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ABSTRACT

Seismic Performance of Natural Gas Transmission Pipelines Affected by Ground Failure
by
Christopher A. Bain
Doctor of Philosophy in Engineering — Civil and Environmental Engineering
University of California, Berkeley

Professor Jonathan D. Bray, Chair

Natural gas transmission pipelines can be affected by earthquakes from traveling seismic
waves and earthquake-induced ground failure from liquefaction or landslides. Case histories of
earthquake effects to natural gas transmission pipelines in California show that ground failure
poses the most acute risk as no modern gas pipelines in California have been shown to rupture due
to seismic waves.

The OpenSRA (Open Seismic Risk Assessment) software tool has been developed through
the contributions of several members of a large multidisciplinary research team to assess the
seismic risk to natural gas infrastructure including below ground transmission pipelines. The tool
implements the Pacific Earthquake Engineering Research (PEER) center’s Performance Based
Earthquake Engineering (PBEE) methodology for assessing risk. The PEER PBEE framework
assesses seismic performance at the system level by probabilistically quantifying an intensity
measure (IM), such as the peak ground acceleration (PGA), and the response of the system to the
IM in terms of seismic displacement or other engineering demand parameters (EDP). The EDPs
are used with fragility relationships to estimate the damage to the system in terms of longitudinal
pipe strain or other damage measures (DM). The DMs are used to evaluate decision variables (DV)
such as the probability of pipeline rupture.

Research performed through this study identified data and methods for assessing the
seismic permanent ground displacement (PGD) EDP at the statewide to site-specific scales in the
OpenSRA tool. Due to the differences in the types of data and methods available for estimating
seismic displacement at the statewide versus the site-specific scale, four data and analysis levels
were created:

= Level 1 analyses assess the seismic risk to natural gas transmission pipelines from ground
failure using data available at a uniform resolution across the state of California. The Level

1 methods estimate potential liquefaction and landslide-induced displacements using

proxies for geologic, geotechnical, and groundwater data and have very high aleatory

variability (due to inherent randomness) and epistemic uncertainty (due to uncertainty that
the model is correct).
= Level 2 analyses utilize data available at regional scales at higher resolution compared to

Level 1 analyses including larger scale geologic maps, limited, generic subsurface

geotechnical data, and better groundwater information. Level 2 analyses have high

uncertainty, but it is less than at Level 1.



= Level 3 analyses utilize site-specific data including subsurface data from geotechnical
borings or cone penetration tests (CPTs). The methods for estimating seismic displacement
at the site-specific scale have less epistemic uncertainty and are more reliable compared to
the methods utilized at Levels 1 and 2. Due to the higher quality and resolution of the data
available at Level 3 and the reduced epistemic uncertainty of the Level 3 methods for
estimating seismic displacement, Level 3 analyses have less uncertainty than Level 2
analyses.
= Level 4 analyses employ state-of-the-art numerical simulations and require advanced
laboratory testing to calibrate the material constitutive models. Level 4 analyses are beyond
the current scope of the OpenSRA project.

Due to a lack of suitable methods available in the literature for estimating liquefaction-
induced lateral spread displacement at Level 2, research focused on developing a new method for
probabilistically estimating potential lateral spread displacement at regional scales. The new
method collects CPTs across a region and sorts them into distinct surficial geologic deposits. The
lateral displacement index (LDI) is then calculated for 225 unique combinations for peak ground
acceleration (PGA), earthquake moment magnitude (My), and depth to groundwater (GWT).
Models conditioned on the surficial geology, PGA, My, and GWT are developed to estimate the
probability that LDI is negligible (i.e., equals “zero,” which is defined as LDI less than three) and
the non-zero LDI and its uncertainty. LDI is assumed to be distributed as a mixed-random variable
whereby there is a mass probability that LDI equals “zero” and a distribution of non-zero LDI. An
estimated distribution of LDI is converted to a distribution of lateral spread displacement using
correlations of LDI to lateral displacement conditioned on the topographic slope for gently sloping
sites far from a free-face or the free-face ratio for sites near a free-face feature. The method is
shown to estimate reasonably both the spatial extent and magnitude of lateral displacements for
the 1989 My 6.9 Loma Prieta earthquake in the San Francisco Bay area of California and the 2010
My 7.1 Darfield and 2011 My 6.2 Christchurch earthquakes in the Christchurch area of New
Zealand.

Other research of this study focused on the longitudinal strain response of the pipelines to
the seismic PGD experienced at Balboa Boulevard in the San Fernando Valley of Southern
California during the 1994 My, 6.7 Northridge earthquake. Eight pipelines, including five natural
gas transmission pipelines, a natural gas distribution line, and two pressurized water trunk lines
crossed the liquefaction-induced ground deformation zone produced by the 1994 Northridge
earthquake. The Old Line 120 natural gas transmission pipeline, the gas distribution line, and the
Granada and Rinaldi Trunk Lines broke in both tension and compression during the 1994
Northridge earthquake. The New Line 120, Line 3000, and Line 3003 natural gas transmission
pipelines and the Mobil Oil Line M70 crude oil transmission pipeline did not break in 1994. No
PGD was observed and no pipelines failed at the site during the 1971 My 6.6 San Fernando
earthquake. Evidence suggests the groundwater was lower in 1971 than in 1994, which reduced
the likelihood of liquefaction-induced ground movements at Balboa Boulevard in 1971.

The longitudinal strains were assessed in a conventional manner using an analytical model
typically used in engineering practice. The pipelines were analyzed with mean values for the soil-
pipeline system properties, including: the steel yield strength, the shape of the steel stress-strain
curves, the soil-pipeline interface shear stress, the pipe geometry, the length of the ground
deformation zone, and the amount of seismic PGD. Critical strains for tensile rupture and
compressive buckling were estimated. The results of this modeling show good agreement between
the expected and observed performance of the pipelines. The pipelines that failed developed the



highest longitudinal strains and the pipelines that did not fail developed significantly lower strains.
In the case of one pipeline (i.e., Line 3000), however, the longitudinal strain developed in it was
estimated to be sufficient to cause buckling in the compressive deformation zone, but it did not
fail.

There are several possible reasons for this discrepancy. The soil-pipeline interaction in the
analytical model depends not only on the length of the soil block displacement, but also on the
shear force conveyed to the pipeline by the adjacent soil. There is uncertainty in the soil-pipeline
interface shear stress and small variations can significantly affect the strain estimate. The critical
compressive strain plays an important role in predicting pipeline failure. Uncertainty in the critical
strains was not evaluated in the conventional analysis. The longitudinal strain is also sensitive to
the pipe steel yield stress, which was assumed to be equal to its specified minimum value, and the
amount of ground displacement, for which there is significant uncertainty.

The longitudinal strain response of the pipelines at Balboa Boulevard was also assessed
probabilistically in the manner in which OpenSRA assesses the seismic risk of natural gas
pipelines. The aleatory variability and epistemic uncertainty for each of the soil-pipeline system
parameters was estimated and Monte Carlo simulations of the longitudinal strain were calculated
with the validated analytical model. New fragility functions for assessing tensile rupture and
compressive buckling are developed, including their aleatory variability and epistemic uncertainty.
Sampling the distributions for each of the system parameters allows for a distribution of the
longitudinal strain to be estimated for each pipeline. Assessing the longitudinal strain distributions
with the new fragility functions results in distributions for the probability of tensile rupture and
the probability of compressive buckling for each pipeline. The results of this study show good
agreement between the expected and observed performance of the pipelines. The probability of
compressive buckling distribution for Line 3000, which was expected to fail in the conventional
analysis, varies from low to high, demonstrating the significant uncertainty in the assessment of
this line. The methodology employed in the OpenSRA software is judged to be reasonable in its
application to assessing the seismic performance of buried pipelines.



