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Definitions

Definitions used in risk assessments vary by industry and application. The definitions used

herein are specific to this application and may differ from those used elsewhere.

Annual Exceedance Frequency (AEF): The number of times, on average, a hazard intensity is

exceeded in one year. AEF is the reciprocal of the mean return period of a hazard intensity.

Annual Failure Rate: The expected number of unwanted outcomes (e.g., failures) in a year. It
is the reciprocal of the mean time between failures (mtbf). For low annual failure rates (less

than 0.02), it is approximately equal to the annual probability of failure.

Annual Probability of Failure: The probability of at least one unwanted outcome (e.g., failure)

occurring in a single year.

Asset: The combination of a transmission line structure (e.g., a lattice tower or a wood pole) and

all components supported by the structure (e.g., conductors, hardware and equipment).

Component grouping: A group of components with similar lifecycle, sensitivity to

threats/hazards, and asset management strategy.

Composite Annual Probability of Failure: Annual probability of failure combined across

multiple component groupings and/or multiple hazards.
Degradation: Reduction in capacity, or increase in uncertainty, over time caused by a threat.

Design Life: The theoretical age of a component or structure at which the uncertainty regarding
whether it remains fit for purpose is so high (or, conversely, the confidence is so diminished)
that it would be scheduled to be either replaced, hardened or re-certified based on engineering

analysis.

Expected Useful Life (EUL): The age of a component or structure, based on average
degradation rates and external hazards, at which the risk of failure outweighs the benefits of

continued inspection, maintenance, repair and/or hardening.

Failure (or Unwanted Outcome): The inability of the asset to perform its expected function.
Examples of failures could include support collapse, heat- or flood-induced equipment failure,

clearance violation, or the inability to provide service due to any number of underlying causes.

2102746.000 - 9462
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Failure Rate Tolerance (or Failure Rate Appetite): A failure rate above which the risk

associated with a component or asset is unacceptably high.

Fragility: The conditional probability of an unwanted outcome given the intensity of a hazard

(e.g., the likelihood of pole groundline failure given a peak wind gust of 100 miles per hour).

Fragility function: The locus of fragilities for all hazard intensities. Fragility functions are

conventionally expressed as lognormal cumulative distribution functions defined by a median,
1, corresponding to the median hazard intensity at which the unwanted outcome occurs, and a
dispersion parameter, §, which defines the shape of the fragility function, i.e., the probabilities

of unwanted outcomes corresponding to all hazard intensities.

Hazard: An event that causes a failure or other unwanted outcome. Events can be external
(environmental) or internal (design flaw, operation error, etc.). Examples of external hazards

include wind loads, wildfire, and earthquake ground shaking.

Hazard Curve: A locus of points that defines the annual exceedance frequency (or equivalently,
mean return period) of a hazard intensity. The term hazard is often used to describe the
numerical value of the annual exceedance frequency at a particular intensity such as design
level, for example 0.01 would be the hazard associated with the 100-year return period wind

speed.

Intensity: The measure of a particular hazard used to predict how the asset will perform and the
probability of an unwanted outcome (failure). For instance, the intensity measure for a wind

hazard is typically the peak gust speed averaged over 3 seconds.

Mean return period (MRP): The time, on average, between events of a given hazard intensity.

MRP is the reciprocal of the annual exceedance frequency of a hazard intensity.

Risk: The combined effect of probability of an unwanted outcome (failure) and the consequence
(cost) of that outcome, considered in an overall context (e.g., failure during high wildfire threat
conditions). In quantitative risk assessments, risk is often calculated by combining the hazard
with fragility and cost functions; cost functions are outside the scope of this report, but the
framework herein is formulated so that it can be expanded to include probabilistic cost

functions.
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Risk Integral: An equation that is used to determine an annual failure rate by combining the
hazard and fragility functions in the context of the Total Probability Theorem. The risk integral
can be expanded to include probabilistic definitions of the cost and downtime, but those

extensions are outside the scope of this report.

Threat: A phenomenon that reduces an asset’s ability to resist the effects of a hazard. Examples
of threats include wood decay, steel corrosion, wear, and metal fatigue. A threat will typically
affect the fragility such that, over time, the probability of an unwanted outcome (failure)

increases for a given hazard intensity.

2102746.000 - 9462 ..
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1. Architecture of the Transmission Composite Model

The fundamental purpose of the work described herein is to provide a scientifically sound
framework by which Pacific Gas and Electric Company (PG&E) can incorporate asset health
and site-specific hazards into their risk-informed overhead electric transmission asset
management. This paper describes the technical basis for the framework, while the software
that applies this model is referred to as the Composite Risk Tool. For convenience, and
consistent with current parlance within PG&E, the framework and its software implementation

are collectively referred to herein as the Transmission Composite Model (TCM).

The technical basis of this framework is often attributed to Dr. C. Allin Cornell’s original
research at M.L.T. and later work while at Stanford. The framework has been applied for
decades to the quantitative seismic assessment of nuclear structures, and virtually all nuclear
power plants and Department of Energy nuclear structures in the U.S. have been designed and
assessed using these methods. More recently, the fundamental aspects of the framework have
been adopted into more general structural engineering standards, and now form the basis of the
seismic design provisions of building codes. Moreover, building codes now allow direct
application of the method for building design as an alternative to the prescriptive requirements
of the codes. This new design paradigm is termed Performance Based Engineering (PBE), and
it is becoming more common. In fact, many new California high rise buildings have been
designed using PBE in lieu of the seismic design provisions of the building code. The
framework described in this paper uses the principles of PBE to evaluate the risk to assets that

suffer environmental degradation that, over time, reduces their ability to resist external hazards.

The framework is built upon a number of key underlying principles, described briefly here and

in more detail in later sections:

e Assets are put to use in environments that are not benign, and asset health will degrade with time.
The degradation of asset health is accompanied by an increase in the probability the asset will
fail due to an external hazard. The probability of asset failure is a function of its original design,
its current health, and the site-specific nature of the hazards (e.g., probabilities of failure are

higher at windier sites).

2102746.000 - 9462 8
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e At some point in its life, an asset will have degraded to the degree that the probability of failure
becomes unacceptably high. This point describes the end of its useful life, that is, the risk of
failure outweighs the benefits of continued inspection, maintenance, repair and/or hardening. An
asset put into service has an expected useful life (EUL) based on average degradation rates and
external hazards. For instance, wood poles may have an EUL of 60 years, though many poles in
less aggressive environments can last much longer, and those in more aggressive environments

might be replaced earlier (Figure 1).
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Figure 1. Increasing failure rate with time and the relation to useful life

e One way to calculate the failure rate is by the Risk Integral (described in a subsequent section).
The Risk Integral takes as input the asset health (in the form of a fragility function) and the
likelihood of experiencing an extreme external load (in the form of a hazard curve). The Risk

Integral can be evaluated based on projected future health as determinized by degradation
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models to determine the increase in failure rates with time, and the end of useful life when the

failure rate crosses an acceptance threshold or failure rate tolerance.

e Herein we assume that the failure rate will increase with time due to degradation that begins at
the time of installation. Readers familiar with the bathtub curve for product failure rates will
note that this neglects early failure rates due to product design and manufacturing defects (the
so-called infant mortality portion of the curve). High early failure rates from those causes are

outside the scope of the current framework.

e The probability that an asset will fail at a given hazard intensity (e.g., wind speed, or ground
shaking acceleration) is termed fragility. Low hazard intensities result in low probabilities of
failure, while high intensities increase that probability. As such, when fragility functions are
plotted, they resemble an “S” curve, and are conventionally defined by lognormal cumulative
distribution functions, which are defined by a median, p, corresponding to the median hazard
intensity at which the unwanted outcome occurs, and a dispersion parameter, (3, which defines
the shape of the fragility function, i.e., the probabilities of unwanted outcomes corresponding to

all hazard intensities.

e Fragility functions can evolve with time as an asset degrades. The underlying causes of the
degradation mechanisms are referred to as threats. Threats could include fungal decay for wood
poles, or atmospheric corrosion for steel components. The degradation mechanisms associated

with these threats are modeled to predict future fragility functions and associated failure rates.

e The likelihood that an asset will be subjected to an external load of a given intensity during a
given time period is known as the site hazard, and is typically given in the form of a hazard
curve. The notion of hazard curves is somewhat familiar because we use the phrase return
period to describe the intensity of floods and windstorms. For instance, a wind of 60 miles per
hour may have a mean return period of 50 years,! whereas a 90-mph wind may have a return
period of 100 years. The locus of the return periods associated with all wind speeds forms a
hazard curve. Hazard curves are conventionally expressed in terms of the reciprocal of return
period, which is termed the annual exceedance frequency (AEF), and are commonly fit to

extreme value probability distributions, such as the Gumbel distribution for wind hazard.

For some assets and hazards, there is sufficient information regarding failure rates to preclude

the need for evaluation of the Risk Integral, and it is more appropriate to simply estimate failure

! A wind with a mean return period of 50 years is exceeded, on average, once every 50 years.

2102746.000 - 9462
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rates directly rather than model fragilities or hazards that may not be amenable to mathematical
models. An example of this is vehicle impacts to transmission line structures, for which the
hazard is not amenable to modeling, and direct modeling of the failure rates based on past

impacts is more appropriate.

More detailed descriptions of the hazards, fragilities, threats, and failure rates are provided in

the following sections.

Limitations of the Framework

This report is a living document intended to record the continuous, teamwork-driven process of
framework development based on input, recommendations and guidance from diverse groups
and subject matter experts. The contents of this document should be considered the current,
consensus view of the team rather than the opinions of the authors. As such, the contents of this
document may change significantly throughout the course of the development of the framework

in both the long and short terms.

Exponent’s work was undertaken to assist PG&E in their efforts to reduce the risk of future
wildland fire ignitions from overhead electric transmission lines. The framework described
herein is based on a diverse set of mostly qualitative data, which necessitates substantive
simplifications and assumptions throughout. Although Exponent has exercised usual and
customary care in the conduct of its work, it is understood and agreed that the responsibility for
reviewing and implementing the framework described herein, including the incorporation of risk
tolerances and recognition of the framework limitations, remains fully with PG&E. The
framework underlying this work is based on mathematical and statistical modeling of physical
systems limited to collection and processing of descriptions of the relative physical health of
overhead transmission line assets. Given the nature of the underlying data, significant
uncertainties are inherent, and any results from using this framework should be interpreted as
indicators rather than facts or predictions of the behavior of specific assets or circuits. The
actual performance of specific assets in extreme hazard conditions can be materially different

than indicated by the framework.

2102746.000 - 9462
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2. Component Groupings and Assets

A PG&E Failure Mode and Effects Analysis (FMEA) in 2019 identified 47 critical transmission
line components such that a failure of a single component had the potential to result in a wildfire
ignition. In 2021, a cross-functional team of subject matter experts (SME’s) divided these
components in component groupings based on similarities in lifecycle, sensitivity to
threats/hazards, and asset management strategy.? This resulted in the following nine component

groupings:

e Conductors

e Insulators

e Non-steel structures

e Steel structures

e Foundations

e Switches

e Above grade hardware
e Below grade hardware

e Splices

With the exception of switches, which are addressed by others, the framework described herein
is applied to each of these component groupings. The failure rate estimated by the TCM for a
component grouping is intended to conservatively estimate the failure rate for the most

vulnerable component of the grouping.

At a given structure, the combination of the structure and all components supported by the
structure is referred to herein as an asset. Failure rates estimated by the TCM for component
groupings of an asset can be combined, resulting in an asset-level failure rate. This supports
risk-informed asset management at the component grouping level (e.g., a program intended to
address wildfire risk associated with wood pole failure), as well as at the asset level (e.g.,

enhanced inspection programs targeting high risk assets).

2 For a detailed discussion of the components and component groupings, see “Transmission Line Critical

Component Grouping,” dated September 7, 2021, by PG&E Transmission Line Asset Strategy.

