence methods, are employed
with soil constitutive models to analyze the dynamic response of the system to earthquake
loading. This type of analysis requires greater e�ort computationally as the partial di�erential
equations describing the mechanical response of the soil are numerically integrated over the
full time history of earthquake shaking. Additionally, extensive information about the soil
conditions at the site is required such that constitutive models can be su�ciently calibrated
to attain meaningful results. Unlike the pseudo-static and simpli�ed methods, this type of
analysis is still applicable in the event that liquefaction is anticipated to occur at the site. It is
the state-of-practice to employ dynamic nonlinear e�ective stress analyses in the evaluation
of critical earth systems, such as dams, tailing dams, ports, and large earth-retention systems.
Examples of constitutive models employed for dynamic analyses can be found in Boulanger and
Ziotopoulou (2017, 2018), Byrne et al. (2004), and Yang et al. (2003).

5.3 Research Gaps and Opportunities

The vast majority of seismic slope displacement methods focus on analyzing a single slope; the
resolution at which this slope is analyzed varies greatly between di�erent methods. Simpli�ed
methods, while not capable of fully capturing the site-speci�c response of individual slopes,
provide reasonable estimates of seismic slope displacement at negligible computational cost.
Comparatively, dynamic nonlinear numerical analyses can be meticulously calibrated to provide
insight into localized response, but require detailed knowledge of the site being analyzed,
additional computational resources, and necessitate a greater level of skill from the end-user.
The limitations of these methods will be dependent on the application and scale at which they
are to be applied. Many engineering applications do not require a fully nonlinear analysis, while
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it also is not possible to perform high-�delity, full-physics numerical simulations at a regional
scale. The varied application of seismic slope stability methods provides many opportunities to
advance the �eld (e.g., Bray et al., 2017).

For site-speci�c, high-resolution simulations, continued research is required to better resolve
grain-level dynamics and �uid-solid interaction. Much progress has been made in continuum
simulations of soils, and several models are available that are capable of describing the nonlinear,
plastic behavior of soil during seismic loading, while also considering the impact of excess
pore-water pressure generation during earthquake shaking. At the grain-level, however, there
remains opportunity for exploring the interaction between water and soil particles, and how
material type and fabric interplay with transient pore-water pressure within the soil matrix.
Beyond the constitutive and numerical models describing soil response, there is a need to
implement, validate, and calibrate these models in open-source software that is capable of
leveraging high-performance computing (HPC) resources. This ultimately will broaden their
impact and accessibility to the natural hazards community.

In terms of regional scale seismic slope stability, the opposing demands of detailed response
models and capturing large regions pose unique challenges and provide opportunities for
further development. Most regional-scale co-seismic landslide hazard models are based on
an in�nite slope analysis that largely ignores local geology and the associated failure modes.
Research by Grant et al. (2016) presents a multi-modal landslide hazard assessment tool that
accounts for local geological as well as topographical conditions that may contribute to the
expected failure mode and corresponding hazard. There is opportunity to build upon this work
by leveraging co-seismic landslide databases for developing tools that run more sophisticated
models in regions where more data is available, with the goal of providing insight into how these
results could be extrapolated to regions where data is sparse. Additionally, advances in remote
sensing provide exciting opportunities to dynamically inform hazard models such that updated
predictions could be made from real-time observations to help guide emergency response.

5.4 Software and Systems

The following list of software is commonly used in assessing the potential for seismic slope
displacement:

SLAMMER

SLAMMER[43] (Jibson et al., 2013) is capable of performing Newmark-type sliding block
analyses. It allows users to choose from various simpli�ed methods as well as running rigid
block, decoupled sliding block, and fully coupled displacement calculations on time histories
selected from an included catalog. Since SLAMMER is Java based, it is capable of running on
any operating system through the Java Virtual Machine (JVM). The source code is available at
on GitHub.

OpenSees

The Open System for Earthquake Engineering Simulation (OpenSees[6]) is an open-source
software framework capable of performing fully nonlinear dynamic e�ective stress analyses.
OpenSees is maintained by the Paci�c Earthquake Engineering Research Center (PEER) and
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actively developed by researchers at UC Berkeley and various research institutions. Several
commonly used soil constitutive models have been implemented in OpenSees, and additional
models can be added based on user needs. The framework is capable of running on HPC systems
and supports MacOS, Linux, and Windows operating systems.

Spreadsheet solutions

Spreadsheet solutions are routinely used for Newmark-type sliding block analyses, with some
authors releasing pre-programmed spreadsheets that implement their methods. To a lesser extent,
spreadsheets are also used for pseudo-static stability analyses. Spreadsheet solutions can be
implemented readily on any operating system using either Microsoft Excel or LibreO�ce Calc.
Note: pre-programmed spreadsheet solutions tend to be available in Microsoft Excel, which
cannot be guaranteed to operate correctly in LibreO�ce Calc.

