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As part of a multi-year study, the Pacific Earthquake Engineering Research (PEER)
center in conjunction with Lawrence Berkeley National Laboratory (LBNL), the
NHERI SimCenter at Berkeley, Slate Geotechnical Consultants (Slate), and several
subcontractors, developed an open-source seismic risk analysis (OpenSRA)
program that implements the performance-based earthquake engineering
(PBEE) risk framework using a user-friendly interface, capable of operating on
a desktop computer. This effort is made up of two elements: 1) research of seismic
demand and capacitymodels, laboratory testing, and finite elementmodeling, and
2) implementing these findings into a backend calculation program with an easy-
to-use interface. The NHERI SimCenter, Slate Geotechnical Consultants, and
PEER researchers developed an integrative method to create an efficient code
with a useful interface. OpenSRA implements and updates current models
addressing different forms of seismically induced ground deformation (e.g.,
fault rupture, liquefaction, and landslide) as well as ground shaking. It quantifies
resistance to deformation in buried pipelines, well heads, caprocks, and
aboveground components, and then provides a framework for estimating the
uncertainty in both the models and parameters. The software allows the end-user
to utilize these models according to the resolution of the available data (i.e., state-
wide, regional, or site-specific). The interface provides a visualization of the inputs
(e.g., ground motion, and liquefaction potential) and outputs (risk of leaks/breaks)
overlaid on different maps of California. OpenSRA provides the industry with
updated seismic demand and capacity models, an efficient calculation method,
and user-friendly software. OpenSRA enables end-users to estimate the risk of
seismic damage to their infrastructure. Using risk-informed decisions enables
utility owners to proactively and cost-effectively maintain infrastructure.
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1 Introduction

The SimCenter, Slate, PEER, LBNL, and other OpenSRA researchers worked together to
synthesize the research performed and tocreate an easy-to-use interface to produce an open-
source seismic risk assessment tool for natural gas infrastructure that can be used by utility
stakeholders (e.g., regulators and utility owners) to better understand state-wide risks, to
prioritize mitigation, to plan new gas infrastructure, and to focus post-earthquake
repair work.
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The probabilistic seismic risk tool developed in this project
follows the widely accepted risk methodology of Cornell (1968).
Seismic source characterization is used to develop a large number of
earthquake scenarios with associated rates of occurrence to
represent the seismic hazard. Fault ruptures and the resulting
ground shaking are generated for each earthquake scenario to
represent the seismic loading, which includes a map of ground
motion parameters. This resulting seismic parameter intensity map
is overlaid on the infrastructure system, and the seismic loading is
related to the capacities of the infrastructure to calculate the seismic
performance of the natural gas system for each scenario. By
repeating the process for all the scenarios in the suite, OpenSRA
can evaluate the seismic risk to the system.

The open-source seismic risk analysis (OpenSRA) software was
developed to be applied easily by regulators and utility owners, and to
include updated models and methods for the seismic demands and
capacities that control the seismic risk for natural gas systems. This was
done by including the users (utility owners and operators) from the
onset. The project includes several innovative approaches that improve
the adopted methodology and distinguish this project’s approach from
standard approaches currently used in the natural gas industry. Current
risk studies developed by the utilities use risk scoring approaches that
are subjective and qualitative. They do not properly incorporate the
uncertainties in the seismic demand and in the fragility of the system
and its components. Targeted research, including liquefaction,
landslide, fault displacement, and fragility development for different
components of infrastructure, was conducted in this project to improve
the characterization of uncertainty of key inputs to the seismic risk
assessment tool. The methodology employed in this project provides
quantitative estimates of the probabilistic seismic risk.

This paper summarizes the activities and accomplishments of the
OpenSRA project. It provides a high-level description of the project
components, framework of the OpenSRA software, and the resulting
fragility curves. Three natural gas systems are considered in this study: a)
buried pipelines, b) underground storage facilities, and c) aboveground
storage and transmission systems. The hazards of surface fault rupture,
earthquake ground shaking, liquefaction-induced ground movements,
and earthquake-induced landslides are characterized in this study. Three
levels of analysis may be performed depending on the quantity and
quality of data available and the sophistication of the model that can be
used for each data level. Each component of the system has undergone
finite element modeling to estimate the response of the component to the
ground shaking and ground deformation resulting from each hazard and
resulting in the probability of failure. The seismic hazard assessments and
thefinite elementmodeling results developed as part of this study are used
to develop fragility curves that are implemented intoOpenSRA to aid end
users in evaluating the seismic performance of their systems as well as
prioritizing risk mitigation efforts. To further quantify uncertainties a
team explored sensing technologies to aid in monitoring strain or
estimating parameters more accurately. Reports for specific research
tasks are cited for additional details.

2 OpenSRA

OpenSRA is an open-source seismic risk assessment tool
developed in Python to assess the seismic risk of natural gas
infrastructure. The software implements research from six task

groups to calculate the seismic demand, damage, and risk of
failure for natural gas systems. The following sections outline the
framework, calculation components, and highlight the new-to-
industry calculation methods utilized within OpenSRA.

2.1 Framework

OpenSRA follows the Performance-Based Earthquake
Engineering (PBEE) risk methodology developed by PEER
(Moehle and Deierlein, 2004) to assess the seismic risk of natural
gas infrastructure. The PBEE risk methodology uses a combination
of probabilities to calculate the risk of a decision variable (dv)
occurring. These calculations can be lengthy as there are multiple
probability density functions to calculate and to integrate to develop
estimates and their uncertainty. To perform the calculations within
OpenSRA in a reasonable timeframe for the user, Polynomial Chaos
theory has been implemented. This methodology requires clearly
defined means, aleatory variabilities, and epistemic uncertainties for
each step of the PBEE risk methodology. For more detailed
information regarding OpenSRA and Polynomial Chaos, please
refer to Zheng B et al. (2023).

2.2 Efficient evaluation of the PBEE risk
framework

The risk framework is simply presented as a triple integral below
(Eq. 1) adapted from Moehle and Deierlein (2004).

λdv � ∫
DM

∫
EDP

∫
IM

P DV > dv|dm{ }p dm
∣∣∣∣edp{ }p edp

∣∣∣∣im{ }λimd im( )d edp( )d dm( )

(1)

In the above equation, im is the intensity measure (e.g., peak
ground acceleration), edp is the engineering demand parameter
(e.g., ground deformation), dm is the damage measure (e.g., pipe
strain), dv is the decision variable (e.g., rate of pipe damage), λ is the
annual rate of occurrence, the operations of p y|x{ } and P Y>y|x{ }
are the conditional probability density function (PDF) and
cumulative distribution function (CDF), respectively, of y given
x. Given these definitions, λIM is the annual rate of occurrence of the
seismic demand, p edp|im{ } is the probability of a system response
computed using geohazard models given the seismic demand,
p dm|edp{ } is the fragility assessment given the system response,
and p dv|dm{ } is the loss estimate given the damage level.