2102746.000 - 9462
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3. Hazards

Hazard curves are used to quantify how frequently external hazards of various intensities will
occur. For instance, consider points on a flood hazard curve representing 100, 200, 500 and
2500-year flood elevations; the locus of these points forms a hazard curve. These points are
often fit to an extreme value statistical distribution such as Gumbel, as is done herein for wind

hazards.

A hazard curve can take two equivalent forms, either showing the intensity as a function of
annual exceedance frequency (AEF),? or its reciprocal Mean Return Period (MRP), as shown in
Figure 2 and Figure 3, respectively. In the figures, the green curve represents a site with a lower
hazard than the site represented by the red curve, as equal intensities have greater frequency (or
equivalently shorter return periods) for the red curve. Given two identical assets, the asset
located at the site represented by the red curve would experience higher rates of failure because
of the higher hazard (higher frequency of intense loading). In this way, the failure rates

calculated herein are site-specific.

The TCM currently considers hazards associated with wind and seismic loading, as well as so-
called third-party hazards associated with vehicle impacts, metallic balloons/kites, and
gunshots/vandalism. Hazard curve formulations for each of these is described in the following

subsections.

3 In some instances, annual probability of exceedance is used rather than exceedance rate. For the hazard

intensities of interest this distinction will not have a measurable effect on calculated failure rates.

2102746.000 - 9462
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Figure 2. Generic hazard curve showing hazard intensity versus annual
exceedance frequency.
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Figure 3. Generic hazard curve showing hazard intensity versus mean

return period.
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Wind Hazard

The annual failure rates and useful life for many assets are defined by their ability to resist wind
loads. As such, expected failure rates for many assets are calculated based on wind hazard,
though the threats (degradation) come from multiple sources. In California, the minimum
strength requirements for utility structures are prescribed by General Order 95 (G.O. 95),

although California utilities may design to internal standards that exceed G.O. 95 requirements.

The wind hazard for assets considered herein are site-specific, based on meteorological data
provided by PG&E. The data is provided for the entire service area on a 2km x 2km grid, and is
based on 31 years of data collection and modelling of maximum hourly wind each day,
converted to 3-second gust equivalent. Data provided includes ordered pairs of wind velocity
and the percentage of days over 31 years for which the velocity was not exceeded (i.e., the
maximum recorded wind speed was lower than the given velocity).* For example, a pair of 40
mph and 60% would indicate that, at this site, on 60% of the days the recorded peak 3-second
gust was lower than 40 mph. This empirical wind data is fit to an Extreme Value Type I
(Gumbel) distribution by determining the Gumbel location and scale factors that minimize the
error in the percentiles for all wind speeds weighted equally (Figure 4). The percentiles
associated with the fit allow direct calculation of mean return periods and annual exceedance

frequencies (Figure 5),° which are used directly in the failure rate calculations.

The resulting wind speed maps for the PG&E service area showing the 50, 100 and 150-year

mean return period gust speeds appear in Figure 6, Figure 7, and Figure 8, respectively.

The data records the highest wind speed regardless of direction. Herein we make the conservative assumption
that the wind comes from the most adverse direction for each asset.

Note that the annual exceedance frequency of the lowest recorded wind speed from the dataset will be 365,
since that wind speed was exceeded on every day of every year.

2102746.000 - 9462
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Figure 4. Example of Gumbel distribution fit to PG&E wind
percentiles.
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Figure 5. Wind hazard curve based on fit shown in Figure 4.
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Figure 6. 50-year mean return period 3-second gust speed mapped at each
transmission structure.
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Figure 7. 100-year mean return period 3-second gust speed at each
transmission structure.
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Figure 8. 150-year mean return period 3-second gust speed at each
transmission structure.
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Figure 9 shows a histogram of the 100-year mean return period wind speed at each structure
location. The substantial variability across the PG&E service territory is an indication of how

important it is to consider the wind environment when risk-ranking similar assets.
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Figure 9. Histogram of 100-year mean return period winds for all structures.

Seismic Hazard

The TCM estimates annual probabilities of failure of wood poles and steel transmission towers
due to inertial forces and landslides. For the inertial force models, peak ground acceleration
(PGA) is used as the intensity measure for wood poles because they are expected to be relatively
rigid, while spectral acceleration at the first mode period, Sa(T1), is used for steel towers due to
the potential for flexibility of the towers. The first mode period of several transmission tower
types was calculated by performing a modal analysis of the towers. Site-specific hazard curves

for both PGA and Sa(T1) are taken from the USGS 2018 dynamic conterminous model based on

2102746.000 - 9462
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the soil site class at each location. These hazard curves are integrated with fragility curves to

determine the annual failure probabilities of wood poles and steel towers due to inertial forces.

The landslide analysis uses the joint probability distribution of PGA and earthquake moment
magnitude (M) as its intensity measures because expected landslide displacements, which are
used to determine failure probabilities, are a function of both PGA and M. The joint probability
distribution is determined from the USGS 2018 dynamic conterminous model at numerous
return periods such that a hazard curve for PGA can be defined, and the distribution of M at
each PGA intensity level on the hazard curve is also defined. This enables probabilistic
estimates of landslide displacement hazard curves that consider jointly distributed intensity

measurcs.

For a detailed description of the seismic hazard data used by the TCM, see Appendix A, which

includes information related to the following component/hazard combinations:
e Wood pole inertial force
e Steel tower inertial force
e Wood pole landslide (in progress)

e Steel tower landslide (in progress)

Hazards for which Failure Rates are Otherwise Estimated

There are some external events that can cause failures or outages that are not amenable to
hazard curve formulation or failure rate calculation using the Risk Integral. Failure rates from
these hazards are modeled directly based on past performance, subject matter expert input, and

engineering judgment. Such hazards are described below.

Third-Party Hazards

The TCM currently considers third-party hazards associated with vehicle impacts, metallic
balloons/kites, and gunshots/vandalism. Annual probabilities of the occurrence of damage

events caused by these hazards were estimated by Urbint using machine learning models that

2102746.000 - 9462
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ingest work order, outage, and inspection data related to each hazard. Probabilities were

provided for hexagonal grid cells throughout the PG&E service territory. ®

Because the TCM estimates failure rates at the asset and component grouping levels, results
from the third-party hazard models are apportioned to the relevant assets and component
groupings so that the results can be combined with those of other hazards. For car impact
hazard, probabilities of damage events are apportioned equally to the structure component
groupings (steel structure or non-pole structure) of all assets in a hexagonal grid cell. For
metallic balloon/kite hazard, probabilities of damage events are apportioned equally to the
conductor component groupings of all assets in a hexagonal grid cell. For gunshot/vandalism
hazard, probabilities of damage events are apportioned equally to the conductor and insulator

component groupings of all assets in a hexagonal grid cell.

According to Urbint, results from their third-party hazard models are intended to be evaluated at
the hexagonal grid level, and results have been apportioned to relevant themes and component
groupings in the TCM solely for the purpose of combining with results associated with other

hazards. See documentation by Urbint for details regarding their third-party hazard models.

Results provided by Urbint represent the annual probability of at least one damage event associated with the
hazard of interest within the grid cell. For purposes of the TCM, a third-party damage event is considered
equivalent to a failure due to one of the other hazards (e.g., wind). In other words, annual probability of at least
one damage event is considered equivalent to annual probability of failure.

2102746.000 - 9462
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4. Fragility Functions

Transmission assets are designed to withstand various external (environmental) hazards such as
high winds and ice accretion. It is possible, based on engineering principals or past performance
of similar assets, to estimate the capacity to resist each hazard (e.g., the wind speed at which we
expect the pole to snap at its base). However, material properties and construction practices
vary, and therefore the capacities of nominally identical assets will vary. Moreover, our
engineering models are imprecise, and we cannot predict failure loads with 100% accuracy. As
such, we can never know an asset’s capacity to withstand a given hazard intensity with complete
certainty. A benefit of using fragility functions is that both the asset’s capacity, as well as the

degree of certainty with which it can be predicted, are quantified and tracked.

Fragility functions quantify the probability of some unwanted outcome (failure)’ given that the
asset is subjected to a hazard of some intensity. For instance, the increasing probabilities that a
wood pole will break at the ground line due to transverse wind could be estimated for peak gusts
of 50, 100, and 200 mph. The locus of these points forms a fragility function that is
conventionally expressed as a lognormal cumulative distribution function defined by a median,
L, corresponding to the median hazard intensity at which the unwanted outcome occurs, and a
dispersion parameter, 3, which defines the shape of the fragility function, i.e., the probabilities

of unwanted outcomes corresponding to all hazard intensities.®

The fragility functions for new component groupings in the TCM subjected to wind hazard are
derived from publicly available technical literature describing reliability studies of electric
transmission structures. The basis for new metallic components was obtained from the
document Reliability-Based Design of Transmission Line Structures: Final Report, Publication

EL-4793 by the Electric Power Research Institute. Based on calibration studies, that document

Failure is put in quotes here because it is the common terminology in quantitative risk assessments, even when
the outcome is not a failure in the usual sense (collapse or broken component). Fragility can represent the
probability of exceeding any limit state, such as noncompliance with standards, or the onset of a condition that
requires further inspection.

The median strength by definition is the wind speed at which half of the assets would be expected to fail. The
dispersion represents the uncertainty in our strength estimation and is reflected in the width of the bell-shaped
curve of the probability distribution.
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recommends that utilities developing new design standards for lattice transmission structures
target a reliability (annual probability of failure) of 2.7x107° (based on a 50-year reliability index
of 3.0). The basis for new wood and polymer components was obtained from the document
Reliability-based Design of Utility Pole Structures, a 2006 publication by ASCE, which
suggests a higher annual probability of failure of 4.6x10™* (based on a 50-year reliability index
of 2.0) for existing wood poles. Based on technical literature and engineering judgement, values
for the standard deviation of the natural logarithms of strength for new metallic and
wood/polymer component groupings are taken as 0.2 and 0.3, respectively. The corresponding

new component grouping fragilities based on these calibration studies are shown in Figure 10.°

The calibrated fragility functions described above assume all component groupings have been
sized/selected based on the minimum design wind loads for transmission structures. This
assumption is in the process of being refined by computer-aided structural analyses by others,
using the software PLSCADD. While PLSCADD results are available for only a limited
number of assets at this time, the median strength parameter of the fragility functions is adjusted

for component groupings where results are available. !°

Fragility functions are typically not constant over time, but will evolve as the asset degrades.
For instance, wood poles can be weakened by fungal decay, or metallic conductors can be
weakened by small fatigue cracks due to Aeolian vibration. The threats to different asset types

and modeling of the degradation mechanisms are described in the next section.

For a more detailed description of fragility curve development, see 4 Framework for Risk-Based Transmission

Line Asset Management and Operability Assessment, Revision 6, by Exponent, dated June 1, 2021.

Where PLSCADD results indicate a component grouping has been “overdesigned” with respect to the minimum
design wind loads, the median of the fragility function is increased, and vice versa. To account for the
possibility of failure modes not analyzed by PLSCADD, the increase in the fragility is capped at a value
associated with doubling the minimum wind-related design strength.
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Figure 10. Fragilities for metallic and wood/polymer

component groupings with median strength
based on EPRI and ASCE calibration studies,
respectively.

While overhead electric transmission and distribution assets are typically not designed for
seismic hazard,'! inertial forces imparted to these assets during an earthquake are similar in
nature to lateral forces caused by wind. In the same way, the threats that weaken an asset
relative to wind hazard also weaken the asset relative to seismic (inertial) hazard. For this
reason, the fragility functions for new component groupings in the TCM subject to seismic

(inertial) hazard are derived from calibrated wind fragility functions as detailed in Appendix A.