UTEXAS4

UTEXAS4, available from ENSOFT, is a two-dimensional limit equilibrium analysis program
capable of performing pseudo-static stability analysis. This software is proprietary and only
supports Windows-based operating systems.

Slide2 and Slide3

Slide2 and Slide3 are two- and three-dimensional limit equilibrium analyses programs developed
by RocScience that are routinely used for pseudo-static analyses. These tools are proprietary
and only support Windows-based operating systems.

Slope/W

Slope/W is a proprietary program developed by GEOSLOPE. Similar to Slide2, it is a two-
dimensional limit equilibrium solver that is capable of performing pseudo-static analysis.
Currently, only Windows-based operating systems are supported.

FLAC

Fast Lagrangian Analysis of Continua (FLAC[31]), developed by the Itasca Consulting Group, is
a proprietary �nite-di�erence based software package capable of performing dynamic nonlinear
e�ective stress analyses. FLAC allows users to import custom soil constitutive models either as
pre-compiled dynamic libraries or by using the scripting language FISH. FLAC does not run
on HPC systems and is closed source. Currently, only Windows-based operating systems are
supported.

PLAXIS

PLAXIS[37], now part of Bentley Systems, is a �nite-element software package that can be
used to perform dynamic nonlinear e�ective stress analyses. Custom soil constitutive models
can be implemented within the platform. PLAXIS is proprietary and closed source. Currently,
it is not HPC capable and supports only Windows-based operating systems.
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General FEM solvers

LS-DYNA[35] andABAQUS[30], both proprietary general �nite-element method solvers, are
capable of fully nonlinear dynamic e�ective stress analyses. Custom material models, such as
those required for modeling dynamic soil response, can be implemented in these frameworks.
Depending on the license purchased, LS-Dyna and ABAQUS are capable of running on HPC
systems. LS-Dyna supports Unix, Linux, and Windows-based operating systems and is currently
available on DesignSafe. ABAQUS currently supports Linux and Windows-based operating
systems.

5.4.1 Relevant SimCenter Tools

The SimCenter supports the application of advanced uncertainty quanti�cation techniques in
the �eld of numerical simulation of landslides and similar problems in rock mechanics (e.g.,
rock avalanches, sediment transport).

quoFEM

The Quanti�ed Uncertainty with Optimization for the Finite-Element Method (quoFEM[7])
tool facilitates model calibration, optimization, uncertainty propagation, reliability analysis,
surrogate modeling, and sensitivity analyses of numerical materials, components, and systems
by combining existing simulation environments with state-of-the-art uncertainty quanti�cation
applications. The graphical user interface currently supports �nite-element software (OpenSees
and FEAP) and can also interface with custom analysis packages, including, but not limited to
those based on the discrete element and �nite di�erence method and other commercial software
that cannot be bundled with the open-source SimCenter application (e.g., LS-DYNA, ABAQUS).
These features provide users instant uncertainty analysis and optimization capabilities for
numerical models. Furthermore, quoFEM provides an opportunity for researchers working
with experimental facilities to use advanced UQ methods and tools to design experiments and
calibrate numerical models.
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Tropical Cyclone�Wind
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Extreme wind induced by tropical cyclones (TC�hurricane/typhoon/tropical storm) dominates
the wind loading on structures in the U.S. coastal areas. To assess the damage, loss, and
performance of buildings probabilistically under wind hazard as well as its secondary hazards
(�ood, rain, debris, storm surge, etc.), this section describes computational models and inputs
available for estimating statistical characteristics of TC-induced wind speeds.

Typically, �eld measurements of TCs are limited and insu�cient for estimating the probabilis-
tic description of wind speeds; thus they are usually generated by Monte Carlo-based procedures.
Such a simulation procedure starts from sampling input physical properties of a hurricane
(e.g., intensity, track, and Holland B parameter) in terms of their probabilistic characteristics
to simulate the wind �eld, by which the wind speeds at a speci�c site may be recorded and
estimated (Russell, 1971). The simulation is carried out by employing phenomenological models
of the hurricane wind �eld with random parameters. Other models based on meteorological
aspects [e.g., MM5 (Liu et al., 1997) and WRF (Davis et al., 2008)] are beyond the scope of
this section. Three types of TC wind-�eld models are currently available. The �rst two models
aim to solve the governing equation of motion of the TC atmospheric system directly using the
central di�erence method: (I) height-resolved models, which can resolve the vertical structure
of a tropical cyclone; and (II) slab models, which include an average or integration over the
height of the governing equations. In contrast, Type III physics-based models solve the intensity
and radial pro�le equations instead. The input variables are dependent upon the type of model
selected.