The method presented by Lacour and Abrahamson (2021)
approximates PDFs and CDFs as linear combinations of a set
basis functions (analogous to Taylor expansion of analytical
functions), which are then incorporated into the analytical
solution mentioned previously. The primary computation
required for Polynomial Chaos is the intermediate calculation of
the Polynomial Chaos terms, which are functions of the various σY
and σμY for IM, EDP, DM, DV, and the linear approximation
coefficients for EDP, DM, DV. This set of intermediate
calculations is very fast to perform, because the Polynomial
Chaos terms are evaluated analytically. Furthermore, the
polynomial functions are known mathematical functions, and the
sampling of the uncertainty is performed only once during post-
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processing after the Polynomial Chaos terms have been fully
computed for all events. Overall, as discussed in Lacour and
Abrahamson (2021), the use of Polynomial Chaos over
traditional Monte-Carlo sampling can easily reduce the
computation time by two to three orders of magnitude. For
additional details to the application of Polynomial Chaos to the
risk framework and validation examples, please refer to Lacour and
Abrahamson (2023).

2.3 OpenSRA overview

Given the PBEE framework, each of the research tasks has
split their approaches to fulfill each of the probabilities. Figures
1–3 show the workflow of OpenSRA and how the PEER risk
methodology shown in Eq. 1 is conceptually incorporated into
the seismic risk assessment of each of the three infrastructure
types: belowground pipelines, wells and caprocks, and
aboveground subsystem components. The PEER risk
methodology serves as the backbone to the OpenSRA risk
assessment workflow. The user defines the infrastructure type
that will be analyzed by OpenSRA and inputs their component
characteristics. OpenSRA then steps through the PEER risk
methodology as shown in the flow charts in these figures to
perform the risk assessment.

As shown in Figure 1 the workflow for belowground pipelines
captures the influence of seismic intensity on ground deformation,
the influence of ground deformation on pipe strain, and finally the
influence of pipe strain on the probability of failure in the form of
failure and leakage. The models to relate seismic intensity to ground
deformation are based on state-of-the-art models that have been
published in literature (Bain et al., 2023a). The models to relate
ground deformation to pipe strain and pipe strain to failure are
developed as part of the below surface demands and fragility
research tasks. These models are described in detail in the
following sections.

Figure 2 shows the workflow for wells and caprocks. For this
category, the research tasks developed damage models for well
casings and tubings that are dependent on fault rupture
deformation and ground shaking. These models are considered as
two independent modes of failure for wells. For caprocks, results of
the numerical study suggest that probability of leakage is not
significantly dependent on the tested model parameters, hence its
distribution is independent on seismic and geohazard demands, and
the overall risk is a constant distribution.

Figure 3 shows the workflow for aboveground subsystem
components, specifically failure associated with wellheads and
pressure vessels. The aboveground research resulted in models
for joint rotations and strains for wellheads and moment ratios
for pressure vessels, both of which are dependent on the seismic
intensity (i.e., peak ground acceleration). The intensity of the strains
and moment ratios are then used to inform the levels of failure
associated with wellheads and pressure vessels, respectively.

Figure 4 shows a flow chart of the overall user process forOpenSRA
and how the PEER risk framework is wrapped into the user experience.
The user starts with entering general information, and selecting if the
default values should be used for their analysis. Once these items and
more specific information if not using the default values are entered, the
user can run the analysis and visualize the results.

2.4 Seismic hazard characterization

The basis of most of the geohazards within OpenSRA is a
probabilistic seismic hazard analysis (PSHA). The PSHA combines
the UCERF3 seismic source characterization to define the location, size
and rate of earthquakes, and four of the ground motion models
(GMMs) presented in the Next-Generation Attenuation
Relationships for Western US (NGA-West2) Project to define the
distribution of ground motion given the earthquakes in the seismic
source characterization. This yields a rate of different ground motion
levels that can be used as an input for fragility curves, or for other

FIGURE 1
PEER risk methodology applied to belowground pipelines (Zheng B et al., 2023).
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geohazards such as liquefaction and landsliding. The PSHA is
performed in a preprocessing step that follows the approach first
developed by Cornell (1968) with the inclusion of parameters for
randomization and the consideration of epistemic uncertainty.

The UCERF3.1 model used in this study includes 253,394 rupture
scenarios across the state of California. These scenarios are not a list of the
only earthquakes that can occur in California, but a sample of potential
earthquakes that can be used in summation to calculatemean hazard and
risk for many applications. For the OpenSRA application, a smaller
number of earthquake scenarios can be used with sufficient accuracy
for assessing seismic risk to natural gas infrastructure. A reduced set of
1,194 rupture scenarios was produced forOpenSRA to increase the speed
of analyses. Additional information about the reduced list of rupture
scenarios can be found in Lacour and Abrahamson (2023).

Deterministic scenarios can also be analyzed using OpenSRA. The
user can define fault rupture and earthquake parameters, andOpenSRA

will estimate the distribution of ground motion from that earthquake.
Estimates of shaking from real earthquakes can also be used as an input
by using information from online ShakeMaps (Wald et al., 2005). These
deterministic scenarios yield a probability of different ground motion
levels that can be used as an input for geohazards such as liquefaction
and landslides and for fragility curves.

2.5 OpenSRA validation and use

Four sites were chosen to investigate different geohazards and types
of natural gas infrastructure considering the utility owners’ ability to share
information with the team. These sites included Balboa Boulevard
(several buried pipelines ruptured in the 1994 Northridge earthquake
but there was no damage in the 1971 San Fernando earthquake), Cordelia
Junction (which has a known landslide, based on confidential

FIGURE 2
PEER risk methodology applied to wells and caprock (Zheng B et al., 2023).
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information shared by PG&E), McDonald Island (which has complex
aboveground infrastructure, based on confidential information shared by
PG&E), andHonor Rancho (which is close tomany faults and has a large
wellfield and caprock, based on confidential information shared by SoCal
Gas). Each research team implemented their seismic demand and fragility
models into OpenSRA and then performed analyses using ground
motions from past earthquakes or illustrative earthquake fault rupture
scenarios to evaluate the program. The results of the OpenSRA analysis
were then compared to observed data from past earthquakes or assessed
using engineering judgement for illustrative caseswithout past earthquake
performance data. This comparisonwas done at each of the four sites, and
refinements were made until the calculated results compared favorably
with the observed or interpreted earthquake performance data. Through
this process the use of the models to estimate EDPs and the use of the
types of fragility curves (i.e., belowground pipeline, aboveground
infrastructure, wells, and caprocks) in OpenSRA were validated. An
example of the Balboa Boulevard back-analyses is described further in
Section 6.1. More information on the OpenSRA validation efforts can be
found in Bain et al. (2023b).