1" G.0. 95 Rule 43 specifies temperature, wind, ice and dead weight as the loads to be considered in the design of

components and structures.
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5. Threats

In this framework, externalities that affect the fragilities over time are referred to as threats.
Either decreased capacity (median strength) or increased uncertainty (dispersion) will cause the
probability of failure for a given hazard intensity of interest to increase, thereby increasing the
risk associated with that asset. For instance, wood poles can decay over time, thus reducing
their structural capacity. However, we lose confidence in a wood pole’s capacity to resist wind
as the pole approaches the end of its design life, even if it is in visually good condition.
Strength reduction shifts the bell curve model of capacity to the left, and increased uncertainty
(higher standard deviation) causes it to fatten. As an example, consider the results of strength
tests of new and existing poles conducted by the Electric Power Research Institute in the 1980s
(Figure 11). The strength distribution of older wood poles has shifted the bell curve to the left,

while increased variability (uncertainty) is illustrated by the fattening of the curve.
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Figure 11. Loss of strength and increased dispersion as wood poles age'?

and the effect on fragility.

Effects of Decreased Capacity or Increased Uncertainty

This section describes the modeling of changes to both capacity and uncertainty due to the

effects of external threats.

12 Reliability-Based Design of Transmission Line Structures: Final Report, Publication EL-4793 by the Electric
Power Research Institute, 1986.
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Decreased Capacity’?

Unless the asset is in a perfectly benign environment and made of indefatigable material, the
asset’s fragility function will change with time in ways that reflect increased probability of asset
failure. Consider the wind fragility function for groundline bending failure of an existing wood
pole (Figure 12, black curve); in a 100-mph wind there is less than 5% chance of failure. If the
base of the pole is subject to the threat of decay, in time its capacity to resist wind will be
reduced. In this example, after 30 years the probability of failure in a 100-mph wind increases
from less than 5% to almost 40% due to the weakened base. The effect of this weakening on the

fragility function can be seen as the dashed red curve in Figure 12.

2 9 a9 8 5
o N B b B

o
I
-

o
w

o
o
~

— Current Condition

Conditional Probability of Failure
&
=
]
ma
o
[= 1
-l
.
=

Q
R

= = = 30 Years Later

2
o

0 50 100 150 200 250 300 350 400
Wind Gust Speed (mph)

Figure 12. Fragility functions for an existing wood pole (black) and an aged,
degraded pole (red dash).

13 Capacity is defined as the asset’s ability to perform its intended function in the presence of hazard(s) of some
intensity. In the current context of the TCM, it typically refers to physical strength, but it other contexts it could
refer to more generally things like maintaining clearance to avoid flashover, or maintaining the ability to deliver
power.
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Increased Uncertainty

As mentioned, increased uncertainty surrounding the asset capacity can also affect the fragility
function. Consider the case of a tower that is sited in an area of persistent steady winds
transverse to the conductor span, that is, under the threat of fatigue due to Aeolian vibration.
Further suppose that the fatigue damage location is concealed within a connection such that it is
difficult to inspect. Thus, as the conductor ages, we will become less confident in its ability to
resist load, even though there is no visible indication of strength loss. In this example, after 30
years our estimate of the probability of failure in a 100-mph wind increases from less than 5% to
12% due to increased uncertainty with age. This effect can be seen as the dashed red curve in
Figure 13, which is rotated clockwise relative to the black curve as a consequence of fattening

the underlying bell curve.
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Figure 13. Fragility functions for an existing conductor span (black) and an

aged conductor that exhibits no visible degradation (red dash).
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Design Life and Design Life Reduction Factors

One of the fundamental concepts used in the framework to track uncertainty is the notion that
uncertainty increases with the age of the component, or put differently, we have less confidence
in the behavior of older components compared to newer ones. There are two reasons for closely
linking uncertainty and age. First, there may be degradation occurring that is not visible and
that we cannot easily identify using currently available inspection tools and techniques, such as
fatigue damage to a conductor concealed within a connection. Second, design standards and
material specifications are presumed to continually improve with time, and newer components

or structures should be better fit for purpose with more predictable capacities.

Another fundamental concept used in the framework is that the rate at which uncertainty grows
also increases with age. In other words, our confidence in a component does not decrease as
quickly in the first third of its design life as it does in the last third. Early in the design life of a
component, this assumption is contrary to the so-called bathtub curve often used in product
reliability studies in which there is an increased rate of failures early in the life of a product due
to design or manufacturing errors. Given the age of the existing transmission line structure
stock, it was decided that the early life portion of the bathtub curve had passed for the vast
majority of components and that its inclusion would not meaningfully affect the framework

results.

The third fundamental concept used in the Framework to address age-related uncertainty is the
notion of a design life #,. The design life is defined herein as the theoretical age of the
component or structure at which the uncertainty regarding whether it remains fit for purpose is
so high (or, conversely, the confidence is so diminished) that it would be scheduled to be either
replaced, hardened or re-certified based on engineering analysis. This defines an important
anchor point for our quantification of uncertainty: At ¢, the dispersion of the median strength
(as a surrogate for fitness) has increased such that the associated probability of failure when
subject to 8 psf wind pressure equals that which would result from a strength reduction of 1/3,

absent any change in the uncertainty. The 1/3 strength reduction comes from G.O. 95 and is the
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strength degradation at which repair or reinforcement is mandated, '* and 8 psf is the design

wind pressure for light loading (no ice accretion).

As discussed above, the engineering parameter used in the framework to quantify the
uncertainty is £, which is the standard deviation of the natural logarithms of the strength of a
component grouping. Age of the component grouping is currently taken from PG&E’s GIS data
for the components of a particular component grouping, supplemented with conservative age
logic!® for component groupings without available GIS data. To represent the accelerated rate
of uncertainty increase with age, a quadratic uncertainty-versus-age curve is assumed. The
quadratic form is adopted because it is simple and exhibits the desired general shape; it is not
based on first principles. The quadratic uncertainty curve is anchored at two points (and

assumed to have zero slope at time zero):

e Att=0, the dispersion is taken as S= /b, which is the assumed strength dispersion for new
construction based on technical literature and engineering judgement. The values of /% for
metallic and wood/polymer component groupings are currently taken as 0.2 and 0.3,

respectively.

e The second anchor point is at a presumed design life ¢,,, at which we set 8= £, such that it
results in the same probability of failure subject to 8 psf wind pressure as would a strength
reduction of 1/3, all else being equal.

Those three conditions, fo=0.2 or 0.3 at = 0; f= B, at t = t;; and slope = 0 at t = 0, are

sufficient to solve for the three coefficients of the quadratic form.

The Framework allows for increased uncertainty associated with an aggressive environment by
shortening the presumed design life. Reduced design life causes the uncertainty to increase
more quickly to S, thereby increasing the probability of failure at intensities of interest in a
shorter time. Based on engineering judgement and review of age information for components
across the PG&E network, the TCM currently uses a presumed “no threat” design life of 150

years for all component groupings with the exception of insulators. This design life is a

14 G.0. 95 Rule 44.3 requires replacement or reinforcement of components when safety factors have been reduced
to less than two-thirds of the safety factors associated with new design.

15 For a description of this logic see “T-Line Asset Data Quality Improvement — Critical Components, Guide to
Conservative Assumptions,” dated January 14, 2020, by PG&E and GTS.
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theoretical value for an asset in a perfectly benign environment, and should not be confused
with actual useful life for a given component. The design life is reduced to 100 years and 50

years for non-polymer and polymer insulators, respectively.

Threats can accelerate the increase in uncertainty with time through the use of a “design life
reduction factor” (DLRF). In other words, a threat will cause the uncertainty of a component
grouping to increase to a given level more quickly than an otherwise identical component
grouping that is not subject to the threat. Figure 14 presents graphically the increase in
uncertainty with time, including the effect of a DLRF.

Modified dispersion
curve to account for
corrosion, decay,
fatigue, etc.

: Uncertainty associated
with new healthy
component

: Uncertainty resulting in
the probability of failure

_ reaching that associated
> . .
£ with orderly replace/repair
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: Design life after which
orderly replace would start
t) : Design life after which
orderly replace would start
t) t,
Time t
Figure 14. Model of uncertainty increase with time, and the effect on the rate of increase

in the uncertainty with shortening the design life.

Currently, based on engineering judgement, the maximum DLRF applied for any single threat in
the TCM 1is 1/3 the notional design life of the component grouping. The effects of multiple
DLRF’s for a single component grouping are combined by the square root of the sum of the

squares method. For example, a component grouping with a DLRF of 1/3 for both corrosion

and fatigue would have an overall design life reduction of \/(1/3)2 + (1/3)2 = 0.47.
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In summary, fragility measures the health of an asset considering both its median strength and
the uncertainty in our ability to predict that strength. The fragility of an asset subject to various
threats will evolve with time: loss of capacity is demonstrated by a shift in the fragility curve to
the left, while increased uncertainty is demonstrated by rotating the curve clockwise. Both of

these effects increase the probability of failure at hazard intensities of interest.

Specific Threat Models

Currently, the TCM includes the threat models shown in Table 1, which apply to the component
groupings indicated in the table. Threats apply to wind and seismic (inertial) hazards, with the

exception of insulator contamination, which applies to the hazard of critical moisture events.

Table 1. Threat model and component grouping matrix

Threat Model Component Grouping
Conductor | Insulator Non-Steel Steel Foundation Above Below Splice
Structure Structure Grade Grade
Hardware Hardware
Wood decay J
Atmospheric
COrrosion J / / / J
Underground
COrrosion 4 !
Fatigue J J
Wear J
Insulator
L J
contamination

A summary of each threat model is included in the following subsections, with more detailed

descriptions included in the referenced appendices.
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Wood Decay

Relevant hazards: wind, seismic (inertial)
Relevant component groupings: non-steel structure

Effect on fragility function: reduction in median strength, increased uncertainty (Cellon

treatment)

The principal threat to wood poles is fungal decay, and wood pole replacement or hardening is
most often due to strength loss from fungal decay (Figure 15). Decay reduces the cross-section
of a wood pole that is effective in resisting load, typically at or near the groundline but also
where water can be trapped at crossarms or at the pole top. PG&E assesses the potential for
decay through its Pole Test & Treat (PT&T) program, which involves field testing of each pole
on a nominal 10-year cycle. PT&T results include an effective circumference, which can be
used to estimate current remaining groundline bending capacity to that of the pole when new.
Both the literature and PT&T results indicate that a significant population of wood poles begins
to decay several years after installation, while another significant population does not decay

even after many decades.

The wood decay model used by the TCM adjusts the median strength of a wood pole’s fragility
function based on PT&T results for that pole. Depending on the date of the last PT&T results,
the model predicts the remaining strength at current and future dates by estimating a decay rate
from successive PT&T results, or in the case of a pole with only one PT&T inspection, guidance
from the literature regarding how long after installation of the pole appreciable decay is likely to

begin.

For a detailed description of the wood decay model used by the TCM, see Appendix B.
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Figure 15. Reasons for pole removal.®

Poles are treated using various preservatives to inhibit decay. One of these preservatives,
pentachlorophenol in liquified petroleum gas (referred to by its trade name Cellon), has been
found to provide less effective treatment compared to other common preservatives.
Furthermore, decay of poles treated with Cellon often occurs just below the groundline and is
therefore concealed to inspectors absent excavation or drilling down from the surface. A
comparison of pole replacements by PG&E indicates a Cellon treated pole has a shorter
expected useful life (EUL) than a pole with another treatment method. The TCM accounts for
this difference in EUL by a Design Life Reduction Factor of 33% for Cellon treated poles.

For a detailed description of the effect of Cellon treatment on wood poles see Appendix C.

16 Morrell, Jeffrey, Estimated Service Life of Wood Utility Poles, North American Wood Pole Council Technical
Bulletin No. 16-U-10, 2016
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Atmospheric Corrosion

Relevant hazards: wind, seismic (inertial)

Relevant component groupings: conductor, insulator, steel structure, above grade hardware,

splice
Effect on fragility function: increased uncertainty

One of the principal threats to above ground metallic components is atmospheric corrosion,
which results in a loss of cross-section that is effective in resisting load. The rate of corrosion
depends on environmental factors such as temperature, the presence of water on the surface of
the component, and atmospheric pollutants. It also depends on properties of the component

such as metal alloy and the presence of paint or other protective coatings.