6.1 Input and Output Data

Measurements

Through the past two centuries, data from recorded TCs have been used by the wind engineering
community to create and calibrate probabilistic models. The National Oceanic & Atmospheric
Administration (NOAA) provides an extended and comprehensive TC database for the Atlantic
and Northeast Paci�c, which encompasses data from reconnaissance, microwave and dropsonde
radar, as well as anemometer measurements (NOAA, 2018). Additional �eld measurements
supplement this database (e.g., Li et al., 2015b; Wang et al., 2016). Many other measurement
databases exist and may be publicly available, such as the extreme hurricane wind speed database
by NIST (Batts et al., 1980).
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Occurrence rate

This parameter describes the number of hurricanes that occur at a speci�c site. It is usually
described by a Poisson or binomial distribution, whose parameters are obtained by statistics
over the hurricane database (Li et al., 2016; Vickery et al., 2009c).

Track model: Initial location, Translation speed, and Heading

The track model describes the genesis point, heading direction, and translational speed of
the center of a TC for simulation purposes. For a speci�c hurricane in the NOAA database,
its best empirical track of the hurricane has already been synthesized by data �tting over
various measurements. The database also describes how other TC parameters change along
the track. For a speci�c site, the sub-region track model can be used, which only concerns the
segment of TC tracks within a circle (often the radius is 500 km) centered at the site. This
model is characterized by the perpendicular distance to the center and direction angle of the
straight-line track (Georgiou, 1986; Xiao et al., 2011). Note: the full-track model is more popular
in describing the genesis to the dissipation of a TC because it enables the simulation of extreme
TC winds simultaneously for a large region rather than a speci�c site. The genesis location can
be randomly selected from the historical record or generated based on its distribution function
(Vickery et al., 2009c). Starting from the genesis location, the track is generated by Markov-type
models, represented by auto-regressive functions in terms of TC parameters (latitude, translation
speed, sea surface temperature, etc.) as well as a random error term (Vickery et al., 2000b) or
by the Markovian transition probability function (Emanuel et al., 2006). The parameters of
track models must be estimated from the hurricane database as well as other measurements
(e.g., HadISST) (Li et al., 2016; Liu, 2014; Vickery et al., 2000b). Recent investigations usually
apply the kernel method for modeling those parameters (Chen and Duan, 2018; Mudd and
Vickery, 2015). Moreover, a dynamic track model (Beta-advection) has been developed based
on isobaric wind speed measurements (Emanuel et al., 2006).

Intensity: Central pressure di�erence or Maximum wind speed

Type I and II hurricane models use the central pressure di�erence as a proxy for the TC intensity.
Here, an auto-regressive model for the TC relative intensity (a function in terms of the pressure
di�erence) has been established along with the track models. The Type III model employs the
maximum mean wind speed as the intensity measure (IM), which may be predicted by a simple
coupled ocean-atmosphere physical model CHIPS (Coupled Hurricane Intensity Prediction
System) with its fast simulation algorithm (Emanuel, 2011, 2017; Emanuel et al., 2004) or by
the historical record-free generator (Emanuel et al., 2008).

Size: Radius to maximum winds (RMW)

The Radius to Maximum Winds (RMW) denotes the size of a TC and is the only TC size
parameter considered in Type I and II models. Type III models need additional parameters,
e.g., the radius at the wind speed of15•5 m/sec (Chavas and Lin, 2016). The probabilistic
distribution of these size parameters can be estimated from the TC database. Note: an empirical
model of RMW has been developed in terms of the location and intensity parameters as well as
a random error term (Vickery and Wadhera, 2008; Vickery et al., 2009b).
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Shape of radial pressure pro�le: Holland B parameter

Introduced by Holland (1980), the B parameter revises the radial pressure pro�le in Type I and
II models to improve the goodness-of-�t of the maximum wind speed. From the TC database,
this parameter can be estimated concerning the reconnaissance data, which evolves with time.
Similar to RMW, statistical models are available for B as a function of RMW and latitude
(Powell et al., 2005) or as a dimensionless function that also involves SST (Vickery and Wadhera,
2008). A physics-based pressure radial pro�le model has also been proposed by Holland (2008)
and Holland et al. (2010).