3 Seismic demand research

3.1 Fault displacement hazard

The primary goal of this subtask was to identify models to estimate
primary and secondary fault displacement hazard and the location
where this fault displacement hazard impacts underground pipelines,
wells, and caprocks. Seismic demands are categorized into three levels.

These levels correlate to the scale at which the analysis is performed and
quantity and quality of the data available. Level 1 is a statewide analysis
using data that must be available across the entire state of California,
Level 2 is a regional analysis with higher resolution data than at Level 1,
and Level 3 is a site-specific analysis with the highest resolution,
quantity, and quality and thus the lowest uncertainty. The
recommended models, inputs, and outputs are presented in Figure 5.

The fault-pipeline crossing algorithm for Levels 1 and 2 uses the
Quaternary Faults and Folds (Q-faults) database (USGS and CGS,
2006) to map fault location while continuing to utilize UCERF3.1 for
the rupture geometry (strike, dip, rake) and magnitude. A 100-m buffer
around the Q-fault traces defines the fault polygon and the nearest
UCERF3 fault defines the rupture attributes. Figure 5 depicts theQ-fault
locations along with pipeline crossings (shown with stars). Figure 6
shows both the primary and secondary fault zones developed by
Thompson (2021). The pipeline shapefile is divided into straight,
100-m segments to track the specific segments that cross fault zones.
These mapped faults along with their calculated displacement vectors
(described further in Zheng B et al., 2023) are then utilized in the
fragility development of buried pipelines, wells, and caprocks. The
models implemented into OpenSRA are summarized in Table 1.

3.2 Liquefaction and landslides

This research task group explored key earthquake-induced
geohazards such as liquefaction, lateral spreading, and
landslides. Similar to the fault displacement hazard, these
demands were split into different levels of analysis. Referring

FIGURE 3
PEER risk methodology applied to aboveground components (Zheng B et al., 2023).
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to Figure 1, this task group focused on estimating the EDP and
DM for buried pipelines. The following sections outline the
different EDP’s considered (within this task group). The results
of the damage model to estimate strain (DM) will be presented
in Section 4.

3.2.1 Liquefaction triggering models and data
The models implemented into OpenSRA to calculate the

probability of liquefaction are summarized in Table 2.

3.2.2 Liquefaction-induced lateral spread
displacement and vertical settlement models and
data

Table 2 lists the models used for the probability of liquefaction-
induced settlement and lateral spreading. Specifically, for lateral
spreading an updated Level 2 analysis is proposed to enable the use
of enhanced data (when compared to Level 1). This method is briefly
outlined below, and more information can be found in Bain and
Bray (2023).

At Level 2, the Hazus (FEMA, 2020) methodology can be applied
to estimate potential lateral spread displacement and vertical
settlement due to liquefaction. However, because enhanced data
are available at Level 2 compared to Level 1, research was performed
to develop a new enhanced Level 2 procedure for assessing
probabilistically lateral spread displacement.

The proposed procedure is based on liquefaction probability
curves for surficial geologic units, described in Holzer et al. (2011).

This research has modified and expanded the framework of the
Holzer et al. (2011) procedure to include assessments for the
probability of liquefaction triggering, potential lateral spread
displacements, and estimates of their uncertainties. For further
information on the development of this procedure please see
Bain and Bray (2023).

The Prob (LDI = “0”) and non-zero LN (LDI) data (where LDI is
lateral displacement index) are combined using a mixed-random
variable model, as illustrated in Figure 7. These models estimate only
the distribution of LDI. The estimated LDI distribution is converted
to a distribution of lateral spread displacement using topographic
correlations of LDI to lateral spread displacement (i.e., Zhang et al.,
2004). Although this method has been shown to provide reasonable
results in the San Francisco Bay Area and in Christchurch,
New Zealand, it requires sufficient CPT data over an area to
implement it in OpenSRA. At present this new procedure is only
implemented in OpenSRA in the San Francisco Bay area.

3.2.3 Seismic slope stability and slope
displacement models and data

Table 2 lists the seismic-induced landslide models that have been
implemented into OpenSRA.

4 Fragility curve development

Each research task was responsible for developing fragility
curves for a specific component of natural gas infrastructure.
This is represented in the PBEE framework in the “DM” and
“DV” probabilities. More information can be found in Watson-
Lamprey et al. (2023).

Each research task performed sensitivity studies to find the
input parameters that changed the probability of failure the most.
They defined the necessary inputs for their model, assigned ranges
based on manufacturer guidance or expert opinion (mean and
standard deviation), and finally, changed each input individually
(within its range) to see which parameters impacted the final
answer. The teams developed damage models (i.e., probability
of a strain level given an intensity measure) and fragility
models (i.e., probability of failure given a strain or deformation)
using a variety of laboratory testing and finite element modeling.
These fragility curves are implemented into OpenSRA within each
component calculation (underground pipelines, wells and
caprocks, and aboveground infrastructure).

4.1 Belowground pipelines

Referring to the OpenSRA framework and Figure 1, the previous
section outlined the methods to estimate the EDP, and now given
that EDP, this section focuses on how to estimate the DM. To do
this, a numerical model of the soil-pipeline interaction and pipe
response to permanent ground deformation was made using Abaqus
Version 6.1. Details of the selected scenarios and numerical
modeling techniques (e.g., finite element mesh, beam element
type, springs, boundary conditions, integration points) are
provided in Hutabarat et al. (2023). The numerical modeling in
this study analyzed abrupt (“knife-edge”) ground movements that

FIGURE 4
OpenSRA user experience flow chart (Zheng B et al., 2023).
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produce locally higher strain concentrations compared to
distributed ground movements, which were not studied.

Figure 8 summarizes the ground deformation modes assessed in
the OpenSRA Project. The following deformations were assessed:

• Pipelines that cross landslides or lateral spreads perpendicular
or at an oblique angle.
- strike-slip tension (Figure 8A).
- strike-slip compression (Figure 8B).

• Ground settlement can be modeled as vertical normal-slip
deformation (Figure 8C).