Systematic measurements of cross-section reduction associated with atmospheric corrosion are
generally not available for PG&E components, and corrosion may occur at faying surfaces that
are difficult to inspect. For these reasons, the adverse effect of atmospheric corrosion is
modeled in the TCM as an increase in uncertainty (dispersion) of fragility functions for metallic
component groupings. In other words, the useful life of a component in a highly corrosive
environment is expected to be shorter than that of an otherwise identical component in a less

corrosive environment.

For a detailed description of the atmospheric corrosion models used by the TCM, see Appendix

D.

Underground Corrosion

Relevant hazards: wind, seismic (inertial)
Relevant component groupings: foundation, below grade hardware
Effect on fragility function: increased uncertainty

One of the principal threats to below ground metallic components is underground corrosion,
which results in a loss of cross-section that is effective in resisting load. The rate of corrosion

depends on environmental factors such as soil pH and the presence of groundwater. It also
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depends on properties of the component such as metal alloy and, in the case of foundations, the

use of concrete to encase metallic components.

Systematic measurements of cross-section reduction associated with underground corrosion are
generally not available for PG&E components, and the corrosion is typically concealed by soil.
For these reasons, the adverse effect of underground corrosion is modeled in the TCM as an
increase in uncertainty (dispersion) of fragility functions for metallic component groupings
located below ground. In other words, the useful life of a component in a highly corrosive
environment is expected to be shorter than that of an otherwise identical component in a less

corrosive environment.

For a detailed description of the underground corrosion models used by the TCM, see Appendix

E.

Fatigue

Relevant hazards: wind
Relevant component groupings: conductor, above grade hardware
Effect on fragility function: increased uncertainty

Steady winds perpendicular to a conductor span cause vibrations due to vortex shedding,
referred to as Aeolian vibrations. These high cycle, low amplitude vibrations can result in
fatigue damage to conductors and the supporting hardware. The damage accumulates over time,
reducing the capacity of the conductor and/or hardware. The occurrence of Aeolian vibrations
depends on the wind environment, such as wind speed, direction and turbulence intensity. It
also depends on properties of the conductor such as span length, span orientation, conductor

type/size, and conductor tension.

Fatigue damage may ultimately result in broken conductors or fractured connecting hardware.
Advance detection of fatigue damage by visual inspection, however, can be difficult because the
damage is often concentrated near the connection of the conductor and the hardware, and may
therefore be concealed from view. For these reasons, the adverse effect of Acolian vibration is
modeled in the TCM as an increase in uncertainty (dispersion) of fragility functions for

conductors and their associated above ground hardware. In other words, the useful life of a
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component with a configuration and in an environment prone to Aeolian vibrations is expected

to be shorter than that of an otherwise identical component less prone to Aeolian vibrations.

For a detailed description of the Aeolian vibration model used by the TCM, see Appendix F.

Mechanical Wear

Relevant hazards: wind
Relevant component groupings: above grade hardware
Effect on fragility function: increased uncertainty

Wear is chiefly due to large deflections and associated rubbing when relatively light, unbraced
components are buffeted in turbulent (gusting) wind. Damage associated with wear
accumulates over time, reducing the capacity of hardware used to connect light, unbraced spans
such as jumpers. The occurrence of wear depends on the wind environment, such as wind
speed, wind direction and frequency content of the wind turbulence. It also depends on the
properties of the components buffeted by the wind, such as mass, length, stiffness, and damping.
Finally, wear depends on the thickness and material properties of the hardware components that

are ultimately subject to material loss.

Currently, details regarding hardware and jumper components are not sufficiently available
across the PG&E network to develop asset-specific structural models of the components. For
this reason, Exponent’s first-principles wear model assumes reasonable values for component
properties relevant to the calculation of wear, and applies site-specific wind properties to a
structural model based on these reasonable values. The results of the wear model include the
depth of wear for a typical metal hanger plate. For a detailed description of Exponent’s first-

principles wear model, see Appendix G.

The results of Exponent’s first-principles wear model is used as an input parameter for a
machine learning model by Urbint. This model is used to predict the likelihood of wear at
assets throughout the PG&E network, sorted by Urbint into bins of high, medium, and low wear
potential. These results are the basis of the design life reduction factor for wear used in the

TCM. See documentation by Urbint for details regarding their wear model.
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Insulator Contamination

Relevant hazards: critical moisture event
Relevant component groupings: insulator
Effect on fragility function: increased probability of failure with accumulation

As contamination from dust, wildland fires, etc., accumulates on insulators, they become
susceptible to flashover when a heavy fog or light rain occurs that generates ionized solution on
the insulators. Over time, increased accumulation makes insulators more susceptible to
flashover, while washing of the insulators from heavy rain removes the depositions and makes
them less susceptible to flashover. Exponent has developed a first-principles model to calculate

the annual rates of insulator flashover from this mechanism, as follows:
e Estimate the deposition rate of contaminants on insulators;

e Estimate the distribution of precipitation amount in a given period to determine the

expected washing of the insulators;
o Estimate the rate that critical rainfall events occur, that is, heavy fog or light rain;

¢ Determine the relationship between probability of flashover given a deposition total
accumulation quantity and the voltage stress of the insulator, by insulator type,

conditioned on the occurrence of a critical rainfall event;

¢ Simulate the accumulation of depositions, washing, and critical rainfall events to

determine the rate of insulator flashover.

For a detailed description of the insulator contamination model used by the TCM, see Appendix

H (in progress).

2102746.000 - 9462
39



WMP-Discovery2023_DR_OEIS_001-Q007Atch02_Redacted

DRAFT: 31 March 2022, Revision 1

6. The Risk Integral and Projected Failure Rates

The hazard and fragility functions can be combined to calculate the annual rate A at which the
unwanted outcomes will occur (i.e., the frequency at which the limit state will be exceeded, or
failure rate for short). This equation is known as the Risk Integral. For low exceedance
frequencies, the annual rate A approximates the annual probability of failure; annual exceedance
frequency, annual failure rate, and annual probability of failure are often used synonymously in
this context. This is not technically correct but is normally very close for practical ranges of
failure probabilities. For example, for annual failure rates less than 0.02, the different between
the annual failure rate and annual probability of failure is less than 1%, assuming failures follow

a Poisson process.

The Risk Integral is:
i~ [ 2
= | p(flim) |7——1 dim
0

Where p(f|im) is the probability of an outcome f conditioned on the intensity of the hazard
im, |;i—:l| 1s the absolute value of the derivative of the hazard curve (i.e., the slope of the hazard

curve), and the integration is performed over all possible intensities of the hazard. In words, the

Risk Integral is the integration of the fragility curve with the derivative of the hazard curve.

At the request of PG&E, results of the TCM are presented as annual probabilities of failure,

which are calculated from A assuming failures follow a Poisson process:!’

P(f)=1—e"*

where P(f) is the annual probability of failure, which is the probability of at least one failure

occurring in a single year.

Annual failure rate, A, and annual probability of failure, P(f), are useful measures by which
assets can be risk-ranked, even for assets of different types and for different hazards. The Risk

17 The Poisson process assumes failures are independent with respect to time, which is a common assumption for
failures associated with natural hazards.
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Integral provides a failure rate that reflects the underlying hazard and fragility functions. As
discussed in the next section, the Risk Integral is evaluated for each component grouping subject
to each applicable hazard, and the results can be combined across multiple hazards and/or
multiple component groupings.

Both the fragilities and hazards might evolve with time, due to asset degradation and climate
change,'® respectively. As an example, consider the wood pole represented above in Figure 12;
the pole groundline bending strength decreased by one third in 60 years due to decay. If we use
the wind hazard curve shown in Figure 5, the failure rate A can be evaluated at any time in the
future to show how the failure rate is expected to increase (Figure 16). The curve is similar to

the conceptual model in Figure 1.
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Figure 16. Increased failure rate with time for the example wood pole (Figure 12)
and hazard curve (Figure 5) used for illustration in preceding sections.

18 The effect of climate change is currently outside the scope of the TCM.
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The TCM currently evaluates the risk integral for five states of the fragility functions: current
state, as well as forecast condition in 5, 10, 25 and 50 years. This allows users of the TCM to
evaluate the increase in risk associated with an asset over time, or to predict the time at which a

risk threshold will be exceeded. '

19 Future predictions of the Risk Integral assume decreased capacity continues to occur at its current rate, and
increased uncertainty continues to follow the quadratic form discussed above.
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7. Combining Annual Probabilities of Failure

The annual probabilities of failure described in the preceding section are combined in the TCM
in three primary ways:
1. For a single hazard (e.g., wind), annual probabilities of failure for all component groupings of an
asset are combined. The resulting probability of failure represents the annual likelihood that at

least one component grouping of the asset will fail due to the hazard of interest. This is referred

to herein as the single hazard, asset-level, annual probability of failure.

2. For all hazards, annual probabilities of failure for a single component grouping of an asset (e.g.,
conductor) are combined. The resulting probability of failure represents the annual likelihood
that the component grouping will fail due to at least one hazard. This is referred to herein as the

multi-hazard, component grouping-level, annual probability of failure.

3. For all hazards, annual probabilities of failure for all component groupings of an asset are
combined. The resulting probability of failure represents the annual likelihood that at least one
component grouping of the asset will fail due to at least one hazard. This is referred to herein as

the multi-hazard, asset-level, annual probability of failure.

The procedures used to combine annual probabilities of failure for these three cases are

described below.

Single Hazard, Asset-Level, Annual Probability of Failure

For a single hazard, the asset-level annual probability of failure can be computed in several

ways, based on assumptions regarding the correlation between component groupings. For the

uncorrelated (mutually independent) case, the annual probability of failure is computed based on

the product of the survival rates for each component grouping subject to the hazard of interest:
m

P(f)single hazard,asset,uncorrelated = 1- 1_[(1 - P(f)single hazard,component groupingi)
i=1

where m is the total number of component groupings. The uncorrelated case represents the

upper bound annual probability of failure.
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For the assumption of fully correlated component groupings, the annual probability of failure is

equal to the maximum of the annual probabilities of failure for all component groupings:

P(f)single hazard,asset,fully correlated = maXLmum(P(f)single hazard,component groupingi=1mm)

The uncorrelated case represents the lower bound annual probability of failure. Since we
currently have no information on which of the upper or lower bound assumptions is more

correct in any given circumstance, we average the two bounds:

P(f)single hazard,asset — average(P (f)single hazard,asset,uncorrelated P(f)single hazard,asset,fully correlated)

Multi-Hazard, Component Grouping-Level, Annual Probability of
Failure

Because hazards considered to date by the TCM are assumed to be uncorrelated (e.g., wind and
earthquake loading are mutually independent), annual failure rates for different hazards can be
added within a component grouping:
n
Amuiti hazard,component grouping = Z Asingle hazard,,component grouping
j=1
where 7 is the total number of independent hazards. The multi-hazard, component grouping-

level annual probability of failure is then computed as:

= 1 —_ e‘Multi hazard,component grouping

P(f)multi hazard,component grouping

Multi-Hazard, Asset-Level, Annual Probability of Failure

Again, because hazards considered to date by the TCM are assumed to be uncorrelated, the
multi-hazard, asset-level, annual probability of failure is computed based on the product of the

survival rates for each single hazard, asset-level annual probability of failure:

n
P(f)multi hazard,asset = 1- 1_[(1 - P(f)single hazardj,asset)

Jj=1
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8. An Example: Wood Pole Decay

The following is an example calculation using the TCM framework to estimate the single
hazard, component grouping-level, annual probability of failure for a wood pole subject to wind.
The threats of wood decay and Cellon treatment are considered. For illustration purposes,

results are combined across multiple hazards and multiple component groupings.
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Example Calculation for TCM Framework Overview

Asset identifying information

ETL: 2060 Fort Bragg-Elk

Structure number: 016/003

Voltage class: 60

Equipment number: 40666507

Structure type: ST := "wood"