Local terrain

The local topography at a speci�ed site accounts for the boundary layer wind speed pro�le
as well as the gust factor. A typical parameter of local terrain is the roughness length (or the
equivalent shear velocity), which re�ects the e�ects of upstream terrain within 3 km on the
near-ground winds. Calculating this parameter is challenging, especially in consideration of
the rapid change of wind azimuth during a TC (Vickery et al., 2009a). It can be adopted from
existing design codes/speci�cations and augmented by additional computations by taking an
average over various terrains along each wind direction. As long as �eld measurements of gust
wind speeds are available at the speci�ed site, the roughness length may also be estimated
from the record (Masters et al., 2010). Furthermore, CFD-based methods are also available to
estimate the local wind characteristics with detailed modeling of surrounding terrains. These
are expected to yield more accurate results and are often the only reliable method for complex
terrain but they are computationally expensive (Huang and Xu, 2013; Ishihara et al., 2005).

Landfall model parameters

After a hurricane makes landfall, the �lling model starts to describe the weakening of the
TC intensity, or, in other words, the decrease in the central pressure di�erence. This model
is typically an exponential decay function, (Kaplan and DeMaria, 1995, 2001), whose decay
constant is the �lling rate as a statistical function in terms of the intensity, translational speed,
and RMW (Vickery and Twisdale, 1995; Vickery, 2005; Vickery et al., 2009b). Moreover, both
the mean wind speed vertical pro�le and radial pro�le are subject to notable changes after
landfall, which may be captured by recently developed empirical models (Fang et al., 2018b;
Snaiki and Wu, 2018; Zhao et al., 2013). A recent study points at slower decay of landfalling
hurricanes when it strikes land, which is based on historical records potentially fueled by sea
level rise, additional moisture, and climate change (Li and Chakraborty, 2020).

Output: Wind �eld

The main output of a TC simulation from an engineering perspective is the probabilistic model
[i.e., Cumulative Distribution Function (CDF)] of mean wind speed in any speci�ed target
location/region. A single hurricane scenario results in a mean wind speed and direction time
history, usually at the six-hour time interval. Additional e�ects of atmospheric turbulence may
be re�ected by gust factors as well as spectra. These results serve as the intensity measure (IM)
for the ensuing performance-based wind engineering analysis (Barbato et al., 2013; Chuang and
Spence, 2019; Liu, 2014; Spence and Kareem, 2014; Unnikrishnan and Barbato, 2016; Xiao
et al., 2011; Yau et al., 2011).
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6.2 Modeling Approaches

Provided the inputs stated above, all TC wind �eld models aim at solving the steady mean
wind speed from the three-dimensional governing equation system describing atmospheric
motion in a TC. Type I models solve the three-dimensional motion equation system without
any dimensional reduction; Type II and III models are, per se, two-dimensional methods. Type
II considers the equation system reduced from the original one, whereas the Type III model
solves angular momentum equations derived by the physics-based mechanism of the TC rather
than the original motion equation. Here, Type I models can solve wind speeds throughout the
TC boundary layer height, whereas the other two models solve wind speeds at the gradient
height, which are then converted to near-ground heights by the boundary layer wind speed
pro�le. All the solved TC wind speeds need to be combined with the surface background wind
speed, implying the use of the TC translational speed for Type I and II models. Eventually, the
gust factor is applied to the mean wind speed to account for turbulence. Nonstationary e�ects
associated with TC winds may also be considered.

Type I model

The basic atmospheric motion governing equation of TC is nonlinear and three dimensional,
which can be solved numerically by the two-time-level time-split-based �nite-di�erence scheme
(Kepert and Wang, 2001; Kepert, 2011). It accounts for the salient height-related e�ects of
both potential temperature and eddy viscosity (turbulent di�usivity represented by the vertical
turbulent exchange coe�cient for momentum and heat) (Kepert and Wang, 2001; Kepert,
2010b). Linearization of the nonlinear equation has been carried out considering the gradient
balance wind speed to yield the surface horizontal momentum equations (Kepert, 2001). The
linearized equations are then solved by utilizing the perturbation method (Meng et al., 1995) or
the Fourier series expansion (Kepert, 2001). Depending on the form of eddy viscosity (constant,
height-dependent, or piece-wise linear or nonlinear) and the terms being neglected, various
semi-analytical solutions are obtained (Fang et al., 2018a; Huang and Xu, 2013; Kepert, 2006;
Meng et al., 1995, 1997; Snaiki and Wu, 2017). In comparison with the nonlinear solution, these
linear solutions sacri�ce accuracy to reduce computational costs (Kepert and Nolan, 2014).