• Pipelines that cross landslides or lateral spreads parallel to the
direction of displacement.
- normal-slip (Figure 8C) at the scarp.
- reverse-slip (Figure 8D) at the toe.
- the fifth case of ground deformation where no bending
strains are induced (similar to Figure 8E).

The complete results of the buried natural gas pipeline system
modeling, including plots showing longitudinal pipe strain versus
permanent ground deformation, are provided in Hutabarat et al.
(2023).

Using the parameters found to most affect the results, more than
one million numerical simulations of pipelines subjected to permanent
ground deformation were performed. The simulation results were used
to develop relationships that estimate a distribution of longitudinal
pipe strain as a function of the soil-pipeline system parameters. The
complete suite of pipe strain estimationmodels for all cases is provided
in Watson-Lamprey et al. (2023).

When OpenSRA performs the analysis (combining the EDPs
from the previous section with the fragilities in this section), the
program splits the continuous pipeline network into smaller
segments (<100 m), which allows the program to discretize
failures instead of having them be continuous.

4.2 Wells and caprocks

Figure 2 shows the steps within OpenSRA to calculate the
probability of failure in wells and caprocks. The objective of this
research task is to calculate the DM by estimating a damage and
fragility model for both wells and caprocks. For specific details on
the numerical models in this section, see Sasaki et al. (2023), Luu
et al. (2023), and Zhang Y et al. (2023).

FIGURE 5
Intersections of gas pipelines (in blue) in California with fault traces (in gray) from the U.S. Quaternary fault and fold database (2019 edition). The
956 intersections of these two datasets are indicated by red stars [CEC pipeline database and USGS and CGS (2006) fault source traces].
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4.2.1 Fault shear across wells
The objective of this subtask is to assess the range of fault

displacements that could result in well failure. To achieve this
objective, a FLAC3D numerical model was constructed to
simulate the mechanical response of a well during fault
displacement. The model comprises both the structural elements
of the well and the subsurface formation that surrounds it.

To include the uncertainty in the depth to the top of cement,
two cement scenarios were considered for each well mode,
cemented and uncemented annuli. In the former case, the gap

between the borehole and casing was filled with cement, whereas
in the latter case, the gap was left unfilled. Finally, the well
shearing process was simulated by modeling reverse fault
displacement. The outcome of the finite element modelling
and sensitivity study was then used to estimate the fragility of
wells due to fault shear.

4.2.2 Dynamic seismic analysis of well integrity
This subtask aims to estimate the maximum bending moment a

casing system can sustain when subject to earthquake-induced

FIGURE 6
Level 2 primary and secondary fault hazard zones and California pipelines in the San Francisco Bay Area Primary (orange) and Secondary (green) fault
hazard zones. Right side figures show examples of pipeline-fault zone intersections [CEC pipeline database and Thompson (2021) fault source zones].

TABLE 1 Fault displacement models implemented into OpenSRA.

Level Model Inputs Outputs

Level 1 Wells and Coppersmith (1994) UCERF3-linked Q-fault scenarios including magnitude, dip, strike,
rake

Fault displacement magnitude and
direction

Level 2 Petersen et al. (2011) UCERF3-linked Q-fault scenarios including magnitude, dip, strike,
rake

Fault displacement magnitude and
direction

Level 3 PFDHA models (not yet publicly available) Beyond the scope of this project Fault displacement magnitude and
direction
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shaking. A site-response analysis was performed using SHAKE91 to
compute ground motions at 2 m depth intervals. Dynamic well
simulations were performed utilizing an open-source finite-element
library OpenSeesPy v3.3 (McKenna, 2011; Zhu et al., 2018).
Maximum bending moment was used to describe the capacity of
a casing system to withstand lateral loading. The results from the

OpenSees model were used in a sensitivity study to develop both
damage and fragility models.

4.2.3 Caprock integrity
In a seismic event, faults that cross a caprock could cause

increased permeability if activated. This zone connects the

TABLE 2 Models for liquefaction and landslide hazards (Zheng B et al., 2023).

Level Geohazard Model Inputs Model outputs

Level 1 Liquefaction
Triggering

Zhu et al. (2017) PGV, Vs30, precipitation, Dc,
Dr, Dw, GWT

Probability of liquefaction

Level 2 Youd and Perkins (1978) with Hazus (FEMA,
2020)

Surficial Quaternary geologic
maps, PGA, Mw, GWT

Liquefaction susceptibility converted to probability of
liquefaction

Bain and Bray (2023) model Surficial Quaternary geologic
maps, PGA, Mw, GWT

Probabilistic assessment of liquefaction triggering and
lateral spread displacement

Level 3 Boulanger and Idriss (2016) CPT, PGA, Mw, GWT Probability of liquefaction

Probabilistic Modification to Robertson and
Wride (1998) updated as Robertson (2009) from

Ku et al. (2012)

CPT, PGA, Mw, GWT Probability of liquefaction

Moss et al. (2006) CPT, PGA, Mw, GWT Probability of liquefaction

Level 1 Liquefaction Induced
Settlement

Zhu et al. (2017) combined with Hazus (FEMA,
2020)

PGV, Vs30, precipitation, Dc,
Dr, Dw, GWT

Liquefaction Susceptibility Class Converted to
Settlement Estimate

Level 2 Zhu et al. (2017) with Hazus (FEMA, 2020) PGV, Vs30, precipitation, Dc,
Dr, Dw, GWT

Liquefaction Susceptibility Class Converted to
Settlement Estimate

Youd and Perkins (1978) with Hazus (FEMA,
2020)

Surficial Quaternary geologic
maps, PGA, Mw, GWT

Liquefaction-induced settlement according to
liquefaction susceptibility category

Level 3 Cetin et al. (2009) SPT, PGA, Mw, GWT Free-field, level-ground settlement

Zhang et al. (2002) CPT, PGA, Mw, GWT Free-field, level-ground settlement

Level 1 Lateral Spreading Zhu et al. (2017) with Hazus (2020) (FEMA,
2020)

PGV, Vs30, precipitation, Dc,
Dr, Dw, GWT

Liquefaction susceptibility class converted to
settlement estimate

Level 2 Youd and Perkins (1978) with Hazus (FEMA,
2020)

Surficial Quaternary geologic
maps, PGA, Mw, GWT

Liquefaction susceptibility converted to lateral spread
displacement

Proposed model presented in Bain et al. (2023a) Surficial Quaternary geologic
maps, PGA, Mw, GWT

Probabilistic assessment of liquefaction triggering and
lateral spread displacement