Latitude/Longitude: 39.334448828329499/-123.798414308094
HFTD: Tier2

Age and threat information

Structure age (years): T = 60-yr
PT&T current remaining strength; 8dSy = 0.854150101
—0.00507152
PT&T decay rate (strength loss per year): kp = D0071528
yr
Cellon treatment?: Cellon := "Y"
Design life reduction factor for Cellon treatment;
1
DLRFer:= |= if Cellon ="Y" DLRFp = 0.333

0 otherwise

2102746.000 - 66805 Page 1 of @
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Fragility function

Initial median and uncertainty:

Bpew = |163.940459 if ST = "steel " -mph Boew = |02 if ST = "steel"
169.57949 otherwise (.3 otherwise
Ppew = 169.579-mpl
"No threat" design life: try:= 150-yr

Uncertainty at design life;

0.246529291 il ST = "sleel”
0.367186527 otherwise

PLSCADD results: Vi=1.0 no data available for structure

By =

Median adjustment for threat:

Current median: By = ’SdSO'“ncw by = 156.729-mpl
Forecast median in "t." years, UF(‘F) 1= max(O, min(unew, /SdSO + kD"F'Mncw))

considering threat:
Uncertainty adjustment for threat:

Adjusted design life: Lygj = (1 - DLMC‘T)"D

2
: T
Current uncertainty: Bg = Boew + (BD -y Bncw).(t_J
adj

71
. T+1p
Forecast uncertainty in "t" years: BF(tF) = Bpow + (BD - ﬁncw)'[ - J
adj

2102746.000 - 66805 Page 2 of @

2102746.000 - 9462

47



WMP-Discovery2023_DR_OEIS_001-Q007Atch02_Redacted

DRAFT: 31 March 2022, Revision 1

Plot of fragility
New fragility function: i ) el e ]
: new! ¥} i= plnorm — 1 ey Bhew
- - Vv 1o
Current fragility function: fy(Vy := plnorm| ——,In »By
mph mph
o o v “r‘(lr‘) .
Forecast fragilty function in "t." years: e V,t5) == plnorm| ——, In| Sl
gty "y F( F) p (mph ( iph [F( F)
Plot variable: Vp]nl:: 1-mph,2-mph.. 4,
1
(>
5 075
=
a9
Lo
S
=03
E
[
)
g 02 === New
—— Current
—— 25-yr forecast
0
0 100 200 300
3-Second Gust Windspeed (mph)
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Hazard curve

POMMS grid cell 80_314

Gumbel fit (proportion of days when gust is not exceeded):

—(¥-m)
g
m = 21.36214-mph $ 1= 6.595705-mph Fit(V}) := e C
Hazard curve: H(V) := 365(1 - Fit(V))
Plot of hazard curve

o 100
[&]
2
3 i
o
[
El
= 0.01
3
= 107
b
5 1x1079
2
= — 8|
E 1%10
=
= b1
10 2
100 200 300
3-Second Gust Windspeed (mph)
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Risk integral

Annual failure rate:

[‘4' Hnew
New condition: Npew = J Lhewt V) ‘j—vll( V)| dv
0
e
Current condition: N = TtV d—H(V) dv
dv
0
F lyew
Forecast condition in "t" years: Mp(t) = J fR(V, 1) d_H(V) dv
dv
0
Annual probability of failure:
New condition: Propew=1- e Pneww ‘Pf new = 2154 % 10: ‘
Current condition: Prgi=1- 67 %
o ~ AR
Forecast condition in "t" years: Prpity=1-¢

Forecast condition in 25 years:
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Risk integral (continued)

Calculate "no-observed decay" annual probability of failure for
comparison purposes

i o i L
Forecast fragility function in "t=" years, fp NT(VJF) := plnorm| — , In] new ﬁP‘(tF)
. - mph mph
no observed decay:
A Unery
Forecast condition in "t" years, e N = T NV D d—H(V) dv
no observed decay: - - av
0
- N (1)
Forecast condition in "t" years, Ppp nTU=1-e FNT
no observed decay: =
Plot variable: tplot = 0,5yr.. 1.5t
A Tadj D
— observed decay 29 i
u =10 observed decay [ " ¥
E
YL
=5
-
=
2
£ 0.5
o
o}
o
—
[=3)
E
0.25
=
<
o =
0 40 80 120 160 200
Pole Age (years)
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Combining annual probabilities of failure

For ilustration purposes, the results above are combined with the following hazards and component
groupings:

Wind hazard (applies to all component groupings present}

n
3

9.17x 10~
Xy .
-wood structure 9.995 x 10
0.001 | _conductor .
-insulat A 9.995 x 10
Reoin 0.001 |n5.uaor P S W Pt =
w -splice W 0 —q
0.001 9.995 x 10
-above grade hardware - 3
0.001 | _below grade hardware o
9.995 x 10
0.001
9.995 x 1074
Seismic hazard (applies only to wood structure component grouping)
0.001 9.995 x 1071
0 -wood structure
-conductor 0
0 -insulator S 0
M=l e Pli=1-¢ Pr, = .
-above grade hardware
-below grade hardware 0
Q
Car-Pole hazard (applies only to wood structure component grouping)
0.001 9.995 % 10 *
0 -wood structure
-conductor Y
0 -insulator “Aep 0
Mp=| | -splioe Bl o= T Plop=

-above grade hardware
-below grade hardware

(=
k=
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Combining annual probabilities of failure (continued)}

Single hazard, asset-level, annual probability of failure

length()\w)
Wind: Pf\\'_asset_ind =1- 1_[ (1 - wal) wa_asset_ind =0.014
i=1
=3
Pl asset dep = max(P['W) PLy, asset dep = 917 % 10

Pfy, asset = mea“(Pf\a-;assclfind’P f\zvjlss,ctjlcp) Pfy asser= 0012
Tength )\S)
ismic: - : . B — 4
Seismic:  Ply pocer ind = 1 = l_[ (1 - Pl‘Si) BT, agse iri, = 9995510
i=1
PE = max(Pf. Pf, =9995 10 *
s_asscl_dep = max( s) s_assel_dep = 7+
Pf, = Pf, Pf, Pf, =0.995% 10 4
§_asset T mean( s_asset_ind? s_asset_dep) s asset — 510
Ieng_‘th( M)
. 3 : : 2 -4
Car-pole: Plep asset ind =1~ (] - Pfcpi) Plep asset ing= 9995 % 10
i=1
Pt = Pf, Pf ~9.995x 107 %
cp_asset dep max( cp) cp_asset_dep = 2 5x 10
PE = mean(Pf, - PE b, -9995x 10 *
cp_asset ( cp_asset_ind* cpﬁassetfdep) cp_asset — 7
2102746.000 - 6605 Page 8 of 9
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Combining annual probabilities of failure (continued)}

Multi-hazard, component group-level, annual probability of failure

0011
9.995 x 10~
wood structure
N 9995 x 107 * | jconductor
A= RNyt A T >‘cp Pri=1-¢ Pl = i insulator

9.995 % 10 | rsplice
_4 | 1above grade hardware
9.995 x 10 below grade hardware

1

9.995 x 10

Multi-hazard, component group-level, annual probability of failure

Pf asset = 1 — (1 = wa_assel)-ﬁ = I‘fh_assm)-(l - Pfcp_abset) P asset = 0.014
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Appendix A

Seismic Hazard Models
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F*ponent

EXTERNAL MEMORANDUM

To: I (PG&E)

Frowm: Exponent

DATE: March 31, 2022

PROJECT: Transmission Composite Model
SUBJECT: Wood Pole Seismic Inertial Force Model

This memorandum describes the technical basis for the wood pole seismic inertial force risk
model, which is part of the Transmission Composite Model (TCM) project. Often wood pole
failures occur at the groundline after weakening from fungal decay or pests (e.g., termites). !
Groundline failures are triggered by lateral forces acting on the wood pole from windstorms or
seismic events. Wind-induced failure is more commonly reported,? however the effect of inertial
seismic forces on wood poles should be considered in a comprehensive risk analysis. The wood
pole seismic inertial force risk model described herein estimates the annual probability of failure
for a wood pole using the risk integral to combine a fragility curve and a site-specific seismic
hazard curve.

Wind fragility curves for wood poles have been developed for the Operability Assessment (OA)
and TCM models and are described in other reports.? To account for asset (e.g., wood pole)
health, the framework estimates the probability that an asset will fail at a given hazard intensity
(e.g., wind speed) through the use of fragility functions, and accounts for degradation over time
due to threats (e.g., decay) via adjustments to the fragility functions. The seismic model
described herein utilizes two approaches: The first approach (Base Case) accounts for wood
decay using collected data from the Pole Test and Treat (PT&T) program including pole
diameter measurements and whether the pole was treated using Cellon Gas. The second approach
(Multi-Feature Case) builds upon the Base Case by incorporating condition scores and Bayesian
updating to adjust for reported wind-outage performance. These two approaches to consider the

! Bureau of Reclamation. (1992). Wood Pole Maintenance. Facilities Instructions, Standards, & Techniques,
Volume 4 — 6.

2 Engel, M. (2007, May 1). Extreme Winds Test Wood Pole Strength. T&D World.
https://www.tdworld.com/transmission-reliability/article/20969229/extreme-winds-test-wood-pole-strength

3 For more detail on the TCM model, see Revision 1 of Exponent’s “PG&E’s Composite Risk Model for Overhead
Electric Transmission Components: A White Paper.” For more detail on the OA model, see Revision 6 of
Exponent’s “A Framework for Risk-Based Transmission Line Asset Management and Operability Assessment.”
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effects of the pole health (including possibility of decay) are considered in this seismic inertial
force risk model framework.

Wind to Seismic Fragility Curve Conversion

Fragility functions, also known as fragility curves, are conditional relationships between the
intensity measure of a hazard (e.g., wind speed) or an engineering demand parameter (e.g.,
displacement at pole top) to the probability of an unwanted outcome (e.g., failure). They are
typically modeled as lognormal cumulative distribution functions, which are fully defined by two
parameters representing the central tendency (value of the intensity measure at which the
probability of the unwanted outcome is 0.5, sometimes referred to as the median) and the
dispersion (parameter that defines the shape of the fragility function around the central tendency
calculated as the standard deviation of the natural logarithms of the values). The past effort to
determine fragility curves for wood poles subjected to wind gust hazard can be leveraged to
obtain seismic fragility curves, by converting the wind fragility curve parameters to seismic
fragility curve parameters. This concept is appropriate because, not only do both wind and
earthquakes cause lateral forces, but it is also expected that failure occurs in similar locations and
with similar modes: bending overstress at or just above the groundline. The wind model uses
yielding of the pole base as a proxy for failure, and the seismic inertial force model takes this
same approach.

Figure 1 shows wind compared to seismic lateral forces and a few parameters needed to convert
from wind to seismic fragility curves. It is assumed that both wind and seismic forces cause
yielding at the ground line under the same moment. Therefore, the moment caused by the median
wind speed (1 ying) from the wind fragility curve is calculated, and then the seismic intensity
that would cause the same moment (i pg4) is determined. To quantify seismic intensity, peak
ground acceleration (PGA) is selected as the ground motion intensity measure (im). PGA is an
appropriate im, because wood pole structures are typically light and stiff, and previous studies in
the literature use PGA for transmission structures.* Once g pg4 is determined, a dispersion
parameter is needed to fully establish the relationship between intensity and probability of failure
for the seismic fragility function. For this analysis, it is expected that the wind dispersion
parameter (8,;,q) and seismic dispersion parameter (Sgeismic) are the same with respect to the
moment at the base of the pole.

4 Lee, T.H. and Parl, H.S. Seismic fragility of transmission towers in Korea. /1" Canadian Conference on
Earthquake Engineering. Canadian Association for Earthquake Engineering.

Xie, L., Tang, J., Tang, H., and Xie, Q. Seismic fragility assessment of transmission towers via performance-
based analysis. 15" World Conference on Earthquake Engineering. Lisbon, 2012.
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Figure 1: Wood pole showing lateral forces from wind and seismic forces and input parameters
to convert a wind fragility curve to a seismic fragility curve.