Type II model

By integrating the three-dimensional equation over the vertical coordinate, a slab (or depth-
averaged) model is derived (Kepert, 2010a). This model still involves the vertical turbulent
di�usivity and is capable of calculating the vertical wind speed (Langousis, 2008; Smith, 1968;
Smith and Vogl, 2008). Further simpli�cation is achieved by removing both the advective and/or
di�usive �uxes at the upper boundary, leading to the common category of TC models popular
in the structural engineering community (Powell et al., 2005; Shapiro, 1983; Vickery et al.,
2000a; Vickery et al., 2009b)). Chow (1971) was the �rst to develop a �nite-di�erence scheme
to solve the model. Since then, other issues in this model have been addressed to enhance
its applicability, e.g., the boundary layer, drag coe�cient, track model, and approximate fast
algorithm. So far, the parameters of this model have been well-recognized probabilistically
based on the TC database (Vickery and Wadhera, 2008). A review paper guiding application of
this model is also available (Vickery et al., 2009a). Note: the TC intensity and track inside this
model are being updated (Mudd et al., 2015; Vickery et al., 2010).
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Type III model

The foundation of this approach is a physics-based intensity model derived by regarding the TC
as a Carnot heat engine (Emanuel, 2004; Emanuel, 1988). The maximum wind speed-represented
intensity can be calculated along the track (Emanuel, 2011). Although a simple formula was
used as the radial pro�le at the gradient height (Emanuel et al., 2006; Lin and Chavas, 2012), a
more reliable model has been proposed by dividing the pro�le into its inner and outer regions.
Physics-based expressions for the two regions have been derived and then joined by a di�erential
equation system to establish the whole pro�le (Emanuel, 2004; Emanuel and Rotunno, 2011).
Given the input, only the equation system of the pro�le needs to be solved iteratively (Chavas
and Lin, 2016; Chavas et al., 2015). The empirical models for converting the resulting gradient
wind speeds to surface winds are di�erent from the counterparts in the other two types of
models.

Validation

All three models have been validated by comparing indicators (characteristics) obtained from the
simulation results with those estimated from TCs in the database. The validation of the models
consisted of taking input adopted from one or multiple TCs and determining if the indicators
estimated over the output of a model match their target values (at least in the probabilistic sense).
The appropriate indicator of validation may vary as it is dependent on the major characteristics
of the speci�c type of models. Results of Type II models have been validated by almost all
recent available TCs in the database in terms of the maximum wind speed as well as the time
histories of both wind speed and direction (Li and Hong, 2016; Vickery et al., 2000a; Vickery
et al., 2009b). The validation results suggest the Type II model by Vickery quali�es as a design
tool in the ASCE speci�cation (Vickery et al., 2009c). The indicators of Type I model include
the pressure snapshot, vertical pro�le of mean wind speeds, and the radial pro�le, suggesting
satisfactory validation. The radial pro�le using the Type III model also matched the target
pro�les well (Chavas et al., 2015; Emanuel, 2004; Emanuel et al., 2006). Finally, it is suggested
that the CDF of wind speeds generated by all the models should be validated for the Type II and
III models (e.g., citeemanuel2006statistical, li2016typhoon)

Comparison

An investigation benchmarked by the MM5 (Liu et al., 1997) suggests that, in general, the
three-dimensional models may outperform the two-dimensional models, underscoring that the
nonlinear solution is always superior (Kepert, 2010a,b; Kepert and Nolan, 2014). In addition,
the investigation demonstrates that the Type II model is unable to replicate accurately the TC in
the database due to the model neglecting many critical factors that are key for accurate results
(Kepert, 2010a). Comparisons have also been carried out between speci�c models that belong
to Type II and Type III class (Smith et al., 2008), or between models that belong to the same
type class (Snaiki and Wu, 2017; Wills et al., 2000). Currently, a comprehensive comparison
covering all three model types is not available.

Boundary layer wind speed pro�le

While a TC is still over the ocean, the marine wind speed pro�le in the boundary layer varies
with model type. Type I models and height-resolved Type II models can generate the pro�le of
the simulated wind �eld. Whether the generated pro�le can approximate well the ones estimated
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by dropsonde measurements in the TC database is still open for debate (Kepert and Wang,
2001; Kepert, 2011, 2013; Montgomery et al., 2014; Smith, 1968). For the remaining Type
II models, an empirical pro�le formula has been proposed based on extensive statistics over
the TC database and applied to the linearized three-dimensional model of Type I (Vickery
et al., 2009b). Although such measurements may occasionally suggest the applicability of the
power-law (Song et al., 2016), this formula is a deeply revised version of the logarithmic law.
This pro�le, developed for the Type II model, may apply to the Type III model, but, so far, the
latter model simply adopts a constant value of 0.85 to convert wind speeds from the gradient
height to 10 m over the ground (Chavas et al., 2015). In contrast to the over-ocean case, the
pro�le of a TC after landfall may be altered as described by the semi-empirical model by Snaiki
and Wu (2018). Note: the vertical wind speed pro�le of a TC may resemble a nose-shape
due to the formation of a low-level jet due to roll vortices, which is a contrast with non-TC
winds (Li et al., 2019a, 2015b). Also the boundary layer may be perturbed by the presence of
the mesoscale vortices and modify transient features in the wind �eld. Finally, for a speci�c
land-based site, the wind speed pro�le of concern is heavily in�uenced by its surrounding
terrain (Huang and Xu, 2013).