Level 3 Zhang et al. (2004) CPT, PGA, Mw, GWT,
topographic slope or free-face

ratio

Estimate of lateral spread displacement

Idriss and Boulanger (2008) combined with
Zhang et al. (2004)

CPT or SPT Estimate of lateral spreading displacement

Level 1 Seismic-induced
Landslide

Infinite slope analysis using strength
distributions presented in Table B.15 in Bain

et al. (2022)

Statewide Geologic Map Estimate of Seismic Slope Displacement

Level 2 Grant et al. (2016) Topographic slope, ϕ, γ, c, cr,
t, PGA

Model predicts the type of slope movement (rock-
slope failures, disrupted soil slides, coherent rotational
slides, and lateral spreads) and estimates seismic slope

displacement distribution

Bray and Macedo (2019) Topographic slope, ϕ, γ, c, t,
PGA, Mw

Seismic Slope Displacement Distribution

Level 3 Zhang et al. (2004) CPT, PGA, Mw, GWT,
topographic slope or free-face

ratio

Estimate of lateral spread displacement

Idriss and Boulanger (2008) combined with
Zhang et al. (2004)

CPT or SPT Estimate of lateral spreading displacement
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reservoir with the formations above, creating a leakage pathway for
gas to migrate upward. If the storage reservoir is also over pressured,
reservoir fluid will have a driving force to migrate upwards, leading
to gas loss or other environmental impacts. This subtask first
established a relationship between shear displacement and fault
transmissivity; then developed a numerical model to calculate
damage rates resulting from changes in fault transmissivity;
assessed the depth of and pressure in a gas storage reservoir
susceptible to leakage; and finally performed a suite of
simulations that capture uncertainties to calculate the overall
fragility of caprocks.

The TOUGH (Transport of Unsaturated Groundwater and
Heat) program was used with iTOUGH2 (inverse TOUGH2).
Most of the underground natural gas reservoirs in California are

operated far below the hydrostatic pressure (Zhang Y et al., 2023).
Even when caprock integrity is compromised due to an earthquake,
gas may not leak out due to the lack of a driving force. The Kirby
Hills Domengine storage facility was found to be an exception. The
parameters from this storage facility were adapted in the numerical
model and four scenarios for this model are considered to drive the
fragility curve:

• Both the reservoir and the formation above the caprock have
open boundaries.

• Both the reservoir and the formation above the caprock have
closed boundaries.

• The reservoir has open boundaries and the formation above
the caprock has closed boundaries.

FIGURE 7
Comparison of continuous and mixed random distributions PDF for (A) a mixed and continuous random variable and (B) probability of exceedance
for a mixed and continuous random variable (Bain et al., 2023a).

FIGURE 8
Ground deformation modes assessed to derive pipe strain fragility models (Hutabarat et al., 2023). Modes include (A) strike-slip tension, (B) strike-
slop compression, (C) normal-slip, (D) reverse-slip, and (E) movement parallel to pipeline. The last diagram shows these deformation modes in 3D (F).
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• The reservoir has closed boundaries and the formation above
the caprock has open boundaries.

The model output is the cumulative gas leakage over time. The
fragility model is described later.

4.3 Aboveground infrastructure

This subtask focused on developing fragility curves for different
components of aboveground infrastructure (see Figure 3). Because
aboveground infrastructure is used to broadly describe many
components of a natural gas storage facility, this task is split into
five outcomes:

• Outcome #1: Experimental Data on Critical Components
• Outcome #2: Experimental Data Relative to Subsystems
• Outcome #3: Calibrated Nonlinear Steel Properties
• Outcome #4: Seismic Analysis of Nonlinear Subsystems
• Outcome #5: Fragility Development (described further in
Watson-Lamprey et al., 2023)

4.3.1 Outcome #1: experimental data on critical
components

Table 3 presents the test matrix for the component tests
performed at the UCSD Powell laboratories. Because these
components behave differently depending on the direction of
loading, select components were tested in the in-plane and out-
of-plane direction.

Pre-test simulations for each specimen were performed using
Abaqus to support the development of the load protocol and
instrumentation plans. For specifics on material type, model
development, and individual test set up, see Pantoli and
Hutchinson, (2023b). The progression of damage was the same
for all the specimens except 8T-IP, and included the following limit
states:

1. First ovalization. This limit state identifies the moment when a
visible deformation of the component could be observed for the
first time.

2. First crack. This limit state indicates the appearance of a shallow
crack at locations of high strains.

3. Through crack. Sudden loss of internal pressure occurs when the
one or more shallow cracks became through cracks. This is
considered specimen failure.

Components failing in this way are deemed ductile, since they
show warning signs before failure happens. The only specimen that
had a brittle failure at a point away from the location of high strains
predicted by Abaqus was 8T-IP.

4.3.2 Outcome #2: experimental data relative to
subsystems

A dynamic test series was conducted on a generic (full-scale)
surface infrastructure subsystem at the Earthquake Engineering
Laboratory at UNR using two biaxial shake tables. Figure 9
shows a rendering of the subsystem tested at UNR while
Figure 10 shows a photograph of this subsystem and its relevant
components.

A nonlinear numerical model was developed before the test to
gain insights on the expected behavior of the subsystem.
Information on the validation of this model can be found in
Elfass et al. (2023). The model indicated no damage should occur
if the subsystem was subjected to uniform earthquake
accelerations; however, significant deformation and yielding
could occur if the subsystem was subjected to large relative
displacement. Thus, the subsystem was subjected to three
types of motions: broad-band white noise, synchronous
motions, and asynchronous (time shifted) motions.
Information on the test setup, instrumentation, and loading
protocol are provided by Elfass et al. (2023).

Through these laboratory tests it was found that only large
relative deformations caused any yielding or failure. It was also
noted that the subsystem did not experience any leaks or loss of
pressure. At large rotations, damage was observed to the concrete
pedestal at one pipe support.

4.3.3 Outcome #3: calibrated nonlinear steel
properties

Creating a robust and reliable nonlinear material model for steel
is required for the reasonable estimation of the response of a steel
component subjected to the large cyclic deformations that can be
caused by earthquakes. To support this need, the aforementioned
component experimental data were utilized iteratively to calibrate
the nonlinear material properties for the steel used for tees and
elbows in the finite element models. The optimal values of the cyclic
hardening parameters were obtained by minimizing the error
between the experimental results from component tests and the
corresponding Abaqus numerical predictions for all specimens
tested. Further information about the validation process can be
found in Pantoli and Hutchinson, (2023a).

TABLE 3 Test matrix of component specimens.