To my very patient girlfriend, Lindsey
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1 INTRODUCTION

1.1  OVERVIEW

Permanent ground deformation from liquefaction or slope displacement is the primary
earthquake-induced hazard affecting modern natural gas transmission pipelines. Risk assessments
of pipeline networks are currently performed using highly subjective and qualitative risk scoring
approaches. These approaches do not properly account for all uncertainties, resulting in an
incomplete and inaccurate assessment of the risk from seismic displacement. Assessing risk with
consistent logic that properly accounts for all uncertainties at regional to site-specific scales can
focus risk reduction efforts to where they will have the greatest impact.

The Open Seismic Risk Assessment (OpenSRA) software tool has been developed
following the Pacific Earthquake Engineering Research (PEER) Center’s Performance Based
Earthquake Engineering (PBEE) methodology for assessing risk. The PEER PBEE framework
assesses seismic performance at the system level by probabilistically quantifying an intensity
measure (IM), such as the peak ground acceleration (PGA), and the response of the system to the
IM in terms of seismic displacement or other engineering demand parameters (EDP). The EDPs
are used with fragility relationships to estimate the damage to the system in terms of longitudinal
pipe strain or other damage measures (DM). Finally, the DMs are used to evaluate decision
variables (DV) such as the probability of pipeline rupture.

Research performed in this study for the OpenSRA project included creating a framework
for performing seismic risk of pipelines due to ground failure at the statewide to site-specific
scales, developing a new method for probabilistically assessing the liquefaction-induced lateral
spread displacement hazard at regional scales, evaluating case histories of pipelines intersecting
permanent ground deformation including at Balboa Boulevard, and developing fragility
relationships for assessing the probability of leakage or rupture for pipes subjected to tensile or
compressive strain.

1.2 DISSERTATION ORGANIZATION

The following chapters explore methods and data for assessing seismic displacement due
to earthquake-induced ground failure at statewide to site-specific scales, describe a new method
for estimating liquefaction-induced lateral spread displacement and its uncertainty at regional
scales, and assesses the performance of the pipelines subjected to seismic displacement at Balboa
Boulevard during the Northridge earthquake in conventional and probabilistic manners. This
dissertation is organized into six chapters as follows:

= Chapter 2 describes the methods and data utilized in the OpenSRA software for assessing
seismic displacement at statewide to site-specific scales. The uncertainty due to inherent
randomness (aleatory variability) and lack of knowledge (epistemic uncertainty) are
estimated for each method. Additionally, fragility relationships are developed to estimate
the probability of leakage or rupture for pipelines subjected to tensile or compressive strain.
= Chapter 3 describes a new method for assessing the liquefaction-induced lateral spread
displacement hazard at regional scales. The method utilizes cone penetration tests (CPTs)
collected in a region, such as the San Francisco Bay area of California or the Christchurch
area of New Zealand, to estimate a distribution of the lateral displacement index (LDI)



conditioned upon the surficial geology, peak ground acceleration, earthquake moment
magnitude, and the depth to groundwater. A distribution of LDI is converted to a
distribution of lateral spread displacement using existing topographic correlations and
maps of topographic slope and free-face ratio.

Chapter 4 presents a conventional analysis of the buried pipeline performance to the
seismic displacement experienced at Balboa Boulevard during the 1994 Northridge
earthquake. Ground failure did not occur at the site during the 1971 San Fernando
earthquake. Detailed assessments of the pipe/soil interface shear strength and the
characteristics of the pipelines are presented, and an analytical model is used to assess the
pipe strain response to the seismic displacement. The best estimates for the pipe strains are
presented and the expected performance of the pipelines based on their estimated strains is
compared to the observed performance. The longitudinal strain response at the locations of
pipe bends is also assessed.

Chapter 5 presents a probabilistic analysis of the pipeline performance to the seismic
displacement experienced at Balboa Boulevard during the Northridge earthquake. Ground
failure did not occur at the site during the 1971 San Fernando earthquake. Uncertainties in
the pipe/soil interface shear strength, characteristics of the pipelines such as the yield
strength, the amount of ground displacement, and the length of the ground deformation
zone are estimated. Monte Carlo simulations of the pipe strain were achieved with an
analytical model. Distributions of the pipe strain and the probability of tensile rupture or
pipe wall buckling are presented and compared to the observed performance of the
pipelines.

Chapter 6 summarizes key results from the presented research and provides
recommendations for future research.



2 SEISMIC GROUND FAILURE HAZARD DEMANDS
AFFECTING BURIED PIPELINE PERFORMANCE

2.1 INTRODUCTION

This study is part of a multi-year, multi-disciplinary project conducted by the Pacific
Earthquake Engineering Research Center (PEER) with the Lawrence Berkeley National
Laboratory (LBNL) and funded by the California Energy Commission (CEC). The overall project
is titled “Performance-Based Earthquake Engineering Assessment Tool for Natural Gas Storage
and Pipeline Systems,” henceforth referred to as the “OpenSRA project.” The overall goal of the
OpenSRA project is to create an open-source research-based seismic risk assessment tool for
natural gas infrastructure that can be used by utility stakeholders to better understand state-wide
risks, prioritize mitigation, plan new gas infrastructure, and help focus post-earthquake repair
work.

The probabilistic seismic risk tool developed in the OpenSRA project follows the widely
accepted risk methodology of Cornell (1968). A seismic source characterization is used to develop
a suite of earthquake scenarios with associated rates of occurrence to represent the seismic hazard.
Fault ruptures and the resulting ground deformation are generated for each earthquake scenario to
represent the seismic loading, which includes a map of ground motion parameters. This scenario-
based seismic parameter map is overlaid on the infrastructure system and the seismic loading
combined with the capacities of the infrastructure to calculate the seismic performance of the
natural gas system for the scenario. By repeating the process for all the scenarios in the suite, the
tool can evaluate the seismic risk to the system.

A user-driven research approach was used to develop OpenSRA to be easily used by
regulators and utilities, and to include updated models and methods for the seismic demands and
capacities that control the seismic risk for natural gas systems. The project includes several
innovative approaches that improve the basic methodology and distinguish this project’s approach
from standard approaches currently used. Current risk studies developed by the utilities use risk
scoring approaches that are highly 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 was conducted in this project to improve the characterization of uncertainty of key inputs
to the seismic risk assessment tool. The seismic risk methodology employed in this project
provides quantitative estimates of the probabilistic seismic risk. For risk-informed decision-
making processes, the reliability of the risk estimates needs to be considered because this can be
significant, particularly for large, rare earthquakes.

The project team includes researchers from UC Berkeley (which this study is part of),
LBNL, UC San Diego, University of Nevada Reno, the PEER Center, the NHERI SimCenter, and
Slate Geotechnical Consultants and its subcontractors Lettis Consultants International (LCI) and
Dr. Thomas O’Rourke.

The scope of this chapter is to assess the ground deformation hazards posed to natural gas
infrastructure in California from liquefaction-induced lateral spreading and vertical settlements
and from earthquake-induced landslides. The analytical methods and data available in the literature
are summarized and their implementation into OpenSRA is described. Uncertainties in the methods
and data are estimated and described.



2.2 PROJECT APPROACH

This chapter assesses the earthquake-induced ground deformation hazard to natural gas
infrastructure in California from liquefaction-induced lateral spreading and vertical settlement and
from seismic slope displacement due to earthquake-induced landslides. A review of the procedures
and data available in the literature is presented and gaps in the literature are identified. Updates or
modifications to existing procedures resulting from targeted research are described in this chapter
and a new method for assessing liquefaction-induced lateral spread displacements is described in
detail in Chapter 3.