Drag coe�cient

The surface drag coe�cient is a common parameter shared by all three model types, which
can in�uence signi�cantly the �nal simulation results, especially the predicted maximum wind
speed (Li and Hong, 2015; Powell et al., 2003). Currently, the velocity-dependent and constant
models are extensively used for the over-ocean and over-land cases, respectively, but their
appropriateness is still arguable (Smith et al., 2014).

Turbulence

Recent empirical data shows no signi�cant di�erence between gust factors in TC and non-TC
winds (Vickery et al., 2009a), although some exceptions do exist and are worthy of further
investigation (Yu et al., 2008; Yu and Chowdhury, 2009). This implies that local terrain
dominates turbulence e�ects even in winds generated by a TC, thus allowing for the use of
gust factor models based on regular wind data (e.g., ESDU, 2008). In contrast, a recent study
presented a di�erent spectral model for the turbulence in TC winds, whereby the spectral content
of TC winds at the high reduced frequency range is larger than the one of non-TC winds (Hu
et al., 2017; Li et al., 2015a).

Nonstationarity

Typically, TC winds involve both short-term and long-term nonstationary properties of concern
in performance-based wind engineering. These may arise from rolls in the boundary layer
inducing jet type �ows and mesoscale vortices that introduce periodic type perturbations in the
wind �eld (Fernandez-Caban et al., 2019; Li et al., 2015a, 2019a; Wurman and Koshiba, 2017).
The mean wind speed, direction, and spectral contents of a TC are all time-dependent, evolving
within the lifetime of TC. Considering the short-term nonstationarity of winds, the nonstationary
wind loading is induced on a target structure, whose e�ects on the structural response as well as
performance have been investigated (Kareem et al., 2019; Kwon and Kareem, 2009; Yau et al.,
2011). Long-term nonstationarity e�ects relate to the life-cycle of the target structure. Over the
long term, the input of TC models, e.g., the occurrence rate and the intensity, may evolve with
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time because of climate change (Emanuel, 2005). These long-term nonstationary e�ects have
been assessed by integrating the TC models with the current climate change models (Emanuel
et al., 2008; Lauren et al., 2014; Lin, 2015; Liu, 2014).

6.3 Software and Systems

Currently, there is no exclusive software publicly available for generating the wind hazard IM
for TC simulations; however, a module designed for such a task is included in both the HAZUS
(Vickery et al., 2006a) and FCHLPM (Florida Commission on Hurricane Loss Projection
Methodology (Hamid et al., 2010; Powell et al., 2005) software. Both programs are based on
Type II TC models, although the technical details populating the programs are slightly di�erent.
The programs are Windows-based, publicly available, and controlled by a GUI. Such in-house
software exists in research laboratories around the world.

6.3.1 Relevant SimCenter Tools

The SimCenter developed a C++ application that implements the linear height-resolving wind
�eld model of Snaiki and Wu (2017). This application is planned to be released and documented
to provide a standalone solution that can generate wind �elds for the research community.
The next update to the R2DTool in 2021 will enable regional hurricane risk assessment and
provide convenient controls for the aforementioned wind �eld model in the user interface. It
will also allow researchers to retrieve design wind speeds for various return periods from the
ATC Hazards by Location website (ATC, 2020).

smelt

The Stochastic, Modular, and Extensible Library for Time histories (Smelt[27]) is a C++ library
for stochastically generating time histories, including velocity time histories for wind loading.

Educational Tools

Wind e�ects are illustrated in two educational tools developed by the SimCenter. The Multiple
Degrees of Freedom Application (MDOF [19]) allows students to explore the e�ects of di�erent
building parameters on the time-varying response of a building under transient loads, including
wind. The building is represented by a shear column.

The Earthquake versus Wind Application (EvW[16]) focuses on comparing the response of
buildings subjected to earthquake and wind loading, using the same shear model that is applied
in MDOF.
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Simulations of coastal storm surge are used for planning, forecasting, nowcasting, hindcasting,
climatological studies, and risk evaluation; the need for surge studies has been continual over
recent years, and there is an ongoing need for trained professionals. The largest surges occur
from tropical cyclones, but strong winter storms may also generate high water levels.