Component type Diameter (Schedule) Direction of loading Short name

Tee 4 in (80) In-plane 4T-IP

4 in (80) Out-of-plane 4T-OP

8 in (40) In-plane 8T-IP

8 in (40) Out-of-plane 8T-OP

90o elbow 4 in (80) In-plane 4E-90

45o elbow 4 in (80) In-plane 4E-45
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FIGURE 9
Rendering of the subsystem experiment (Elfass et al., 2023).

FIGURE 10
Photograph of the subsystem tested at UNR: (A) Assembled subsystem on the UNR shake tables, (B) Pipe support, (C) Connecting plates, (D) Elbow,
(E) Vertical tank (Elfass et al., 2023).
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4.3.4 Outcome #4: seismic analysis of nonlinear
subsystems

As part of this research task the team developed a procedure for
the seismic analysis of nonlinear natural gas subsystems using
OpenSees which can be used to generate fragility curves for
OpenSRA. In this procedure, the nonlinearities and failure points
of the subsystem are concentrated at the location of critical
components, while the remainder of the model subsystem
remains linear. The subsystems explored are the wellhead tree-
pipeline (WTP) subsystem where buried pipelines come to the
surface and end in a wellhead, that then distributes the gas
aboveground, and vertical pressure vessels (VPV). The geometry
of these subsystems is based on photographic evidence found on
public resources, design calculations, manufacturer catalogues of
valves and other components, site visits to a gas storage facility, and
personal communication with experts at utility companies.

4.3.4.1 WTP subsystem
Wellheads are a common aboveground infrastructure at gas

storage facilities. Further information regarding wellhead trees and
their geometry in California and Validation of the OpenSees model
can be found in Pantoli and Hutchinson, (2023a). The procedure
used to calibrate the parameters of this model in OpenSees involved
the following:

• A numerical model of the critical components and sections of
straight pipes created in Abaqus. This model uses the
calibrated material properties obtained in outcome #3 and
the field boundary conditions.

• An OpenSees model of the same geometry and boundary
conditions is created.

• The two models are subjected to the same displacement-
controlled cyclic analysis with a load protocol.

• The forces necessary to obtain this displacement in the Abaqus
and OpenSees are compared.

This same procedure can be used to extend the results to a wider
range of component types/details and loading conditions. As an
additional step in validation, impact tests were performed at a
natural gas storage field in California.

4.3.4.2 VPV subsystem
The vertical pressure vessels observed at gas storage facilities

comprise a tall cylindrical vessel with hemispherical or elliptical heads
supported by a skirt. The optimal EDP for these analyses is the ratio
between the moment demand at the base imposed by an earthquake
and the moment capacity at which a limit state is achieved.

4.3.4.2.1 Validation of the VPV subsystem.
For the validation of this subsystem, a sample VPV geometry

was selected based on representative information of a pressure vessel
provided by a gas company in California. This sample VPV was
modeled using Abaqus and complimentary but simplified linear
version utilizing 1D finite elements within OpenSees. These results
show that:

• The movement of the pressure vessel itself is not affected by
the movement of the pipes.

• The inlet pipe connected to the bottom of the pressure vessels
has minimal movement in these lower frequency modes.

• The simplified OpenSees model can capture the behavior of
this subsystem predicted by the more refined Abaqus model.

4.4 Synthesis of component fragilities into a
system performance model

4.4.1 Buried pipelines
The results of buried pipeline fragility development show the

suggested lognormal CDFs for the tensile strain damage state
fragility functions assuming a constant aleatory variability, σ =
0.30, for both leakage and rupture, which was estimated using
expert opinion (Abrahamson, 2022). The 10th and 90th
percentiles are presented for the fragility functions assuming
constant epistemic uncertainty, σepi = 0.20, a common
assumption for structural systems. σ represents the aleatory
variability in the fragility models due to inherent randomness in
the loading conditions (e.g., eccentricities in the pipe alignment,
nonuniform backfill soil conditions) and pipe properties (e.g., post-
yield stress-strain behavior, weld quality, corrosion). Similarly, for
compressive rupture and leakage the 10th and 90th percentiles are
presented for the fragility functions assuming a constant epistemic
uncertainty of σepi = 0.25. The data used to derive the fragility
function were from controlled laboratory testing to account for
greater uncertainty associated with field conditions, the aleatory
variability, σ, is increased from 0.407 to 0.50.

Pipelines can often sustain more axial strain after the initiation
of buckling or pipe wall wrinkling before pipe wall tearing or
rupturing occurs. The probability of compressive rupture (due to
buckling or pipe wall wrinkling) fragility function accounts for this
additional capacity by shifting the 50% probability of exceedance
values in the original fragility function up to the 20% probability of
exceedance level in the final function. Additional details of the
pipeline fragility models are provided in Bain et al. (2023a).

4.4.2 Wells and caprocks
The probability of ground shaking induced failure and fault

shear induced failure is included in Watson-Lamprey et al. (2023)
for casing, production casing, surface casing, well tubings, and
caprocks. The median failure mechanism (slip or plastic
moment) at which 50% probability of failure occurs is compiled
and estimated by the wells and caprocks task group.

4.4.2.1 Aboveground systems
The models for failure of aboveground components are

dependent on ground shaking. As seismic hazards are distributed
over an area, all aboveground components that are within 200 km of
each fault trace are evaluated for ground shaking induced failure.

4.4.2.2 Well tree
Methodologies for the probability of failure for well trees fall into

six cases, these cases are further split up based on direction of ground
motion. In total there are 22 unique models that need to be
computed to the distribution of joint rotation over the six
subsystem-component combination. Each of the rotation models
are then propagated into models for longitudinal strain, and
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subsequently the probability of failure given longitudinal strain.
Once the probability of failure for a specific subsystem-component
combination, direction of shaking, joint location, and orientation is
determined, then the distributions of probability of failure for all
variations within each subsystem-component are averaged to obtain
the overall average distribution for probability of failure.

4.4.2.3 Pressure vessels
For the pressure vessels, the critical component considered was

the base of the pressure vessel. Two types of base connections were
considered. The first represents the configuration of older pressure
vessels, in which the base anchors are embedded in a concrete
footing and thus designed as a fully fixed connection. In this case, no
elongation of the anchor will occur, and minimal base rotation is
anticipated, consequently the base of these pressure vessels is
considered fixed. This case is labeled as “no stretch length.” The
second configuration is typical of newer pressure vessels. In this case,
the anchors have a designed free stretch length of at least eight times
the diameter of the anchor. This allows the base to rotate; hence a
nonlinear spring is incorporated in the model at the base of the
vessel.