To calculate the median PGA (g pg4) from the median wind speed (g ying), it is assumed that
the moment from wind forces equals the moment from seismic forces:
Myina = Mseismic

To determine M,,;,,4, the wind pressure (pyinq) at a given height above the groundline, x, is
computed from g inq by assuming laminar flow:”

pwind(x) = 0.00256 - Kz(x) ' .MO,wind2
M, ina 1s then calculated as:
Mwind = Mwind,pole + Mwind,conductor
where My, ing pote 18 the moment due to wind load on the wood pole and Myyin4 conductor 18 the
moment due to wind load on the conductors. My, inq pore 18 calculated as:
ht
Myina,pote = 0.00256 - .u(z),windf K,(x) - d(x) - x-dx
0

> The equation for wind pressure is a basic form of the established velocity pressure equation 26.10-1 for imperial
units found in the standard ASCE 7-22. Equation 26.10-1 has additional factors for velocity pressure exposure
that is considered (see footnote 5) and ground elevation and topography that are not considered.
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where h; is the height of the top of the wood pole from the groundline, d(x) is the diameter of
the pole at any height, x, above the groundline, and K, (x) is the velocity-pressure coefficient® at
height x. K,(x) is calculated as:

2

15\«
2.41 (—) x < 15 ft

Zg

2

x \a

2.41 (—) x =15 ft
Zg

Kz(x) =

where a and z, are terrain exposure constants.” For each wood pole, the surface roughness

category® is determined from PG&E land use data according to the table provided in Appendix
B. The exposure category’ is determined using the surface roughness. It is assumed that surface
roughness prevails in the upwind direction. If the surface roughness cannot be determined for a
wood pole location, Exposure C is assumed. d(x) is calculated according to:

i) — dg —d;
(x) =dy —x(h—t>

where d; is the wood pole diameter at the groundline and d; is the wood pole diameter at the
top. The values for d; are found from data collected as part of the Pole Test & Treat (PT&T)
program. Since diameter measurements at the top of the wood pole were not found within the
collected PT&T data, the values for d; are estimated using Table 8 from the standard ANSI
0O5.1. The ANSI standard provides minimum circumference measurements based on the height
and class of the wood pole.

M\ying conductor 18 calculated as:

Mwind,conductor = Pwind (hcl) Ltncldcl hcl

where n.; is the number of conductors, d.; is the diameter of the conductor, k., is the height
from the groundline to the crossarm. It is assumed that the crossarm is 2 feet from the top of the
wood pole. L; is the tributary conductor span length computed from the adjacent conductor span
lengths:

L+ L
)
where L4is the length of first adjacent conductor span and L, is the length of the second adjacent
conductor span.

¢ The velocity pressure exposure coefficient is determined according to ASCE7-22 Section 26.10.1 for each
increment.

7 The terrain exposure constants are determined according to ASCE7-22 Table 26.11-1.
8 The surface roughness categories are described in ASCE7-22 Section 26.7.2.
% The exposure categories are described in ASCE7-22 Section 26.7.3.
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It is assumed that seismic weight is the combined weight of the wood pole and the estimated
weight of the crossarm and equipment at the crossarm, Wegy,p, assumed to be 200 Ibs. The
weight and influence of the conductors has been neglected for seismic weight, because
conductors are flexible and lightweight!? compared to the wood pole and equipment. The weight
of the wood pole (Wp,,e) is calculated assuming a tapered pole:

_ T 2 2
Wpole = E (dg + dgdt + dt )ht * Pwood

where pyy004 18 the density of the wood pole, which is assumed to be 33 Ib/ft>.!! Mg,iomic is then
computed assuming that the seismic inertial force from the pole acts at 2/3 of the wood pole
height:

2
Meismic = Ho,pca (Wpole §ht + Wequiphcl>

Finally, ug pgals calculated by setting My, = Mgeismic and rearranging the equation to solve
for po pga:

2
(Wpole ght + Wequiphcl)

Mwind

Ho,pca =

The dispersion parameter for fragility curves based on intensity measures that lead to direct
calculation of M,,;,q and Mge;smic should be the same, since both are functions of force times
distance. However, the wind fragility curves are defined in terms of wind speed or velocity,
which is proportional to the square root of force. Therefore, computing an equivalent seismic
fragility curve dispersion parameter (Sseismic) for the seismic im, which is proportional to force,
requires doubling the wind fragility curve dispersion parameter:

Bseismic = 2 * Pwina
For reference, more detail can be found in Appendix A.

All wood transmission poles (~90,000) were considered for analysis. For wood transmission
poles with available input data (~26,000), a seismic median and dispersion are calculated from
the wind median and dispersion. As an example, a representative wood pole was selected, and
the calculated parameters are shown in Table 1 with the associated wind and equivalent seismic
fragility curves shown in Figure 2.

While the conductors are expected to sway in an earthquake, the swaying will not be in phase with the
oscillations of the pole itself, and the associated inertial loads will therefore not be additive.

The specific gravity of Douglas Fir and Southern Pine, wood species commonly used for wood poles, are around
0.5.
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Table 1: Representative Wood Pole Properties (Equipment Number 40574887)

Parameter Description Value Unit
Ho.wind Median wind speed for the wind fragility curve 172.03 mph
Land Use PG&E land use category Other Land -

Exposure Category | Upwind exposure based on ground surface roughness C -
a 3-s gust speed power law exponent 9.8 -
2, Eotlllllll::tlailllgrlg of the atmospheric boundary layer used 2.460 ft
d; Wood pole diameter at the top 8.59 n
d g Wood pole diameter at the groundline 16.87 n
h; Height from the groundline to the top of the wood pole 61 ft
Myina pote Moment from wind load on the wood pole 135,906 Ib-ft
Ly Adjacent span length 78.9 m
L, Adjacent span length 85.5 m
N1 Number of conductors 3 -
d c1 Conductor diameter 0.723 in
h. Height from the groundline to the crossarm 59 ft
Pwina (he1) Wind pressure at h,, 85.23 psf
M\yind conductor | Moment from wind load on the conductors 245,327 1b-ft
Myina Total moment from wind load 381,232 1b-ft
Pwood Density of the wood pole 33 b/
Whote Weight of the wood pole 1,843 Ib
Wequip Weight of the equipment at the crossarm 200 Ib
Ho.pGa Median PGA for the seismic fragility curve 4.40 g
Bwina Dispersion for the wind fragility curve 0.301 -
(i Dispersion for the seismic fragility curve 0.602 =
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Figure 2: Wind fragility curve (left) and equivalent converted seismic fragility curve (right) for a
representative wood pole (Table 1)

Seismic Hazard Curves

The site-specific hazard curve, relating the PGA to annual exceedance frequency, is selected
from the United States Geological Survey (USGS) database based on the geographic coordinates
of the wood pole and the site classification of the wood pole location. The site classification is
selected using geographic coordinates and a spatial Vs30 map for California from USGS.!? As
an example, Figure 3 shows the hazard curve selected for the representative wood pole from
Table 1. The hazard curves from the USGS database use geometric mean to define the
directionality of the PGA intensity measure. Because wood poles are isotropic with respect to
horizontal ground shaking (again neglecting the influence of conductors), the geometric mean
PGA was converted to RotD100 (maximum direction) PGA using an established ratio:!*

RotD100 PGA = 1.19 * Geometric Mean PGA

12 Thompson, E.M. (2018). An Updated Vs30 Map for California with Geologic and Topographic Constraints: U.S.
Geological Survey data release. https://doi.org/10.5066/F7JQ108S.

13 Shahi, S. K., & Baker, J. W. (2014). NGA-West2 models for ground motion directionality. Earthquake Spectra,
30(3), 1285-1300. https://doi.org/10.1193/040913EQS097M.
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Figure 3: Hazard curve for a representative wood pole (Table 1) with a latitude and longitude of
39.1 and -121.7, respectively, and site class D

Seismic Annual Probability of Failure

Once the seismic fragility curve and hazard curve are determined, the risk integral is used to
evaluate the annual failure rate:

2= [ orim
= | p(flim) Tim] dim
0
where A is the annual failure rate, p(f|im) is the probability of failure conditioned on the im,
RotD100 PGA, |;i—’;| is the absolute value of the derivative of the seismic hazard curve (i.e., the

slope of the hazard curve), and the integration is performed over all possible intensities. For
practical purposes, the risk integral can be described as the integration of the fragility curve with
the derivative of the hazard curve. Annual failure rate is converted to annual probability of
failure by assuming that earthquakes are a Poisson process, and using the equation:

P(f)=1—e~*

where P(f) is the annual probability of wood pole failure at the groundline.
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Limitations

The model described herein necessarily relies on simplifying engineering assumptions and
idealized representations of complex engineering systems, threats and loads. The implications
and limitations of these modeling decisions have been discussed and accepted by PG&E Subject
Matter Experts. While we have made every effort to accurately capture key factors related to the
effects of seismic inertial forces on wood poles that could adversely affect PG&E’s transmission
structures based on available information, this model is expected to be further refined as new
idealizations, methods and/or data become available. Proper application of this model requires
recognition and understanding of the limitations of both the scope and methodology.

The model described herein is intended to be incorporated into a comprehensive PG&E
framework (TCM Framework) that was developed to inform PG&E risk mitigation decisions.
Neither the Framework nor this model is intended to predict specific failures, and the actual
performance of some assets may be materially different from that anticipated by the model.

For limitations associated with the Framework, see Revision 1 of Exponent’s “PG&E’s
Composite Risk Model for Overhead Electric Transmission Components: A White Paper,” dated
March 31, 2022.
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Appendix A: Relationship between dispersion values for function of random
variables

The seismic analysis leverages previous work developing wind fragility curves in order to
produce seismic fragility curves. While the continuum of the fragility curve could be converted,
we have sought to generalize the conversion of the fragility curves so that only the median and
dispersion parameters must be converted. The conversion of the median value of the seismic
fragility curve is addressed in the main text of this memo. The conversion of the dispersion
parameter is derived below, considering that while both wind and seismic failure mechanisms are
based on the moment at the base of the pole, the seismic fragility curves are conditioned on PGA
which is proportional to seismic moment and the wind fragility curves are conditioned on wind
speed which is proportional to the square root of wind moment.

Background for problem

Assume a random variable, X, is normally distributed with mean, py, and standard deviation, gy.
The coefficient of variation, &y, is:

Ox
Oy = —
X Ux

The Variance of X is:
Var(X) = o7
Now let’s define a function of the random variable:
Y = aX?

where a is a constant. This has the same functional form as the relationship between wind
pressure (proportional to wind-induced moment) and wind velocity. We are interested in
determining the coefficient of variation of Y as a function of the coefficient of variation of X.

Dispersion for functions of random variables (single variable)
Assume a function, g(x). The variance of g(x) can be approximated:
Var[g(x)] = (g'(x))*Var(X)

evaluated at E[X]. Now let’s evaluate Var[g(x)] at E[X] using the previously defined
parameters:

E[X]=py and g(x) =Y =aX? and Var(X) = o
Consequently, the Variance of Y is:

Var[Y] = (2aE[X])%0# = 4a’E[X)%0f = 4a’u4o}
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We can now evaluate the coefficient of variation of Y, 8y, where the normally distributed mean,
Hy, iS:

uy = E[Y] = au}

Solving for §y gives:

o _ JVarlY] _ JAatuio} _ 2apxoy _ 20%

oy =
"Tuy o auld ap? aph  px

Finally, it can be seen that the coefficient of variation of the function of the random variable (dy)
is twice the coefficient of variation of the original random variable (§y) when the random
variable (X) is squared and multiplied by a constant (a):

20y

o _ mx _

B
Ux

Impact on the conversion of wind to seismic fragility curves

It has been seen that the coefficient of variation is doubled when a function of random variables
squares the original random variable. Similarly, for the wind speed and PGA-based fragility
curves to be equivalent, the dispersion parameter on the ground motion intensity measure needs
to be twice the dispersion parameter on the wind speed. This has been verified through the
example shown in Figure A1, in which

1. Each individual ordinate from the wind speed-based fragility curve is converted to an
equivalent PGA and assigned the same probability of failure.