The OpenSRA project requires the analysis of seismic risk at the statewide to site-specific
scales. To do this, data and procedures to evaluate geohazards are categorized into four levels (see
Appendix A):

1. Level 1 analyses utilize data that are continuous at a uniform resolution over the entire state
of California. With its lower level of resolution and without site-specific or subsurface data,
the statewide data lead to very high uncertainty.

2. Level 2 analyses utilize data produced at regional scales collected at higher resolution than
Level 1 data. Level 2 data are not necessarily geospatially continuous over the entire state
of California. There is minimal, generic subsurface data or estimated engineering
properties. Use of Level 2 data leads to high uncertainty, but less uncertainty than with
Level 1 data.

3. Level 3 analyses utilize site-specific geologic and topographic mapping and includes
subsurface data through CPTs, borings with SPT, and soil/rock index tests. Subsurface data
can be used in performance-based liquefaction, lateral spreading, slope displacement, and
settlement procedures. Level 3 data enables assessment with medium uncertainty, less than
with Level 2 data.

4. Level 4 analyses utilize high-quality laboratory test data with the Level 3 site-specific
geologic, topographic, and geotechnical data. Use of Level 4 data supports the performance
of advanced numerical analyses. Level 4 analyses will have the least uncertainty in
estimating the effects of earthquake-induced ground deformation on buried pipes. Due to
the high level of data required they will not be employed commonly in making systemwide
seismic risk assessments. Instead, they will be used on project-specific efforts. Level 4
analyses are beyond the current scope of the OpenSRA Project.

The qualitative descriptions of uncertainty at each data and analysis level (i.e., very high,
high, and medium) are intended to communicate the decreasing amount of uncertainty possible as
more robust data and analytical methods are employed. The uncertainties associated with these
data and analyses levels for a liquefaction triggering assessment illustrate the ranges of uncertainty
typically associated with these descriptions. Liquefaction triggering models are assumed to be
lognormally distributed with aleatory variability (due to inherent randomness and denoted as [3r)
on the order of f; = 0.8 — 1.0 at Level 1, Br = 0.7 — 0.9 at Level 2, and B: = 0.5 — 0.7 at Level 3.
When applicable, epistemic uncertainty (due to incomplete scientific knowledge leading to
modeling uncertainty) is included and denoted as Pu. This chapter recommends data and
procedures available in the literature for performing analyses at Levels 1 — 3. Chapter 3 introduces
a new method developed for probabilistically assessing the liquefaction-induced lateral spread
displacement hazard at regional scales.



2.2.1 Level 1 Liquefaction Triggering Models and Data

To enable Level 1 assessments of liquefaction triggering, the only models that can be
applied at a uniform data resolution across the entire state of California come from Zhu et al.
(2015) and Zhu et al. (2017). These regional-scale methods use inputs that are proxies for
geotechnical, geologic, and groundwater conditions to quantitatively assess the probability of
liquefaction triggering at the statewide scale. Zhu et al. (2015, 2017) claim their models capture
general trends observed at the regional scale for a few earthquakes. They do not provide
quantitative assessments of the performance of their models. As no subsurface data are used to
inform the models, Level 1 liquefaction triggering assessments are judged to have very high
uncertainty.

The inputs for the Zhu et al. (2015) model include peak ground acceleration (PGA),
compound topographic index (CT1), and the time-averaged shear wave velocity in the upper 30-
meters of the subsurface (Vs3,). The inputs for the Zhu et al. (2017) models include the peak ground
velocity (PGV), Vs34, the average annual precipitation (precip), nearest distance to the coast (d.),
nearest distance to a river (d,), nearest distance to any water (d,,), and a depth to groundwater
model (wtd). Statewide datasets of the model inputs are presented in Appendix A. The statewide
Zhu et al. (2015) and Zhu et al. (2017) datasets shown in Appendix A are included in OpenSRA
enabling Level 1 liquefaction triggering assessments to be performed across the entire state of
California without additional inputs required from the user.

Zhu et al. (2017) updates the 2015 model by including case histories from 27 earthquakes
in six countries, by including additional explanatory variables, and by developing separate models
for different geomorphic environments. Zhu et al. (2017) formulates a coastal model, for use at
sites that are located within coastal basins and are less than approximately 20 kilometers from the
coast, and a non-coastal model, applicable to non-coastal events or for worldwide application. Zhu
et al. (2017) show that either the coastal or non-coastal model performs better than the Zhu et al.
(2015) model for all but six events.

The Zhu et al. (2015) global model is presented as Equation (2.1).

X = al + az ln(PGA) + a3CT1 + a4 ln(V530) (2.1)

where X is an intermediate step to capture the probability, PGA is the peak ground
acceleration (g), CT1I is the compound topographic index (unitless), Vg3, is the time-averaged shear
wave velocity in the upper 30-meters of the subsurface in meters per second, and a,, are regression
coefficients. Compound topographic index, sometimes called topographic wetness index, is a
proxy for soil saturation and is calculated by taking the natural logarithm of the ratio of local
upslope area draining through a point divided by the tangent of the slope of the point. As CTI is a
function of the area upslope from a point, it tends to increase in broad, flat alluvial plains and
decrease in narrow, steep areas.

The Zhu et al. (2017) coastal model is presented as Equation (2.2).

X = a; + a; m(PGV) + a3 n(Vsso) + agprecip + as\/d. + agd, + a,(d.+/d,) (2.2)

where X is an intermediate step to capture the probability, PGV is the peak ground velocity
in centimeters per second, Vg3 is the time-averaged shear wave velocity in the upper 30-meters of
the subsurface in meters per second, precip is the mean annual precipitation in millimeters, d, is



the distance to the coast in kilometers, d,- is the distance to the nearest river in kilometers, and a,,
are regression coefficients.
The Zhu et al. (2017) non-coastal model is presented as Equation (2.3).

X =a, + a, n(PGV) + a; In(Vgsg) + asprecip + asd,, + agwtd (2.3)

where d,, is the distance to the nearest water body (river, lake, or coast) in kilometers and
wtd is the modeled depth to the water table in meters. The Zhu et al. (2015) and (2017) model
regression coefficients are defined in Table 2.1.

The Youd et al. (2001) magnitude scaling factor (MSF), which is used to scale PGA prior
to analysis using the Zhu et al. (2015) procedure, is presented as Equation (2.4).

MSF = 10*2*/M,,*5¢ (2.4)

As described by Rashidian & Baise (2020), the USGS recommends a magnitude scaling
factor (MSF), presented as Equation (2.5), that is multiplied by PGV before inserting the value of
the ground motion parameter into the model.

MSF=— (2.5)

1+ e 200

Once the model inputs are determined and X has been calculated, the probability of
liquefaction triggering is calculated using Equation (2.6).

1
Plligy={t+e™

cm m
If PGV > 3-—AND PGA > 0.1 g AND Vs < 620 —
s s (2.6)

0, Otherwise

In addition to the PGV, PGA, and Vg3, thresholds in Equation (2.6), Rashidian & Baise
(2020) also recommend capping the mean annual precipitation to 1700 mm. They found significant
overprediction of the liquefaction hazard in areas with high annual precipitation without imposing
this cap.

For statewide Level 1 analyses, V53, comes from Wills et al. (2015), precip comes from a
published map of mean annual precipitation in California from 1981 — 2010 (California
Department of Fish and Wildlife, n.d.), d,- was calculated using the flowline geometry in the USA
Detailed Streams GIS layer (ESRI, 2019), d. was calculated using the coastline geometry in the
USA States GIS layer (ESRI, 2020), and d,, was calculated using both the USA Detailed Streams
and USA States GIS layers (ESRI, 2019; ESRI, 2020). At Level 1, the depth to the groundwater
table is estimated using a groundwater table model (250-m resolution) described by Fan & Miguez-
Macho (2010). Estimating the depth to the groundwater table is a source of significant uncertainty
when performing liquefaction potential studies. No other procedures could be found in the
literature for estimating the depth to the groundwater table at Level 1. The statewide datasets input
into OpenSRA, including the datasets for performing analyses with the Zhu et al. (2015) and Zhu
et al. (2017) procedures, are shown in Appendix A.