5 Sensing technologies

A comprehensive review of sensing technologies was undertaken
to identify the technologies that can inform the risk models at the
input, intermediate, and final output stages. The sensing
technologies introduced in Wang et al. (2023) were selected
depending on OpenSRA parameters, which include geologic
information and characteristics of the natural gas infrastructure.
Wang et al. (2023) provides comparison tables for each sensing
technology and further information on how each can be used on
specific components of the natural gas infrastructure system. The
selected sensing technologies can be categorized into four main
categories:

1. Remote sensing technologies
2. Continuous monitoring technologies
3. Inspection technologies
4. Leakage detection technologies

5.1 Remote sensing technologies

Ground deformation is an important input in OpenSRA
regardless of the level of analysis. Remote sensing technologies
have been used widely to detect and monitor objects (including
ground deformation).

5.1.1 Continuous monitoring technologies
Continuous monitoring technologies are deployed on site and

operate on stand-alone power and cellular communication. The
selected continuous monitoring technologies include distributed
fiber optic sensors (DFOS) and wireless sensor network (WSN).
Figure 11 specifically outline uses of WSN and more information
regarding DFOS and the tests done within this project can be found
in Wang et al. (2023).

5.1.2 In-line inspection technologies
Inspection technologies to identify pipeline characteristics from

inside the pipe were explored. These characteristics can be used as a
reference for inputs and to verify the intermediate and final outputs
of OpenSRA. This project focused on the In-line Inspection (ILI)
techniques which can be done at the same time as the periodically
pigging progress.

5.1.3 Leakage detection technologies
Gas and flow sensing technologies help characterize leakage

events and provide information on the amount of the leakage. This
helps utility owners focus mitigation efforts after a seismic event
occurs. This project introduces different types of gas and flow
sensors, including their mechanisms, abilities, limitations, and
comparisons as a reference for helping users to select the sensors
that suit their applications best.

5.1.4 OpenSRA informing technologies guidance
Measurement data (as seen in the laboratory testing in previous

sections) aids in the industry’s understanding of how a system reacts in a
seismic event. Leveraging this measured data will continue the progress
made in this project to update current riskmodels. Implementing sensing
technologies now will aid the industry in decision-making and risk
mitigation in the future. Further information can be found in Wang
et al. (2023) regarding how different sensing technologies can better the
analyses on specific natural gas infrastructure.

6 OpenSRA graphical user interface

The final component of the OpenSRA tool is the graphical user
interface (GUI). It implements the backend calculations in away that can
be easily visualized by users. The SimCenter (working with Slate) created
a user-friendly interface that was intuitive for users and displayed results
in a straightforward manner. The GUI is split into tabs to walk the user
through the inputs and outputs provided in the program.

Figure 12 shows an example of the GUI, specifically highlighting
the “Visualization” tab and the mapping component of the program.
The GUI utilizes QGIS to visualize the results on different base
maps. The user can easily import CSV data and shapefiles to
visualize their specific infrastructure. The program also depicts
UCERF3 fault traces and imported ShakeMaps. Figure 12 shows
the publicly available transmission pipeline network in the Bay Area,
with the 2014 South Napa ShakeMap. This “Visualization” tab
allows the user to select specific infrastructure to see the results
in tabular form (shown on the right of Figure 13).

The remaining tabs are shown on the left of Figure 12 and are the
components of the GUI where the user can input their analysis
information.OpenSRA is a desktop application, which enables utility
owners and operators to utilize their proprietary infrastructure while
maintaining confidentiality. The “Infrastructure” tab is the main
input tab, this is where the user can not only import their
infrastructure and any site-specific information such as shear
wave velocities, or other soil properties. The information can be
imported as a CSV file or as a GIS file. Each type of infrastructure has
a slightly different layout. Each component is defined as a latitude
and longitude coordinate, along with characteristics of the
component. An example of this is shown in Figure 14. The user
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selects which type of infrastructure they would like to input
(pipeline, aboveground, or wells and caprocks); this then tailors
the remaining tabs to the selected type.

The next few tabs specifically follow the PBEE framework (in reverse
order). Each tab gives options for the different available models. These
tabs integrate the targeted research on seismic demand and capacity of
natural gas infrastructure into the GUI. The “Decision Variable,”
“Damage Measure,” “Engineering Demand Parameter” all present the
models outlined in Sections 3 and 4 depending on the piece of
infrastructure selected under “Infrastructure.” These sections fuse the
backend calculations from the research tasks and the work performed by
the SimCenter. Each research task worked with the OpenSRA
development team to ensure that their models were implemented and
shown correctly in the user interface. This ensures the inputs neededwere
displayed appropriately and the correct results were calculated. The next
step in the PBEE framework and next tab is the “Intensity Measure” tab
which allows the user to select the ground motion input. The available
options for intensity measures are: UCERF3 combined with NGAWest2,
ShakeMaps, and a User Defined Rupture. The “Input Value” tab is an
additional input section that changes based on the models chosen in the
“Engineering Demand Parameter,” “Damage Measure,” and “Decision
Variable” tabs. This tab enables the user to assign distributions to
parameters and select columns in the “Infrastructure” tab if site-
specific data was imported. The final step in the GUI is exporting the
data. Currently, the software automatically exports the data to excelfiles to
a user-specified location.

Overall, the user interface utilizes tools previously developed by
SimCenter, ArcGIS, and the research performed under this project

to create a user-friendly experience. The interface intuitively steps
through the PBEE framework and allows the user to specify inputs
throughout the process. Once the analysis is run, the program
visually displays the results and exports them for easy post-
processing. The creation of OpenSRA advances the use of seismic
risk in the natural gas industry. It also allows for future development
in seismic risk analyses for other industries.

6.1 OpenSRA example

OpenSRA has over 30 pre-loaded examples that highlight the
different capabilities of the program. The following section walks
through a belowground pipeline analysis at Balboa Blvd. (one of
the validation exercises from Section 2.5) using Cone Penetration
Test (CPT) data and Level 3 EDP analysis methods. This example
uses a ShakeMap to assess the potential of lateral spreading at
Balboa Blvd. and any subsequent failures. The example imports
all the necessary information to perform the analysis. First, the
program imports pipeline data (e.g., latitude and longitude, pipe
diameter and thickness) using a GIS shapefile into the
Infrastructure tab. It then selects Level 3 analysis methods for
Decision Variable, Damage Measure, and Engineering Demand
Parameter tabs. In the Intensity Measure tab, the example
imports the 1994 Northridge ShakeMap (shown in
Figure 15).Finally, for the GIS and CPT data, the program
imports CPT data to assess the soil properties for use in the
probability of lateral spreading analysis (EDP models).