Surge studies are in many ways broadly similar: a wind and pressure �eld forces a hydro-
dynamic model, potentially inundating areas of interest (NJcoast, 2018). Details of modeling
di�er, with numerics, resolution, bottom friction, and theoretical assumptions as noticeable
di�erences. Some systems include additional components such as wave setup and runup, while
these are neglected by others. Atmospheric forcing can either be raster-based, where large-scale
wind and pressure �elds force the modeling system, or may arise from a tropical or extra-tropical
storm scenario described by a storm track and set of parameters describing strength and size.
These simulations yield geospatially distributed estimates of storm surge (storm-induced rise in
seawater levels, primarily caused by wind) for the purposes of direct and indirect loss assessment
for coastal communities (Jacob et al., 2011). Estimates of storm-induced inundation due to
combined e�ects of storm surge and waves driving water over land are important outputs from
any simulation environment. These outputs help quantify damage to structures as well as above
and below ground civil infrastructure.

Because surge models can be expensive to run, in general there is a need to manage the
trade-o� between model �delity and computational e�ciency. One method that has seen
increasing adoption in recent years uses surrogate models. Given a database of high-�delity
model runs to be used as a training set, surrogate models can reduce CPU times of model runs
from hundreds and even thousands of hours to minutes and enable computationally e�cient
means to characterize uncertainty in the hazard (e.g., the hurricane track) for the purposes of
risk assessment (Kijewski-Correa et al., 2014). Note: these surrogate models require large-scale
training sets that may not be straightforward to generate.

7.1 Common Modeling Approaches

This section examines the three classes of models commonly coupled to capture storm surge
and accompanying wave e�ects nearshore and overland, as well as surrogate models that can be
tailored to these coupled models for a computationally e�cient simulation alternative. Note:
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this is not an exhaustive presentation of the simulation tools available for coastal hazards but
focuses only on those viewed as the industry standard.

7.1.1 Storm Surge Heights and Inundation

Numerical models for storm-surge simulations are typically based on single-layer (or sometimes
multi-layer) depth-averaged shallow water equations describing �uid motion driven by storm
winds and pressure. These simpli�cations are necessary as a full Navier-Stokes based approach
is computationally unfeasible. The available numerical models di�er in their computational
solution strategies, with implications for the spatial and temporal resolution of the simulations,
the required computational resources and runtimes, and the required input data and model
parameters. Generally, these models capture the amplitude of long-period, long-gravity waves
and do not simulate short-period wave e�ects, which are addressed in subsequent sections.
Models described herein are as follows:

SLOSH

The National Weather Service (NWS) utilizes a storm-surge model called Sea, Lake and
Overland Surges from Hurricanes (SLOSH[48]), which solves the shallow water equations using
structured curvilinear grids (Jelesnianski et al., 1992). Because it was developed to provide
real-time estimates of storm surge on a single computational core, the grid resolution and the
resulting spatial resolution of the results are fairly coarse. As reported by Mandli and Dawson
(2014), a primary limitation of SLOSH is �the limited domain size and extents allowed due to
the grid mapping used and formulation of the equations.� Nevertheless, SLOSH has continued
to be updated since its initial development and it is used for real-time forecasts of surge for
public advisories and to inform emergency responders. SLOSH is very computationally e�cient,
which allows it to perform probabilistic simulations of storm surge prior to a hurricane landfall
using several thousand runs to obtain some measures of the potential surge if storm tracks and
intensities change. Because SLOSH has been used for many years and does not contain some
modern features included in other models, it may at some point be replaced by a di�erent model,
the most likely candidate being the Coastal and Estuarine Storm Tide model (CEST) (Zhang
et al., 2017a).

ADCIRC

The ADvanced CIRCulation (ADCIRC[1]) methodology is commonly regarded as the state of
the art in high-resolution coastal storm-surge simulation (Luettich et al., 1992), which is capable
of providing signi�cantly more accurate simulations than methods based on SLOSH (Resio and
Westerink, 2008) in near-shore coastal regions. As such, ADCIRC is the preferred methodology
for coastal storm-surge investigations by the U.S. Army Corps of Engineers (USACE) and
is one of the two models certi�ed for the generation of FEMA Digital Flood Insurance Rate
Maps (DFIRMSs). ADCIRC solves the depth-averaged shallow-water equations describing
on a rotating earth, formulated using the traditional hydrostatic pressure and Boussinesq
approximations, and discretized in space using the �nite-element method and in time using
the �nite-di�erence method. ADCIRC can be run either as a two-dimensional depth integrated
(2DDI) model or as a three-dimensional model, with elevation resulting from the solution of the
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depth-integrated continuity equation in generalized wave-continuity equation (GWCE) form.
Furthermore, velocity is obtained from the solution of either the 2DDI or three-dimensional
momentum equations, retaining all nonlinear terms. ADCIRC simulations have been validated
for major hurricanes such as Katrina, Ike, Gustav, and Iniki (Kennedy et al., 2011, 2012).
ADCIRC has been parallelized e�ciently, with linear speedups to hundreds or thousands of
cores for large domains.