Neither Zhu et al. (2015) nor Zhu et al. (2017) provide estimates for the aleatory variability
or epistemic uncertainty associated with their models. For implementation into OpenSRA, the
aleatory variability in the intermediate parameter (Equations (2.1) to (2.3)) is assumed to be
lognormally distributed with B; = 0.90 and the epistemic uncertainty is assumed to be lognormally
distributed with B, = 0.50.



2.2.2 Level 1 Liquefaction-Induced Lateral Spreading and Vertical
Settlement Models and Data

Hazus (FEMA, 2020) methodology can be used at Level 1 to estimate lateral spread
displacements and liquefaction-induced ground settlements. To use this method, liquefaction
susceptibility must first be mapped, which is accomplished at the statewide level following the
procedure of Zhu et al. (2017). Liquefaction susceptibility classes can be defined using either
Equation (2.2) or Equation (2.3), but excluding the magnitude-scaled-PGV term from the
calculation (i.e., setting a, = 0). The resulting dimensionless value, termed the susceptibility
quantity, is classified according to Table 2.2.

The equation in Hazus (FEMA, 2020) for estimating lateral spread displacement is
presented here as Equation (2.7).

D(inches) = K, * a (2.7)

where a is calculated using Equation (2.8), and K, is a magnitude dependent displacement
correction factor calculated using Equation (2.9).

12r — 12 forl<r<2 PGA

a=1{18r — 24 for2<r<3 andrzT (2.8)
70r — 180 for3<r<4 pGa

K, = 0.0086(M,,)? — 0.0914(M,,)? + 0.4698(M,,) — 0.9835 (2.9)

where Tpy4 1s the threshold value for PGA necessary to trigger liquefaction, found using
Table 2.3. The procedure for calculating a is linearly extrapolated for r > 4.

According to Hazus (FEMA, 2020), the lateral spread displacement procedure was created
by combining the liquefaction severity index (LSI) originally presented by Youd & Perkins (1987)
with the attenuation relationship from Sadigh et al. (1986) as presented in Joyner & Boore (1988).
LSI is a measure of differential ground failure displacement in inches (capped at 100 inches, as
displacements of 100 inches or more are sufficient to cause severe damage to most engineered
systems) and in Youd & Perkins (1987) is related to ground shaking using the horizontal distance
from the source in kilometers and earthquake moment magnitude. Essentially, LSI is an estimate
of the maximum possible ground displacement given distance to the seismic source and magnitude
and is not correlated to site-specific conditions including topography.

Hazus (FEMA, 2020) modifies the relationship for LSI to use PGA in place of distance to
the seismic source and normalizes it by Tp¢4 to attempt to account for the geotechnical conditions,
represented by the liquefaction susceptibility classification assigned to a site, in a simplistic
manner. The tri-linear relationship presented in Equation (2.8) with displacement converted to
centimeters that Hazus (FEMA, 2020) uses to scale lateral spread displacement with PGA/Tp¢ 4 is
plotted in Figure 2.1.

Lateral spreading is primarily a gravity driven process rather than an inertial process.
Liquefied soils located on slightly sloping ground (~0.1 — 5.0%) or near a free-face may move
gently downslope or towards the free-face due to in-situ static driving stresses, resulting in
permanent ground deformation called lateral spreading. Figure 2.1 shows that the Hazus (FEMA,
2020) procedure estimates lateral spread displacement to increase more quickly with increasing



PGA/Tp¢4, which is the inverse of the factor of safety against liquefaction triggering. This is the
opposite to the trend that would be expected.

Lateral spread displacement has been correlated to several factors including the factor of
safety of against liquefaction triggering (Zhang et al., 2004). As the factor of safety against
liquefaction triggering decreases to near 1.0 (i.e., the excess pore pressure ratio increases and
approaches 1.0) and liquefaction is triggered, shear strains accumulate in the soil and permanent
ground displacements occur, the magnitude of the displacements being dependent on the relative
density of the soil and topography at the site (Zhang et al., 2004). However, as the factor of safety
against liquefaction triggering continues to decrease below 1.0 (i.e., PGA/Tp¢4 increases above
1.0), the rate of shear strain accumulation does not continuously increase. Rather, once the soil has
liquefied and the factor of safety against liquefaction triggering is significantly less than 1.0,
additional shear straining does not occur. Essentially, because lateral spreading is primarily a
gravity driven process, once the shaking is strong enough to liquefy all the liquefiable layers, it is
not expected that substantially larger displacements would occur with increasingly stronger
shaking.

Neither the model aleatory variability nor epistemic uncertainty is specified in Hazus
(FEMA, 2020). For implementation in OpenSRA, the aleatory variability is assumed to be
lognormally distributed with B; = 0.90. The epistemic uncertainty is assumed to be lognormally
distributed with . = 0.50.

Liquefaction induced settlement is estimated in Hazus (FEMA, 2020) by assigning a
displacement value based on the mapped susceptibility classification. Table 2.4 presents the
liquefaction-induced settlement values from Hazus (FEMA, 2020), which has been modified by
the authors such that sites with “very low” liquefaction susceptibility have non-zero settlement.

Uncertainty in the estimated displacements is assumed in Hazus (FEMA, 2020) to take the
form of a uniform distribution with bounds of one-half to two times the mean values. For
implementation in OpenSRA, the aleatory variability is assumed to be lognormally distributed with
Br=0.90. The epistemic uncertainty is assumed to be lognormally distributed with B, = 0.50.

2.2.3 Level 1 Seismic Slope Stability and Displacement Models and Data

At Level 1, the procedures available to assess seismic slope stability and potential slope
displacements are robust and include Bray & Macedo (2019), Grant et al. (2016), and Jibson
(2007). However, the data available to assess slope stability and potential displacements at the
statewide level have very high uncertainty.

To assess seismic slope stability, the seismic yield coefficient (ky) must be estimated. It is
related to the slope’s static factor of safety (FS). As presented in Grant et al. (2016), the form of
the slope stability analysis depends on the material being assessed (i.e., rock or soil) and on the
topographic slope as rotational slides and slumps tend to occur in moderately steep slopes (Grant
etal., 2016 assume 20 — 35° slopes), infinite slope type disrupted soil slides can occur on moderate
to steeply sloping terrain (Grant et al., 2016 assume 15 — 50° slopes), and rock slides and falls tend
to occur on steeply sloping terrain (Grant et al., 2016 assume 50° or steeper slopes). Most
seismically-induced landslides, including during California earthquakes, can be reasonably
analyzed as infinite slope type failures; therefore, this is the only style of landsliding considered at
Level 1.

The equation to estimate the static factor of safety for infinite slope type failures from Grant
et al. (2016) is presented as Equation (2.10).



c+c, tan(®)
=@t anp)
where c is cohesion, ¢, is root cohesion from vegetation, y is the unit weight of the sliding
mass, t is the thickness of the sliding mass, @ is the friction angle of the sliding mass, and £ is the
topographic slope in degrees. Estimates for root cohesion vary significantly for different vegetation
types and even within individual landslides and range from 0 kPa in unvegetated slopes to over
100 kPa in old growth forests (Schmidt et al., 2001). Given the uncertainty and near impossibility
of accurately estimating root cohesion at the statewide level, it is ignored at Level 1, which
introduces a very slight conservative bias. Seismically induced disrupted soil slides are typically
shallow, usually 1 — 3 m thick (Grant et al., 2016) and can be reasonably modeled as a rigid
Newmark (1965) sliding block.
Newmark (1965) estimates the yield coefficient as presented in Equation (2.11).