FIGURE 11
WSN Instrumentations: (A) Aboveground (B) underground gas pipeline monitoring (Wang et al. (2023).
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FIGURE 12
Screenshot of OpenSRA graphical user interface.

FIGURE 13
Example of the OpenSRA visualization tab with tabulated results.
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Figure 16 shows the results for probability of pipe compressive
rupture from this example. On the southern end of Balboa Blvd., the
program estimates between 20% to over 80% probability of failure
for four of the five pipelines. The four pipelines where OpenSRA
estimates the highest probability of failure were also the pipelines
that failed during the 1994 earthquake. These pipelines specifically
failed on the southern end of Balboa Blvd.OpenSRA contains similar
examples that walk through the other validation sites and exercises
used to verify the program (when not protected under a non-
disclosure agreement). Further information on these analyses can
be found in Bain et al. (2023b).

7 Discussion

The OpenSRA software helps utility owners assess their
infrastructure before and after earthquakes. It also provides a
consistent means for regulators to assess the seismic risk of the
natural gas infrastructure in California. The software helps prioritize
mitigation efforts of potentially vulnerable systems before an
earthquake utilizing ground motion prediction equations and of
past earthquakes using ShakeMaps. After a seismic event occurs
OpenSRA also allows the end-user to assess potential leaks and
breaks in the system to mobilize repair teams quickly. This ability to
prioritize mitigation efforts before an earthquake and to prioritize
repair efforts after an event allows utility owners to protect their

constituents from potentially catastrophic failures. Along with this,
these mitigation efforts reduce environmental impacts and allow for
efficient planning and construction to occur on new natural gas
infrastructure.

Given the limited timeframe of the project and the lack of
existing fragility curves currently available, this project focused on
common infrastructure. OpenSRA would benefit from additional
research to:

1. Integrate directly with the USGS for ShakeMap scenarios.
2. Develop and incorporate additional ground failure hazard

demand models.
3. Extend numerical models of soil-pipeline response to capture

additional pipe systems and soil conditions for additional
loading scenarios such as distributed shear.

4. Develop fragility functions for components not investigated in
this research project, such as the performance of pipelines
attached to bridges crossing rivers.

5. Additional pipe component and system testing to refine their
fragility functions.

6. Allow for more flexibility in input datasets and outputting
results.

7. Integrate network/flow analysis into infrastructure types that
have upstream/downstream dependencies.

8. Allow for more complex fault rupture scenarios.
9. Integrate other forms of natural hazards.

FIGURE 14
Example of the input infrastructure table.
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10. Further develop the backend to improve computational
efficiency.

11. Develop cloud-/server-based dissemination of datasets and
updates or extend the application to be web-based for
broader access.

12. Install sensing technologies in a variety of natural gas
infrastructure systems to evaluate their performance over an
extended period.

13. Develop methodologies to optimize the updating of models
using information from sensors on natural gas infrastructure.

FIGURE 15
Belowground pipeline example using the 1994 Northridge earthquake.

FIGURE 16
Results from Balboa Blvd. belowground pipeline example.
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It is the hope of the research team to continue to expand the use
of OpenSRA through future research projects.

8 Conclusion

The project developed new seismic risk assessment methods
(both demand and fragility functions of components) and
implemented these into an open-source seismic risk assessment
software called OpenSRA. The project was split into six task groups
to assess the seismic demands imposed on natural gas infrastructure
and the seismic fragility of individual components. The project
teams provided guidance on how to calculate the probability of
failure for different components of the natural gas system. This
guidance was based on literature reviews, discussions with utility
owners, data analysis, laboratory testing, and numerical modeling.

The primary result of this project is the user-friendly open-
source seismic risk software for natural gas pipelines and storage
facilities called OpenSRA. It is available to the public through the
PEER website. The OpenSRA software addresses several of the
concerns associated with the ad hoc way current seismic risk
assessments of natural gas pipelines and storage facilities are
performed. The software is intended to be used on a desktop
computer. To reduce calculation time, which was a primary
objective of the software development, a novel method called
Polynomial Chaos was implemented. This methodology can
employ clearly defined means, aleatory variabilities, and epistemic
uncertainties for each step of the PBEE risk methodology to deliver
results rapidly. The use of Polynomial Chaos over traditional
Monte-Carlo sampling reduced computation time by two to three
orders of magnitude. TheOpenSRA software provides a friendly user
interface to help utility owners and regulators to visualize and
interpret results to help prioritize mitigation efforts.

The PBEE framework is fully implemented into the OpenSRA
software through fragility curves that describe the seismic
performance of key natural gas infrastructure components. The
developed fragility models incorporate comprehensive inventories
of fault and pipeline crossings for California using the Quaternary
Faults and Fold database and incorporate geologic, subsurface, and
topographic data required in updated earthquake hazard regional
scale assessments. The end products given for seismic demands
included a fault-pipeline crossing database, methods to estimate
primary and secondary fault displacement hazard, and methods to
estimate geohazard-induced by seismicity. Along with fault
displacement hazard, improved models of earthquake-induced
ground failure hazards (i.e., liquefaction-induced lateral spreading
and earthquake-induced landslides) were developed to capture these
hazards at different levels of regional scale analysis. The uncertainty
assigned to the ground failure hazard models at different regional
scales is consistent with the information available in California at the
state-wide, regional, and site-specific levels.

Fragility curves were developed for buried pipelines, wells and
caprocks, and aboveground gas infrastructure. The fragility curves
were developed through state-of-the-art numerical modeling efforts
based on how system components respond to earthquake hazards
coupled with laboratory testing. Experiments of pipe components
and aboveground subsystems provided critical insights on their
seismic performance. These laboratory tests helped validate the

numerical models that were used to estimate the fragility curves
for the aboveground systems.

New sensing technologies were identified which can inform the
risk models at the input, intermediate, and final output stages. The
selected sensing technologies can be categorized into four main
categories: 1. Remote sensing technologies, 2. Continuous
monitoring technologies, 3. Inspection technologies, and 4.
Leakage detection technologies. They were selected depending on
the employed OpenSRA parameters, which include available
geologic information and characteristics of the natural gas
infrastructure.

The OpenSRA open-source seismic risk assessment tool
developed through this research effort helps utility owners and
operators perform efficient seismic risk assessments of their
infrastructure with state-of-the-art models to help prioritize
mitigation efforts.
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