2. Only the median wind speed is converted to PGA and it is assumed that the dispersion
parameter for PGA is doubled compared to that for wind speed

It can be seen that doubling the wind-speed dispersion parameter matches the ordinate by
ordinate conversion exactly.
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Figure A1: Seismic fragility curve converted from wind speed fragility curve by ordinate vs.
converting only the median and assuming the dispersion is doubled.
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Appendix B: Assigning Surface Roughness Categories from PG&E Land Use Data

Table B1 shows the surface roughness category assigned to a structure using the land use data from
PG&E. Of note, ‘Other Land’ and “Not Mapped’ land use categories have been assigned a roughness
category of ‘C’ for this analysis. This designation may differ from other analyses within the TCM
framework. In ASCE7-22 26.7.3, an exposure category of ‘C’ is applied for all cases where exposure
category B or D does not apply. Considering this instruction, a roughness category of ‘C” was selected to
categorize the structure location in exposure category ‘C’ where exposure category ‘B’ or ‘D’ does not

apply.
Table B1: Surface Roughness Categories Assigned to PG&E Land Use Data

Assigned ASCE 7-22 Surface
Roughness Category

Confined Animal Agriculture C
Farmland of Local Importance
Farmland of Local Potential
Farmland of Statewide Importance
Grazing Land

PG&E Land Use Data

Nonagricultural and Natural Vegetation

Prime Farmland

Rural Residential Land

Semi-agricultural and Rural Commercial Land

Unique Farmland

Urban and Built-up Land
Vacant or Disturbed Land
Water Area

Other Land

Not Mapped

slielivii=iLldielkell*d ieliel el iel il o)
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F*ponent

EXTERNAL MEMORANDUM

To: I (PG&E)

Frowm: Exponent

DATE: March 31, 2022

PROJECT: Transmission Composite Model

SUBJECT: Steel Structure Seismic Inertial Force Model

This memorandum describes the technical basis for the steel structure seismic force inertial risk
model, which is part of the Transmission Composite Model (TCM) project. We have received
structural drawings for four steel lattice transmission tower structures: 115kV Type AH, 115kV
Type BH (0° to 15° diversion angle), 115kV Type CH (15° to 45° diversion angle), and 230kV
Type BW. Currently, the steel structure seismic force inertial risk model only considers these
tower types, but it can be expanded to other steel structure types as more structural drawings
become available. Because steel lattice towers are lightweight and tall, they are expected to be
more susceptible to wind-induced failure than seismic inertial force-induced failure; however, for
completeness, we have evaluated the probability of failure of steel transmission towers due to
seismic inertial forces. Because we have not seen reference to inertial force-induced failures in
the literature, it is unclear if the failure modes are comparable for that in wind-induced failures
(e.g., buckling of leg members near the base of the tower!). While failure modes might not be
similar, they should be brought on by actions that cause high moment at the base of the tower.
Notably, failure of steel transmission towers subjected to ground movement, is more widely
reported in the literature and by PG&E. This failure mode is analyzed separately in the steel
structures landslide risk model.? The analysis of seismic inertial forces for steel structures is
similar to the analysis completed for wood poles.* In brief, we compute annual failure
probabilities by integrating fragility curves for steel towers (converted from wind fragility
curves) with hazard curves for earthquake intensity.

! Sad Saoud, K., Langlois, S., Loignon, A., & Lamarche, C. P. (2018). Failure analysis of transmission line steel
lattice towers subjected to extreme loading. In Annual conference of the Canadian Society for Civil Engineering
(CSCE)/Congres annuel de la Société canadienne de génie civil (SCGC)(2018: Fredericton, Canada) (Vol. 2018,
pp. ST056-1).

2 For more detail, see Exponent’s “Steel Structure Seismic-Induced Landslide Model” memorandum, dated March
31, 2022.

For more detail, see Exponent’s “Wood Pole Seismic Inertial Force Model” memorandum, dated March 31,
2022.
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Wind fragility curves for steel structures have been developed for the OA and TCM models and
are described in other reports.* To account for asset (e.g., steel structure) health, the framework
estimates the probability that an asset will fail at a given hazard intensity (e.g., wind speed)
through the use of fragility functions, and accounts for degradation over time due to threats (e.g.,
corrosion) via adjustments to the fragility functions. The seismic model described herein utilizes
two approaches: The first approach (Base Case) accounts for atmospheric corrosion using an
advanced model. The second approach (Multi-Feature Case) builds upon the Base Case by
incorporating condition scores and Bayesian updating to adjust for reported wind-outage
performance. These two approaches to consider the effects of the steel structure health (including
possibility of corrosion) are considered within the seismic inertial force risk model framework.

For the hazard (earthquake ground motion) intensity measure (im), we have tailored the im to
each tower type, rather than using the typical peak ground acceleration (PGA), because the steel
towers may be relatively flexible. We have conducted a modal analysis for each tower type to
determine the first mode period of the structure (T;). Then, we select earthquake hazard curves
using the spectral acceleration of the first mode period (S,(T;)) as the im.

Wind to Seismic Fragility Curve Conversion

Fragility functions, also known as fragility curves, are conditional relationships between the
intensity measure of a hazard (e.g., wind speed) or an engineering demand parameter (e.g.,
displacement at tower top) to the probability of an unwanted outcome (e.g., failure). They are
typically modeled as lognormal cumulative distribution functions, which are fully defined by two
parameters representing the central tendency (value of the intensity measure at which the
probability of the unwanted outcome is 0.5, sometimes referred to as the median) and the
dispersion (parameter that defines the shape of the fragility function around the central tendency
calculated as the standard deviation of the natural logarithms of the values). The past effort to
determine wind fragility curves for steel structures can be leveraged to obtain seismic fragility
curves by calculating the seismic median and dispersion from the wind median and dispersion.
For steel towers, the failure modes due to wind and inertial seismic forces may be different.
Therefore, the results of converting from wind to seismic fragility curves can provide insight, but
also rely on proxy engineering demand parameters (i.e., the base moment due to wind load).

Figure 1 shows wind forces compared to seismic lateral forces on steel structures and the
adjacent span lengths (L; and L,). It is assumed that both wind and seismic forces cause failure
under the same moment. Therefore, the moment caused by the median wind speed (g yinq) from
the wind fragility curve is calculated, and then the seismic intensity that would cause the same
moment is determined. To quantify seismic intensity, spectral acceleration at the first mode
period of the structure (S, (T;)) is selected as the ground motion intensity measure (im). S, (T;)
is an appropriate im, because there is some flexibility in the steel towers. To determine the first

4 For more detail on the TCM model, see Revision 1 of Exponent’s “PG&E’s Composite Risk Model for
Overhead Electric Transmission Components: A White Paper” For more detail on the OA model, see Revision 6
of Exponent’s “A Framework for Risk-Based Transmission Line Asset Management and Operability
Assessment.”
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mode period of the structure (T; ), a modal analysis was performed using SAP2000 for each
tower type. Higher mode effects were not considered for the purposes of this proxy analysis.
Once the median Sq (T1) (Ko s,(r,)) 18 determined, a dispersion parameter is needed to fully
establish the relationship between intensity and probability of failure for the seismic fragility
function. For this analysis, it is expected that the wind dispersion parameter (f,,inq) and seismic
dispersion parameter (Sseismic) are the same with respect to the moment at the base of the pole.

LZ
}  WindLoad on — s
. Conductors : <= |nertial Force on Crossarm
. “ — i <= |nertial Force on Tower
f'r ! me <= |nertial Force on Crossarm
r % ™ WindLoad ,
Y on Tower —~ <4mmm |nertial Force on Crossarm
\ —
— g
" —
—

Figure 1: Steel structure showing lateral forces from wind and seismic forces, and input
parameters to convert a wind fragility curve to a seismic fragility curve

To calculate the ug s, (r,) from g ying. it is assumed that the moment from wind forces equals
the moment from seismic forces:

Myina = Mseismic
To determine M4 and Mg,;smic» €ach tower type was analyzed by element according to the
structural drawings.! The wind area of the element (Ayying erem) describes the area of the element
face exposed to wind pressure and is calculated using the element dimensions from the structural
drawings:

Awind,elem = belem lelem

where b, 1s the width of the exposed element face typically described by the leg length of an
angle member and [, is the length of the element. The weight of each element (W,;,,,) is then
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calculated. Most elements are angle members, but some elements are plates. W, for angle and
plate elements, respectively, is:

(lleg,l + lleg,Z - telem)telemlelempsteel fOT angle members

Wetem = {
bplatetelemlelempsteel for plate members

where ljo4 1 and [j¢4 , and the lengths of the angle legs, byq;e is the width of the plate, teiem, 18
the thickness of the element, and pg;..; 1s the density of steel. The structural drawings provide
two steel options (i.e., medium steel and high elastic limit (HEL) steel) for tower types AH, BH,
and CH. For this analysis, the medium steel elements were assumed for tower types AH, BH, and
CH and a density of 0.284 1b/in® was used for all tower types because of a lack of data on the
specific material type used for each tower. Finally, for each element, the midpoint of each
element (X, ) Was determined using dimensions provided in the structural drawings.

For each steel tower, the moment due to wind forces on the tower (My,i,4 tower) Was calculated
by assuming laminar flow:>

Nelem

— 2 . v . ¥
Mwind,tower = 0.00256 MO,wind Z Awind,elem Kz(xelem) Xelem
elem=1

where N, is the total number of elements and K, (x) is the velocity pressure coefficient at
height x:

2

15\«

2.41 . x <15 ft

9

K, (x ) = 2
x \a

241 — x=15ft

Zg

where @ and z; are terrain exposure constants.® For each steel tower, the surface roughness

category’ is determined from PG&E land use data according to the table found in Appendix B of

Exponent’s “Wood Pole Seismic Inertial Force Model” memorandum. The exposure category? is

determined using the surface roughness, and it is assumed that surface roughness prevails in the

upwind direction. If the surface roughness cannot be determined for a steel tower location,

Exposure C is assumed. Next, the moment due to wind forces on the conductor

(Myying, conductor) Was calculated assuming the conductor diameter and number of conductors are

the same for each adjacent span and the number of conductors is evenly distributed among the

crossarm levels:

The equation to determine wind pressure is a basic form of the established velocity pressure equation 26.10-1 for
imperial units found in the standard ASCE 7-22. Equation 26.10-1 has additional factors for velocity pressure
exposure that are considered (see footnote 5) and ground elevation and topography that are not considered.

The terrain exposure constants are determined according to ASCE7-22 Table 26.11-1.
The surface roughness categories are described in ASCE7-22 Section 26.7.2.
The exposure categories are described in ASCE7-22 Section 26.7.3.

2102746 000 — 9378

Some of the measures included in this document are contemplated as additional precautionary measures intended to further reduce the risk of future ignitions following the 2017
and 2018 wildfires.Error Reference source not found.



WMP-Discovery2023_DR_OEIS_001-Q007Atch02_Redacted

Steel Structure Seismic Inertial Force Model
March 31, 2022
Page 5

Nievels

Li+L, n
Mwind,conductor = 0.00256 :uO,wind2 (T) dc (_C) Z KZ (hc,i) ) hc,i
=1

Nievels

where L, is the length of first adjacent conductor span and L, is the length of the second adjacent
conductor span, n. is the number of conductors, 1,5 is the number of crossarm levels, and A ;
is the distance from the groundline to each crossarm level i. For the transmission tower types in
this analysis, Nyepes is 3.° Then, My,;,q can be calculated:

Mwind = Mwind,tower + Mwind,conductor

To determine Mg,ismic, it 1S assumed that seismic weight is the combined calculated weight of
the steel tower and the estimated weight of the equipment (W,4,,;;,) at each crossarm level. It is
also assumed that W, 1s 200 Ibs at each crossarm level. The weight and influence of the
conductors has been neglected for seismic weight, because conductors are flexible and
lightweight compared to the steel tower and equipment. M,;smic 1S calculated:

Nelem Nievels
Mseismic = MO,Sa (Ty) g Welemxelem + Wequip § hc,i
elem=1 i=1

Finally, o sq(r,) is calculated by setting My;ng = Meismic and rearranging the equation to solve

for Ho,sa(Ty)-

n — n
_ (Zeleel:;ln:1 Welemxelem) + (Wequip Zi=le1WZS hc,i)
Ho,s,(Ty) =

M wind

The dispersion parameter for fragility curves based on intensity measures that lead to direct
calculation of M,,;,q and M,;smic should be the same, since both are functions of force times
distance. However, the wind fragility curves are defined in terms of wind speed or velocity,
which is proportional to the square root of force. Therefore, computing an equivalent seismic
fragility curve dispersion parameter (Sgeismic) for the seismic im, which is proportional to force,
requires doubling the wind fragility curve dispersion parameter:

Bseismic = 2 Pwina
For reference, more detail can be found in Appendix A of Exponent’s “Wood Pole Seismic
Inertial Force Model” memorandum.