(2.10)

ky, = (FS — 1) sin(B) (2.11)

The yield coefficient can also be estimated using Equation (2.12), which comes from Bray
(2007).
c
yt cos? B (1 + tan(®) tan(B))

ky, = tan(® — ) + (2.12)
where @ is the friction angle of the sliding mass, c is cohesion of the sliding mass, y is unit
weight of the sliding mass, t is the thickness of the sliding mass, and £ is the topographic slope.
For rigid sliding masses (i.e., the fundamental period of the sliding mass is s = 0.0 s),
Bray & Macedo (2019) present Equation (2.13) to estimate the probability of “zero displacement”
(defined as displacement less than 0.5 cm).

P(D ="0") =1 — & (-2.46 — 2.98In(k,) — 0.12(in(k,))’ + 2.76 In(PGA) ) (2.13)

“Non-zero” displacement for a rigid sliding block when PGV < 115 cm/s, which is the
typical case, is estimated using Equation (2.14). “Non-zero” displacement for a rigid sliding block
when PGV > 115 cm/s is estimated using Equation (2.15).

In(D) = —4.551 — 2.491 In(k, ) — 0.245(In(k,))” + 0.344 In(k,) In(PGA) + 2.703 In(PGA) (2.14)
—0.089(In(PGA))* + 0.607M,, + €0 '

In(D) = —4.551 — 2.491 In(k, ) — 0.245(In(k,))” + 0.344 In(k,) In(PGA) + 2.703 In(PGA) (2.15)
—0.089(In(PGA))* + 0.607M,, + In(PGV) — 4.75 + €0 '

where o = 0.74 for Equations (2.14) and (2.15). Equation (2.13) is combined with
Equation (2.14) or (2.15) using a mixed-random variable model to estimate the non-zero slope
displacement distribution.

The equation from Jibson (2007) to estimate seismic slope displacement that does not
consider earthquake magnitude is presented as Equation (2.16).

k 2341, ~1.438
— __ Yy y
log(Dy) = 0.215 + log (1 PGA/g) (PGA/g)

+0.510 (2.16)



where Dy is seismic slope displacement in centimeters and the model aleatory variability
equals 0.510. The equation from Jibson (2007) that does consider earthquake magnitude is
presented as Equation (2.17).

2.335 —-1.478
1— ky ky
PGA/g PGA/g

where the terms are as previously described, and the model aleatory variability equals
0.454. Equation (2.17) is applicable for the magnitude range 5.3 < M,, < 7.6. The Jibson (2007)
equations apply only to rigid sliding masses, such as shallow infinite slope type failures and are
stand-alone equations; they do not require an estimate for the probability of zero displacement.

For Level 1 statewide analyses, the geologic map comes from Wills et al. (2015) which is
a compilation of published geologic map ranging in scale from 1:250,000 to 1:24,000, with the
population centers of the San Francisco Bay area and the Los Angeles basin covered by the larger
scale mapping.

This map contains a total of 17 mapped units including surface water, artificial dam fill,
eight rock units, and seven alluvial units. The younger alluvium units are subdivided based on
topographic slope. In areas mapped as young alluvium and sloping greater than 2%, the deposits
are likely to be coarser-grained, slopes between 0.5% and 2% are likely to be composed of a
mixture of sand, silty sand, and gravels, and slopes less than 0.5% are likely to be composed of
finer sands, silts, and clays. The GIS mapping includes a single large polygon for the entire extent
of the Sierra Nevada granite. Due to the significantly higher strength of the granite in the Sierras
compared to crystalline rocks in some other parts of the state, such as the Bay Area, the map is
altered to differentiate this unit. The Wills et al. (2015) geologic map is presented in Appendix B.
A description of the units is provided in Table 2.5.

At Level 1, estimated distributions for friction angle and cohesion for each of the mapped
units comes from the California Geological Survey database of shear strength tests (McCrink &
Frost, 2021). Table 2.6 displays the estimated mean, median, and standard deviation for each of
the mapped units.

The cohesion data are approximately lognormally distributed for each of the units. It is not
clear if the friction angle data are normal or lognormal. The null hypothesis that the friction angle
data are normally distributed is tested using the Lilliefors test, an update to the Kolmogorov-
Smirnov (K-S) test. The null hypothesis could not be rejected for units Qi, Qoa, QT, Tsh/Tss, Tv,
and crystalline rocks. The null hypothesis is however, rejected for units Qal, Qs, sp, Kss, and KJf.
For consistency with the other analysis levels, the friction angle data are assumed to be lognormally
distributed, a typical assumption for the engineering properties of geologic materials. The 5™ and
95" percentiles from the respective friction angle and cohesion distributions for each unit were
estimated as the minimum and maximum values, presented as Table 2.7.

log(Dy) = —2.710 + log + 0.424M,, + 0.454 (2.17)

2.2.4 Level 2 Liquefaction Triggering Models and Data

At Level 2, liquefaction triggering is analyzed using Youd & Perkins (1978) and Witter et
al. (2006) type geologic based assessments in conjunction with Hazus (FEMA, 2020)
methodology. Youd & Perkins (1978) and Witter et al. (2006) type analyses have been employed
for decades to qualitatively assess the relative liquefaction hazard between mapped geologic
deposits via susceptibility rankings (e.g., none, very low, low, moderate, high, very high). The
Hazus (FEMA, 2020) methodology converts relative susceptibility rankings to a probability of
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liquefaction estimate. Youd & Perkins (1978) correlated many geologic deposits of various ages
to liquefaction susceptibility, as presented in Table 2.8. An example of applying Youd & Perkins
(1978) methodology at a regional scale is the mapping in the San Francisco Bay area from Witter
et al. (2006), presented in Figure 2.2.

Hazus (FEMA, 2020) converts liquefaction susceptibility to the probability of liquefaction
using Equation (2.18).
P(Liquefactiong:|PGA = a)

KMKW * P

P(Liquefactiong;) = (2.18)

where P(Liquefactiong:|PGA = a) is the conditional probability of liquefaction given a
susceptibility class and specified PGA level, K), is the moment magnitude correction factor, Ky is
the groundwater correction factor, and P,,; is the proportion of the map unit that is susceptible to
liquefaction. P(Liquefactiong:|PGA = a) is calculated using the formulas in Table 2.9.

The magnitude correction factor, Kj,, is calculated using Equation (2.19), and the
groundwater correction factor is calculated using Equation (2.20).

Ky = 0.0027 * M,,® — 0.0267 * M,,> — 0.2055 * M,, + 2.9188 (2.19)

Ky = 0.022 % Dy, + 0.93 (2.20)

where Dy, is the depth to groundwater in feet. Lastly, P,,; is found using Table 2.10.

2.2.5 Level 2 Liquefaction-Induced Lateral Spreading and Vertical
Settlement Models and Data

At Level 2, the Hazus (FEMA, 2020) methodology can again be applied to estimate
potential lateral spread displacement and vertical settlement due to liquefaction. However, given
the better geologic mapping and groundwater data at Level 2, a new, probabilistic method for
assessing potential lateral spread displacements at regional scales (Bain & Bray, 2023) has been
developed and is presented in detail in Chapter 3 of this dissertation. An example of Level 2
groundwater data is shown in Figure 2.3 (USGS, 2021a).