Delft3D

Delft3D [46]-Flow is the second model certi�ed for FEMA DFIRM generation. It is based
on shallow-water equations in either depth-averaged or multi-layer formulation, and is used
widely among engineering consultants and researchers (Hu et al., 2015; Vousdoukas et al.,
2016). Delft3D may be run in either serial or parallel modes, with typical parallel runs using
tens of cores. The Delft3D-Flow surge model is a part of a larger suite of interrelated models
that include spectral wave and coastal runup/morphological evolution.

FVCOM

FVCOM [47] is s �nite volume-based model that has been used by numerous academic
researchers to study storm surge (Kerr et al., 2013; Rego and Li, 2010). It is based on
unstructured meshes and shows comparable results with other models when run on a similar grid.
The use of FVCOM for storm-surge studies is in some ways a simpli�cation of the full model,
which includes momentum, continuity, temperature, salinity, and density. It was originally
developed for coastal and estuarine circulation by the oceanographic community and is fully
open source (Chen et al., 2003).

GEOCLAW

GEOCLAW[3] lies between SLOSH and ADCIRC in terms of modeling resolution and
computational cost. Originally developed to simulate tsunami inundation, GEOCLAW has
recently been adapted to simulate storm surge (Berger et al., 2011; Mandli et al., 2016). Based
on the CLAWPACK software libraries (LeVeque, 2002), GEOCLAW is an open-source, �nite-
volume, wave-propagation numerical model used to estimate hurricane-induced storm surge
along a coastline. For overland �ooding, the model uses Manning's= to parameterize roughness
due to objects such as trees and small-scale structures that cannot be resolved computationally.
Adaptive mesh re�nement allows GEOCLAW to place computational resources where and
when they are needed during a simulation. Thus, the overall cost of the simulation is reduced,
while retaining the same or similar accuracy characteristics to ADCIRC. Figure 7.1 compares
results calculated using GEOCLAW versus ADCIRC.

7.1.2 Spectral Wave Models

The platforms described above simulate slowly-varying surge heights but do not capture local
wave e�ects. To capture such e�ects requires a separate wave model, either run as a fully-coupled
system where both models pass information to each other or as a one-way loosely coupled
system. In two-way coupling, wave models pass radiation stresses to the surge model, while the
surge model passes water levels and currents to the wave model. In one-way coupling, which is
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Fig. 7.1 (a) A snapshot of a GEOCLAW storm surge simulation of Hurricane Ike at landfall; and (b) tide
gauge data computed from GEOCLAW and ADCIRC along with observed data at the same location (Mandli
et al., 2016).

less accurate, the wave model is run at some given water level and radiation stresses are passed
to the surge model.

The most common model used is Simulating WAves Nearshore (SWAN), which solves
equations for wave spectral density in both frequency and direction (Zijlema, 2010). ADCIRC
has been coupled previously with SWAN (Dietrich et al., 2011; Kennedy et al., 2012). The
most recent North Atlantic Coastal Comprehensive Study (NACCS) (USACE, 2015) employs
STWAVE, which is a steady-state, �nite-di�erence spectral model for nearshore wind�wave
growth and propagation based on the wave action balance equation (Smith et al., 2001). STWAVE
simulates depth-induced wave refraction and shoaling, current-induced refraction and shoaling,
depth- and steepness-induced wave breaking, di�raction, and wave growth because of wind
input, and wave�wave interaction and white capping that redistributes and dissipates energy
in a growing wave �eld. Figure 7.2 validates the coupled hydrodynamic models used in the
NACCS by comparing the results to measurements across historical storms or tide predictions
(Nadal-Caraballo et al., 2015). Additional wave models in use include WaveWatch III (Smith
et al., 2018), which is NOAA's operational forecast model.

7.1.3 Wave Runup Overland

Even when coupled with an appropriate nearshore wave model, surge models simulate only
the storm-surge elevation and not the additional impact of wave runup, which is particularly
important for predicting losses to buildings and infrastructure in a storm event. Supplementary
wave runup simulations are required to capture the interaction of the waves with the shoreline
and any coastal protective features along coastal transects. Two types of models are common:

1. Wave-Group Envelope models, where the e�ects of unsteady wave groups on long-wave surge
and runup drive time-varying water levels in the nearshore and at the moving shoreline. These
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