All transmission steel lattice towers (~35,700) were considered for analysis. For transmission
steel lattice towers with available input data (~14,000), a seismic median and dispersion are
calculated from the wind median and dispersion. As an example, a representative steel tower was
selected, and the calculated parameters are shown in Table 1 with the associated wind and
equivalent seismic fragility curves shown in Figure 2. It is noteworthy that the median S, (T) is

®  The number of conductors at each level reported in the available PG&E data seems low (e.g., 1 conductor per

crossarm level). Further investigation may result in updates to the model.
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very high, which reflects a very low risk of failure due to seismic inertial forces. This is due to
the low mass compared to the tower strength.

Table 1: Representative Steel Structure Properties (Equipment Number 40586445)

curve

Parameter Description Value Unit
Median wind speed for the wind
. i 134.04 mph
Ho.wind fragility curve P
Land Use PG&E land use category Not Mapped -
Exposure Category Upwind exposure based on ground C _
surface roughness
a 3-s gust speed power law exponent 9.8 -
Nominal height of the atmospheric
Z . .
9 boundary layer used in this standard 2,460 fi
Tower Type Transmission tower type CH -
Steel Type Steel selection from structural drawings Medium -
Nelem Summation of wind area, the velocity
Awind.etem * Kz (Eerem) * Xorem | Pressure coefficient, and element 6,502 ft2-ft
elem=1 midpoint over all elements in tower
M t fr ind load on tt od
Myying pote oment from wind load on the wo 299.038 Tb-fi
3 pole
Ly Adjacent span length 454.79 m
L, Adjacent span length 87.95 m
ne Number of conductors 3 -
Nievels Number of crossarm levels 1 -
Nievels Summation of velocity pressure
Z Ky(hei) = hes coefficient and height from groundline 237 ft
i=1 to each crossarm level
Moment from wind load on the
M, wind,conductor IO 7,592,642 Ib-ft
M,ina Total moment from wind load 7,891,679 | Ib-ft
Psteel Density of the steel element 0.284 1b/in®
& Seismi ight ti t f
_ eismic weight times moment arm o
Z WitemFetem U 283,778 | Ib-ft
elem=1
Wequip Weight of the equipment at each 200 b
crossarm
Median PGA for the seismic fragility
Ho,s4(Ty) 243 g
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Bwind Dispersion for the wind fragility curve 0.243 -
Di ion for th ismic fragili
Bseismic . l:::;)eeI'SlOll Oor the se1smic irag 1ty 0 48 6 _
Wind Seismic
1 1
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T
3
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Parameters Parameters
5 (u0,wind, Bwind) . (u0,Sa(T1), Bseismic)
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Wind Speed (mph) S,(Ty) (9)

Figure 2: Wind fragility curve (left) and equivalent converted seismic fragility curve (right) for a
representative steel structure (Table 1)

Seismic Hazard Curve

The site-specific hazard curve for each structure is selected from the USGS database based on
the geographic coordinates of the steel tower, the site classification of the steel tower location,
and T;. The site classification is selected using geographic coordinates and a spatial Vs30 map
for California from USGS. T; for each tower type is determined from a modal analysis using
SAP2000, and the results are shown in Table 2.

Table 2: Modal Analysis Results for Steel Transmission Towers

Tower Type Steel Type Towfl:i:)‘slf ight Pf:;:(tl 12/,;,31 :s]
115kV Type AH Medium 4.454 0.200
115kV Type BH Medium 7.254 0.195
115kV Type CH Medium 7.444 0.143
230kV Type BW N/A 42.70 0.447
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From the SAP model results (Table 1), spectral acceleration hazard curves for T;= 0.2 s were
used for tower types 115kV Type AH, 115kV Type BH and 115kV Type CH, and spectral
acceleration hazard curves for T;= 0.5 s were used for tower type 230kV Type BW. These
periods are slightly longer than the reported periods for Tower Types CH and BW, but are used
because of the availability of hazard curve data at these periods from USGS.

As an example, Figure 3 shows the hazard curve selected for the representative steel tower from
Table 1. The hazard curves from the USGS database use geometric mean S, (T;) (GM S,(T;)) as
the intensity measure (im). For this analysis, the GM S, (T;) was converted to maximum
direction, or RotD100 S, (T;) using established ratios that consider T :'°

121-GM Sy(Ty) T, =02s

RotD100 Sa(Tl) = {1_23 -GM Sa(Tl) T, =05s

1E+00

1E-01
@
1E-02 1@
®
1E-03 1
1E-04 -

1E-05 - _

Annual Exceedance Frequency

1E-08

0 2 4 6 8
Geometric Mean S,(T,)

Figure 3: Hazard curve for a representative steel tower (Table 1) with a latitude and longitude of
40.4 and -123 .4, respectively, site class BC,and T; =0.2 s

10 Shahi, S. K., & Baker, J. W. (2014). NGA-West2 models for ground motion directionality. Earthquake Spectra,
30(3), 1285-1300. https://doi.org/10.1193/040913EQS097M.
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Seismic Annual Probability of Failure

Once the seismic fragility curve and hazard curve are determined, the risk integral is used to
evaluate the annual failure rate:

1= o
= | p(flim) |—| dim
0

where A is the annual failure rate, p(f|im) is the probability of failure conditioned on the im,
RotD100 S,(Ty), |;—’;| is the absolute value of the derivative of the seismic hazard curve (i.e.,

the slope of the curve), and the integration is performed over all possible intensities of
RotD100 S, (T;). For practical purposes, the risk integral can be described as the integration of
the fragility curve with the derivative of the hazard curve. Annual failure rate is converted to
annual probability of failure by assuming that earthquakes are a Poisson process, and using the
equation:

P(f)=1—e*

where P(f) 1s the annual probability of steel tower failure.

Limitations

The model described herein necessarily relies on simplifying engineering assumptions and
1dealized representations of complex engineering systems, threats and loads. The implications
and limitations of these modeling decisions have been discussed and accepted by PG&E Subject
Matter Experts. While we have made every effort to accurately capture key factors related to the
effects of seismic inertial forces on steel structures that could adversely affect PG&E’s
transmission structures based on available information, this model is expected to be further
refined as new idealizations, methods and/or data become available. Proper application of this
model requires recognition and understanding of the limitations of both the scope and
methodology.

The model described herein is intended to be incorporated into a comprehensive PG&E
framework (TCM Framework) that was developed to inform PG&E risk mitigation decisions.
Neither the Framework nor this model is intended to predict specific failures, and the actual
performance of some assets may be materially different from that anticipated by the model.

For limitations associated with the Framework, see Revision 1 of Exponent’s “PG&E’s
Composite Risk Model for Overhead Electric Transmission Components: A White Paper,” dated
March 31, 2022.
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Wood Decay Model
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FXYponent

EXTERNAL MEMORANDUM

To: I (PG&E)

FroOM: Exponent
DATE: March 31, 2022
PROJECT: Operability Assessment and Transmission Composite Models

SUBJECT: Wood Decay Model

Exponent has developed a wood decay model to incorporate the results of Osmose Pole Test &
Treat (OPTT) data into the Operability Assessment (OA) tool and the Transmission Composite
Model (TCM). The purpose of this memorandum is to provide a summary of the technical
bases underpinning this model and describe its implementation in the OA tool and TCM.

Motivation for Model Development

The OA tool and TCM provide a similar risk-based framework for evaluating the strength of
transmission line assets to resist wind loads (as well as other loads in the case of the TCM). The
OA tool and TCM use the results of enhanced inspections, among other data sources, to evaluate
the current remaining strength of wood poles relative to the strength of a new pristine wood
pole.

In addition to enhanced inspection results, PG&E has results from OPTT inspections of wood
poles. These results provide an estimate of the pole’s remaining strength based on the
undecayed cross-section of the pole near groundline, a well-established indicator of a wood
pole’s ability to resist bending moments induced by lateral loads. The OPTT results can be
incorporated into the OA tool and TCM to more precisely account for decay-related strength
loss for Transmission Line Asset Management and Operability Assessment decisions. Further,
an understanding of decay progression can be used to predict future decay-related strength loss
of wood poles for Asset Management decisions.
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Technical Bases for Model Development

Modeling of decay behavior in wood utility poles is a subject of considerable research. Key
findings across a broad range of research efforts include the following:

e Some wood poles exhibit negligible decay, even after several decades of service. Such
poles are decay resistant (due to species or treatment) and/or located in environments
that, for whatever reason, are not conducive to decay formation.

e For wood poles that exhibit decay, the rate of decay is typically very low early in the
service life of the pole and then begins to increase at some later date. Researchers have
proposed bilinear or similar decay models to account for this phenomenon, whereby the
decay-related reduction in pole strength is negligible for several years (estimated as
approximately 7 years in a 2005 study by Li'), and then proceeds in a linear, or nearly
linear, manner thereafter (Figure 1).

e Different regions of the US are generally more prone to decay, as well as higher rates of
decay, than others. This forms the basis of decay severity zones for wood utility poles
identified by the US Department of Agriculture (USDA).? Of the five zones identified
by the USDA, PG&E’s service area encompasses three: Zones 1, 3 and 4 (Figure 2).

Exponent has reviewed results from 2006 — 2020 OPTT inspections for PG&E wood poles and
used them to calculate average decay rates per USDA decay severity zone. This data provides
up to two cycles of inspections for some wood poles.® In the case of poles with two inspection
cycles, a pole-specific decay rate was determined by dividing the difference in remaining
strength ratios between inspections by the number of years between inspections. If results from
only one inspection cycle was available, the decay rate was calculated in a similar manner by
assuming no strength reduction at 7 years. Table 1 summarizes the calculated average decay
rate from OPTT results per decay severity zone.* The average decay rates are higher in Zone 4
than in Zone 1 or 3, which shows some correlation, though not perfect, with the expected decay
rate mapping in Figure 1.

Li, et al. (2005) “Degradation-path Model for Wood Pole Asset Management,” IEEE.

USDA RUS Bulletin 1730B-121 (https://www.rd.usda.gov/files/UEP_Bulletin 1730B-121.pdf).

It is Exponent’s understanding that OPTT inspections typically occur every 10 years.

The average decay rate for wood poles in Zone 3 is slightly lower than that of Zone 1. Based on currently available information, the reason
for this is unknown.

a2 owoN =
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Table 1. Calculated average decay rate per USDA decay severity zone

USDA Decay Average Decay Rate
Severity Zone (Strength Loss Ratio per Year)
Zone 1 0.0111
Zone 3 0.0093
Zone 4 0.0125
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Figure 1. Models for decay-related strength reduction of wood poles.®

> Abdullahi M. Salman, Yue Li, Emilio Bastidas-Arteaga. (2017) Maintenance optimization for power distribution systems subjected to

hurricane hazard, timer decay and climate change. Reliability Engineering and System Safety, Elsevier.

2102746.000 - 7635

Some of the measures included in this document are contemplated as additional precautionary measures intended to further reduce the risk of future ignitions following the 2017 and 2018 wildfires.



WMP-Discovery2023_DR_OEIS_001-Q007Atch02_Redacted

Wood Decay Model
Page 4

RUS Bulletin 1730B-12
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