2.2.6 Level 2 Seismic Slope Stability and Displacement Models and Data

At Level 2, the procedures used to evaluate potential seismic slope displacement are the
same at Level 2 as at Level 1; the difference between Level 1 and Level 2 analyses are the
resolution and quality of the input geological data. At Level 2, it is expected that the user will have
collected geologic data at higher resolution than the statewide geologic map used for Level 1
analyses and may include GIS based geologic mapping at larger scale than the statewide map with
estimates for engineering parameters from seismic hazard zone reports (SHZR) from CGS or other
subsurface data collected at regional scales. The difference in resolution between Level 1 and
Level 2 geologic maps is illustrated in Figure 2.4, which shows the significant detail gained
moving from the small scale statewide geologic map (CGS, 2010) to the larger scale geologic map
from Bedrossian et al. (2012). The red star denotes the location of the Balboa Boulevard site. The
response of the pipelines at this to the seismic displacement experienced during the Northridge
earthquake are evaluated in detail in Chapters 4 and 5.
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In addition to larger scale geologic maps, Level 2 assessments can utilize the California
landslide inventory curated by the California Geological Survey. The landslide inventory is
incomplete at a statewide level, but many quadrangles in and near the population centers of the
San Francisco Bay area and the Los Angeles Basin have been extensively mapped for landslides.

2.2.7 Level 3 Liquefaction Triggering Models and Data

At Level 3, liquefaction triggering is analyzed using CPT or Standard Penetration Test
(SPT) based procedures, with CPT based procedures being preferred due to the improved
repeatability and reliability of the CPT compared to the SPT.

Three probabilistic liquefaction triggering methods are available for the CPT: Moss et al.
(2006), the Ku et al. (2012) probabilistic modification to the Robertson & Wride (1998) as updated
by Robertson (2009) procedure, and the Boulanger & Idriss (2016) procedure. Each of these
methods follows the simplified procedure for evaluating soil liquefaction potential originally
outlined by Seed & Idriss (1971), which defines the factor of safety against liquefaction triggering
as the ratio of the cyclic resistance ratio (CRR) to the cyclic stress ratio (CSR). These procedures
differ in the calculation of both CRR and CSR and all evaluate liquefaction triggering
probabilistically. A comparison of the median liquefaction triggering curves from these three
methods is shown in Figure 2.6.

For the SPT, three procedures are again recommended to evaluate liquefaction triggering:
the NCEER procedure described by Youd et al. (2001), the Idriss & Boulanger (2008) as updated
by Boulanger & Idriss (2014) procedure, and Cetin et al. (2018). Of these methods, only the Cetin
et al. (2018) procedure assesses liquefaction triggering probabilistically. The Cetin et al. (2018)
liquefaction triggering curves are presented in Figure 2.5.

2.2.8 Level 3 Liquefaction-Induced Lateral Spreading and Vertical
Settlement Models and Data

At Level 3, liquefaction induced lateral spreading and vertical settlement are assessed using
the CPT following the procedures from Zhang et al. (2004) and Zhang et al. (2002). The Zhang et
al. (2004) procedure computes the lateral displacement index (LDI), presented in Equation (2.21),
which is related to lateral spread displacement through the topographic correlations presented in
Equation (2.22) and Equation (2.23). The relationship between the maximum cyclic shear strain,
Ymax> Which is a function of soil relative density, and the factor of safety against liquefaction
triggering as presented by Zhang et al. (2004), is shown in Figure 2.7.

LDI = f " and 2.21)
0

LD

T =S5+02 (for 0.1% < < 5.0%) (2.22)

D (B 1< L/H <50 (2.23)

mr=6+(7)  Gori<usn<so |

The Zhang et al. (2002) procedure estimates the post-liquefaction volumetric strain at level
sites far from a free face using Equation (2.24).
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s= f e, dz (2.24)
0

where g, is the post-liquefaction volumetric strain for the dz increment of soil, which is a
function of normalized, clean sand equivalent CPT tip resistance and the factor of safety against
liquefaction triggering, presented in Figure 2.8. Both the Zhang et al. (2004) and Zhang et al.
(2002) procedures can be applied with any of the CPT based liquefaction triggering procedures.

At Level 3, the Youd et al. (2002) and Cetin et al. (2009) procedures can be used to estimate
liquefaction-induced lateral spread displacements and vertical settlements using SPT data.

Youd et al. (2002) provides two multilinear regression equations to estimate lateral spread
displacement for gently sloping sites and for sites near a free-face. Equation (2.25) estimates the
lateral spread displacement (Dy) for gently sloping sites.

log Dy = —16.213 + 1.532 = M,, — 1.406 * log R* — 0.012 * R + 0.338 x log S + 0.540

* log Tys + 3.413 * log(100 — F;5) — 0.795 * log(D50,5 + 0.1 mm) (2.25)

where Dy, is the estimated lateral spread displacement in meters, R is the horizontal distance
from the site to the nearest bound of the seismic energy source in kilometers, S is the ground slope
in percent, T; 5 is the cumulative thickness of saturated granular layers with corrected blow counts,
(N1)go less than 15, F; 5 is the average fines content for granular materials included within T, 5 in
percent, D505 is the average mean grain size for granular materials within T} 5 in millimeters, and
R* is defined by Equation (2.26).

R* = R 4+ 10(089:Myy—5.64) (2.26)

Equation (2.27) estimates the lateral spread displacement for sites near a free-face.

log Dy = —16.713 4+ 1.532 * M,, — 1.406 * log R* — 0.012 * R + 0.592 * W + 0.540 = log T;5

+3.413 * log (100 — Fy5) — 0.795 * log (D50, + 0.1 mm) (2.27)

where W is the free-face ratio (FFR). The Youd et al. (2002) method has two significant
limitations. Firstly, the multilinear regression they employed is a statistical fitting to field case
history data without an underlying mechanistic model. Hence, the mechanics of lateral spreading
may not be entirely captured. Secondly, earthquake shaking intensity is characterized by the
horizontal distance to the seismic source. Charactering the shaking intensity by only the horizontal
distance to the seismic source does not capture the many variables that affect the intensity of
ground shaking at a site that can be captured by sophisticated ground motion models (GMMs). For
example, using the PGA estimated with a GMM would provide a more statistically robust estimate
of ground shaking and the effects of local site conditions and the aleatory variability and epistemic
uncertainty in the estimate would be considered.

The Cetin et al. (2009) procedure probabilistically assesses the volumetric strain potential
of saturated, cohesionless soil using the closed-form solution presented in Equation (2.28).

780.416 * In(CSRss 20,101 atm) — Nigo,cs + 2442.465

+0.689
636.613 * N, ¢, cs + 306.732 -

In(e,) =In [1.879 * In

] + 5.583

(2.28)
llm 5 < N1,60,C5 < 4‘0, 005 < CSRSS,ZO,lD,l atm < 0.60

where CSRyje14 1s converted to CSRgg 20,1p,1 atm using Equation (2.29).
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CSRfie1a
CSRss20,1p,1 atm = Koo s Ky +K, (2.29)
m My, o

where K,,,; 1s a multidirectional shaking effects correction factor found with Equation
(2.30).

Kpmg = 0.361 * In(Dg) — 0.579 (2.30)

Ky, 1s a magnitude correction factor found using Equation (2.31).

87.1
K, = M, 2217 (2.31)

The confining effective stress correction factor is found using Equation (2.32).

o’ f-1
K, = ( 1‘;"’) , f=1-0.005= Dy (2.32)

Additionally, a linear depth weighting factor to 18 m, presented in Equation (2.33), is
multiplied to the value calculated in Equation (2.28).

d;
DR =1-2t (2.33)

Therefore, the estimated volumetric strain of each sublayer of saturated, cohesionless soil
is presented as Equation (2.34).

_ Y&t DF;

sv,eqv - Z tiDFi (234)

The estimated settlement at the ground surface is presented as Equation (2.35).
Sestimated — sv,eqv * Z ti (235)

Equation (2.28) through Equation (2.35) present a theoretical framework for assessing
liquefaction induced ground settlements in the free field. This model is then calibrated against the
case history database to assess its performance and uncertainty. The final model to assess
liquefaction induced ground settlement, calibrated to the case history database, is presented as
Equation (2.36).

In(Sestimatea) = (115 * Segrimatea) T €0 (236)
where o0 = 0.64.
2.2.9 Level 3 Seismic Slope Stability and Displacement Models and Data

Many natural gas transmission pipelines are installed in geologic materials that can be
explored using the CPT. CPT tip resistance and sleeve friction can be correlated to soil strength
parameters to evaluate slope stability and potential displacements. To evaluate the strength of
clayey soils, it is useful to estimate the undrained shear strength ratio (s, /a,,), which is directly
related to the overconsolidation ratio (OCR). Equation (2.37) is used to estimate the undrained
shear strength ratio for normally consolidated clays from the CPT.
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, 4t — O
(su/UVO)NC = [ to_/ =

v0

* (1/Nit) = (Q¢/Nie) (237)

where N, ranges from approximately 10 to 18, with a mean value of 14. Assuming that
sleeve friction, f, is a direct measurement of the remolded undrained shear strength, the undrained
shear strength ratio is presented as Equation (2.38).

F Qt]
100

(Su-remotaea/ u0) = (fs/0y0) = [ (238)

For mechanically overconsolidated soils, the undrained shear strength ratio is calculated
using Equation (2.39).

(5u/0v0)oc = (Su/0yo)nc * (OCR)®® (2.39)

where OCR can be calculated using Equation (2.40) from Robertson (2009) or Equation
(2.41) from Kulhawy & Mayne (1990).

OCR = 0.25 * (Q)*25 (2.40)
OCRzk*[qt — 0l _ kv g, (2.41)
Ov0

where k ranges from 0.2 to 0.5, with a mean value of 0.33. According to Robertson &
Cabal (2015), values in the higher end of the range are expected for aged, heavily overconsolidated
clays.

Several relationships have been proposed to evaluate the friction angle of sandy soil. To
estimate the peak friction angle for clean, rounded, uncemented quartz sands, Kulhawy & Mayne
(1990) suggest Equation (2.42) based on high quality field data and Robertson & Campanella
(1983) suggest Equation (2.43) based on calibration chamber tests.

@' =17.6 + 11 *1og(Q;) (2.42)
" — . A
tan(®") = 5 e8 log (01;0> + 0.29] (2.43)

Alternatively, Been & Jefferies (2006) present a relationship, presented here as Equation
(2.44), to estimate the peak friction angle by relating the critical state friction angle of the soil,
which is influenced by mineralogy, to the normalized, clean sand equivalent CPT tip resistance.

@' = @/s + 15.84 * 10g(Qpncs) — 26.88 (2.44)

According to Robertson & Cabal (2015), Equation (2.44) is the best relationship for
estimating the peak friction angle in predominantly non-quartz sands.

With the presented correlations, a distribution of the undrained shear strength or friction
angle can be estimated from a profile of CPT measurements. After developing a distribution for
the undrained shear strength or friction angle, a distribution for the yield coefficient can be
estimated.
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At Level 3, seismic slope displacements can be assessed using the previously presented
Bray & Macedo (2019) or Jibson (2007) models if the sliding mass is rigid (i.e., the initial
fundamental period of the sliding mass, Tg = 0.0 s). For non-rigid sliding masses, the seismic
slope displacement is estimated using the 5%-damped spectral acceleration at 1.3 times the initial
fundamental period of the potential sliding mass (i.e., S;(1.3 * T5)) using the Bray & Macedo
(2019) method.

The initial fundamental period of the potential sliding mass is estimated using the
relationship of Ts = 4H /Vy, where H is the height of the sliding mass and Vg is its equivalent
(average) shear wave velocity if the mass can be approximated as a 1D system. The relationship
is T¢ = 2.6H/Vy if the sliding mass is a triangular 2D system. The initial fundamental period of
the sliding mass can be approximated for other cases using an effective height (H') using the
relationship of Tg = 4H'/V , as described in Bray & Macedo (2021). For simplicity in this
application, at Level 3, where there is large uncertainty regarding the default values of the effective
height and equivalent shear wave velocity of the potential sliding mass, H' = 0.8H, where H =
12 m is the estimated maximum thickness of the sliding mass, and Vi = 250 m/s, which results
in 1.3T¢ = 0.2 s.

The Bray & Macedo (2019) models to assess the probability of negligible displacement
(i.e., seismic slope displacement less than 0.5 cm, which is termed “0”’) are presented as Equations
(2.45) and (2.46).

P(D ="0") =1 — & (-2.46 — 2.98n(k,) — 0.12(In(k,))" — 0.71T; In(k, ) + 1.69T

(2.45)
+2.76 ln(Sa(1.3T5))) for cases where Ts < 0.7 s

P(D ="0") =1 - & (-3.40 — 4.95n(k,) — 0.30(In(k,))" — 0.33Ts In(k, ) — 0.62T

(2.46)
+2.85 ln(Sa(1.3T5))) for cases where Ts > 0.7 s

“Non-zero” displacement is estimated using Equation (2.47).

In(D) = al — 2.491 In(k, ) — 0.245(In(k,))” + 0.344 In(k, ) In(S,(1.3Ts))

+2.703 In(S,(1.3Ts)) — 0.089(In(S,(1.3T5)))” + a2Ts + a3(Ts)? + 0.607M,, (2.47)
+ a4In(PGV) + a5 + €0

where ¢ = 0.74 for Equation (2.47). When PGV < 115 cm/s, which is the typical case,
al = —5.894,a2 = 3.152,a3 = —0.910, a4 = 0, and a5 = 0 for systems with Tg = 0.10 s, and
al = —4.551, a2 = -9.690,a3 =0,a4 =0, and a5 = 0 for Ts < 0.10 s (i.e., the PGV term is
not required). When PGV > 115c¢m/s, al = —5.894, a2 = 3.152, a3 = —0.910, a4 = 1, and
a5 = —4.75 for systems with Tg¢ > 0.10 s, and al = —4.551, a2 = —9.690, a3 =0, a4 =1,
and a5 = —4.75 for T < 0.10 s.

2.3 PIPE STRAIN FRAGILITY RELATIONSHIPS

2.3.1 Tensile Pipe Strain Fragility Relationships

The most important performance goal for natural gas transmission pipelines is to maintain
pressure integrity (i.e., prevent rupture). For continuous steel pipelines with high-quality,
overmatched girth welds subjected to tensile strain caused by permanent ground deformation
(PGD), the 1984 ASCE Guidelines for the Seismic Design of Oil and Gas Pipeline Systems permit
longitudinal strains in the 3 — 5% range, the American Lifelines Alliance guidelines (ALA, 2001)
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recommend a tensile strain limit of 4% to maintain pressure integrity, and 2004 Pipeline Research
Council International (PRCI) Guidelines for Gas and Liquid Hydrocarbon Pipelines (Honegger &
Nyman, 2004) suggest a tensile strain limit of 2 — 4% to maintain pressure integrity. For a natural
gas pipeline risk assessment project in British Columbia, Canada, Wijewickreme et al. (2005) use
7% tensile strain as the median value to maintain pressure integrity, with the 90 and 10%
probability of exceedance tensile strains assumed to be 3% and 10%, respectively. Wijewickreme
et al. (2005) developed these values with the goal of not being overly conservative after a review
of pipeline rupture criterion available at the time, including the ASCE (1984) guidelines.

To develop a realistic (not overly conservative) tensile rupture fragility relationship, this
study assumes that the 4% pipe strain criterion suggested by ALA (2001) and Honegger & Nyman
(2004) to maintain pressure integrity corresponds to a 30% probability of pipeline rupture. The
typical recommended pipe strain limit of 4% likely corresponds to a small probability of rupture,
as would be appropriate for regulatory guidelines. However, because the exact probability of
rupture at 4% pipe strain is unknown, rupture is estimated to have 30% probability of occurrence
at 4% pipe strain on the basis of expert judgement. The tensile rupture fragility function is
presented as Equation (2.48).

- 1n(ep) + ln(4.68)>

Prob(Tensile Rupture) =1— @ ( 03

(2.48)

ALA (2001) and Honegger & Nyman (2004) also recommend a tensile strain limit to
maintain normal operability (i.e., prevent leakage). This performance goal is less understood than
the pressure integrity performance goal. ALA (2001) recommends a tensile strain limit of 2% to
maintain normal operability and the Honegger & Nyman (2004) guidelines recommend a range of
1 — 2% to maintain normal operability. It is assumed that the 2% strain limit corresponds to a 30%
probability of tensile leakage on the basis of expert judgement. The tensile leakage fragility
function is presented as Equation (2.49).

- ln(sp) + ln(2.34)>

03 (2.49)

Prob(Tensile Leakage) =1 — @ (

Figure 2.9 and Figure 2.10 present plots of Equation (2.48) and Equation (2.49). 10" and
90" percentiles are presented for the fragility functions assuming the epistemic uncertainty B, =
0.20, a common assumption for structural systems. Bu represents the epistemic uncertainty in the
mean or median value (i.e., uncertainty that the suggested models are the correct models). The
aleatory variability is assumed to equal B = 0.30 and represents the 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).

2.3.2 Compressive Pipe Strain Fragility Relationship

As stated in Wijewickreme et al. (2005), “The pipe wall response following the onset of
compressive wrinkling is complex and it is not well understood in terms of specifying pressure
integrity strain limits”. Therefore, for continuous steel pipelines with high-quality, overmatched
girth welds subjected to compressive strain caused by permanent ground deformation (PGD),
buckling itself can be taken as the critical damage state because tearing of the pipe wall can occur
during buckling and any further straining in the pipe that occurs from permanent ground
deformation concentrates at the buckle, increasing the likelihood of pipe wall tearing or rupture.
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Mohr (2003) collected the results of published laboratory compressive pipe tests. The results of
the tests, which are plotted as the critical compressive pipe strain versus the pipe diameter to pipe
wall thickness (D/t) ratio, are presented in Figure 2.11. These data correspond to the longitudinal
pipe strain at the maximum compressive stress. According to Harris et al. (1957), buckling occurs
at or just before the maximum load the pipe can resist.

The strain data in Figure 2.11 are transformed using the natural logarithm and found to be
linear in natural log space. Figure 2.12 presents the strain data transformed by the natural logarithm
and presented in log scale with a linear regression fit to the data. Equation (2.50) presents the linear
regression to the compressive pipe strain laboratory test data.

In(g,) = —1.617 xIn(D/t) + 1.709 + o (2.50)

where &, is the critical pipe strain in percent, D/t is the pipe diameter to wall thickness
ratio, € represents the number of standard deviations from the mean, and o = 0.407, where o is
the standard deviation of the residuals in natural log space. The residuals are approximately
normally distributed in natural log space.

The data presented in Figure 2.11 and Figure 2.12 are for pipes without internal pressure.
In tension, the effect of internal pressure on the performance of pipelines is small and it is
reasonable to ignore it; however, in compression, the stabilizing effect of internal pressure should
be accounted for. Mohr (2003) recommends a correction factor to convert a pipe strain estimate to
a zero-pressure-equivalent pipe strain, presented here as Equation (2.51).

&p
gp—eq = m (251)

where €,_., is the zero-pressure-equivalent compressive longitudinal pipe strain, &, is the
estimated compressive longitudinal pipe strain, gy, is the pipe hoop stress, and g,, is the pipe yield
stress.

The data presented in Figure 2.11 and Figure 2.12 come from controlled laboratory
experiments that would have less uncertainty than that of field conditions. To account for the
greater uncertainty associated with field conditions, fB: is increased from 0.407 to 0.5. The resulting
probability of compressive buckling or pipe wall wrinkling fragility function is presented as
Equation (2.52).

(2.52)

—In(ep_eq) — 1.617 x In(D /) + 1.709)
0.5

Prob(Compressive Buckling) =1— @ (

where @ is the standard normal cumulative distribution, &,_, is the estimated zero-

pressure-equivalent longitudinal pipe strain caused by permanent ground deformation, D/t is the
pipe diameter to wall thickness ratio, and 3, = 0.5.

Pipelines can often sustain more axial strain after buckling or pipe wall wrinkling has
occurred prior to the pipe wall tearing or rupturing. To convert Equation (2.52) to a probability of
pipe rupture fragility function, the 50% probability of exceedance values are shifted up to the 20%
probability of exceedance level. The resulting probability of compressive rupture fragility function
is presented as Equation (2.53).

—In(gp_eq) — 1.617 xIn(D /1) + 2.130)

- (2.53)

Prob(Compressive Rupture) =1 — @ (
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Equation (2.52) and the 95%, 84%, 50%, 16%, and 5% probability of exceedance
percentiles of Equation (2.52) are plotted over the regressed range of D/t values on an arithmetic
scale in Figure 2.13. Figure 2.13 also shows the critical compressive pipe strain laboratory test
data compiled by Mohr (2003). Figure 2.14 shows the same data plotted on a log scale.

Equation (2.53) and the 95%, 84%, 50%, 16%, and 5% probability of exceedance
percentiles of Equation (2.53) are plotted over the regressed range of D/t values in Figure 2.15.
Figure 2.15 shows the probability of rupture percentiles shift upwards allowing for more strain
relative to the probability of compressive pipe wall buckling percentiles presented in Figure 2.13.

The epistemic uncertainty in the mean can be estimated as the standard error of the intercept
in Equation (2.52) (intercept = 1.709). From the regression statistics, the standard error of the
intercept equals 0.22. In structural systems, Bu is commonly assumed to be 0.20 to 0.25. Given the
limitations of the dataset, Py is taken as 0.25. Figure 2.16 and Figure 2.17 display the compressive
probability of rupture fragility function presented in Equation (2.53) for pipes with D/t ratios of
20, 40, 60, and 80 along with the 10 and 90™ percentiles assuming B, = 0.25.

2.4 CONCLUSIONS

This chapter summarizes the procedures implemented in OpenSRA for assessing
liquefaction triggering, liquefaction-induced lateral spreading and ground settlement, and seismic
slope instability and the resulting slope displacement. Estimates of ground displacement resulting
from liquefaction-induced lateral spreading and settlement or from earthquake-induced landslides
are required to assess the seismic vulnerability of buried natural gas pipelines.

To address the requirement by the CEC to assess natural gas systems at statewide, regional,
and site-specific scales, four levels of available data and analytical methods were employed. The
resolution of the data and the uncertainty of the estimates of ground displacement possible at each
of these scales vary so these levels enable regulators and owners to evaluate the seismic risk at the
natural gas pipeline system at the desired level.

Level 1 analyses utilize data that are geospatially continuous at a uniform resolution over
the entire state of California. As a result, these data are at low resolution, so the uncertainty of the
estimates made at Level 1 are very high. Level 2 analyses utilize data produced at regional scales
collected at higher resolution than Level 1 data. These analyses may be informed by subsurface
data or estimated engineering properties, so the uncertainty of the Level 2 estimates is reduced
relative to 