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Abstract

Wildland urban interface (WUI) communities in the Western United States have recently
dealt with historic and devastating wildfires year after year. The fires have cost tens of
billions in damage, burned tens of thousands of structures, displaced thousands of
residents, and killed over one hundred people. The 2017 Tubbs fire and 2018 Camp fire
caused catastrophic infrastructure losses, and extensive fire damage to the water
distribution systems in the towns of Santa Rosa and Paradise CA. Fire damage caused
the water distribution system to become contaminated with volatile organic compounds
(VOCs) including benzene, a well-known carcinogen. To this day the towns of Santa Rosa
and Paradise are still recovering from the water contamination problems caused by the
wildfires. This study investigates the heat transfer of wildfires through the soil to quantify
if the maximum operational temperature (60°C) of common pipelines is exceeded during
a wildfire. This was accomplished using a one-dimensional transient heat conduction
model, that looks at the effect of burial depth, surface burn duration, surface temperature
of the fire, surface heat flux, and the thermal diffusivity of the soil. Results of this research
indicate that burial depths of pipelines and burn duration of the wildfire are key factors in
determining if operational temperatures of the pipeline are exceeded. Under conditions
that are expected in a wildfire affecting a WUl community in the intermountain West;
maximum operational temperature of the pipelines was exceeded at depths up to 0.45m.
A fragility analysis of burial depths reveals that operational temperature of the pipelines
will be exceeded at least 50% of the time at depths up to 0.19m. This research will provide
useful information for municipalities in WUl communities to plan for future resiliency

against wildfires.



Introduction

Wildfires have increased in frequency and intensity over the last 30 years, a trend that is
especially problematic in wildland urban interface (WUI) communities. WUl communities
are one of the fastest growing land use types in the United States (Radeloff et al. 2018).
The 2017, 2018, and 2020 California fire seasons had particularly devastating impacts to
WUI communities. The 2017 Tubbs Fire was, at the time of the fire, the most destructive
and costliest wildfire on record. Although only 36,807 acres burned, 5,636 housing units
were destroyed, with estimated losses costing $9.4 billion at the time (Cal Fire 2020a;
Kasler 2017). The record-breaking losses of the Tubbs Fire were soon surpassed by the
2018 Camp Fire. The Camp Fire was both the deadliest and costliest wildfire on record,
where 85 people died and estimated losses were $16.5 billion (Low 2019). 153,336 acres
burned destroying 11,300 housing units within the town of Paradise, and a total of 18,804
housing units were destroyed in the fire (Cal Fire 2018). The 2020 August Complex Fire

was the first “Gigafire” burning over one million acres (Cal Fire 2020b).

One particularly devastating effect of both the Tubbs Fire and the Camp Fire was
damage to and contamination of the water distribution system within the towns of Santa
Rosa and Paradise. This contamination and damage lasted several months after the fire
was over. Water testing is still occurring at the time of writing this report (Schulze et al.
2020). Volatile organic compounds (VOCs), including benzene, were discovered within
the water distribution system shortly after the fire, prompting the Paradise Irrigation
District to issue a city-wide water advisory (PID 2019). In an effort to determine the source

of the contamination, Paradise Irrigation District began sampling various portions of the



water distribution system and replacing portions of pipe that were contaminated with

VOCs.

A typical schematic of a water distribution system is shown in Figure 1, and is
comprised of water mains, meter boxes, and service laterals. The water main is
considerably larger in diameter (15.2 — 40.6 cm), buried at a larger distance from the
ground surface 1.07m, and transports water throughout the system. Service lateral pipes
are smaller in diameter (1.3 — 10.2 cm), located closer to the ground surface at a minimum
of 0.305m, and serve as the primary distribution point into a structure (Duffy 2019). In
addition, service lateral pipes connect a home or building to the water meter, and will be
buried under wildfire fuel (e.g. brush, homes, trees) whereas water mains are typically
buried under roadways where there is no fuel. Schulze and Fischer (2021) report that 3%
of water main pipes tested in Paradise and Santa Rosa contained elevated levels of
contaminants, while 19% of service lateral pipes tested had elevated levels of
contaminants.

Meter Box
To Structure

Y — 7

e

Service Laterals

Figure 1. Schematic of a typical water distribution system.



Water Distribution System Contamination

Two possible sources of contamination in the water distribution due to wildfires are 1)
exposed service laterals that have been damaged during the fire (Santa Rosa 2018) and
2) thermal degradation of the service lateral pipes themselves (Chong et al. 2019;

Isaacson et al. 2021).

Depressurization of the water system during a wildfire can cause an intake of toxic
gasses from the burning environment (both built and natural) into the water distribution
system. During a wildfire, damaged service laterals will continually leak water, causing
extra demand on the water distribution system. Firefighting efforts during the wildfire
produce additional demand on the water distribution system. All of the excess demand
on the water distribution system can cause depressurization events throughout the
system, which allows for toxic gases and ash to enter from nearby burning structures.
The VOCs from the gasses and ash are then absorbed into the materials of the water
distribution system (pipes, gaskets, etc.), and contaminates are slowly released back into
the water within the system once normal water flow and pressure has been reestablished
(Proctor et al. 2020). Backflow devices, when properly installed, can help prevent this.
However, the town of Santa Rosa found that VOCs were still present in some of the
service laterals in a few locations that had backflow devices installed (Schulze and

Fischer 2021).

Another potential source of contamination is from the service lateral pipes
themselves (Chong et al. 2019; Isaacson et al. 2021). Common service lateral pipe

materials found throughout the United States include copper, galvanized steel, and



plastics, such as high-density polyethylene (HDPE), polyvinyl chloride (PVC), and cross-
linked polyethylene (PEX). Historically, copper and steel pipes were used as pipe material
for service laterals; however, in the later part of the 20t century plastic pipes have
increased in popularity for both their affordability and ease of use during installation
(Sharpe and Associates 2010). In the town of Paradise, copper and HDPE service laterals
were the most common prior to the 2018 Camp Fire and experienced extensive damage

during the wildfire (PID 2019).

These service lateral pipe materials are not tested at temperatures they are
exposed to during a wildfire. Both Paradise and Santa Rosa found damaged service
lateral pipes and both towns replaced all service laterals on private properties as a
stipulation for receiving a certificate of occupancy for people to move back to their homes.
Homes and buildings can burn for upwards of 4 hours depending on size and type,
reaching peak temperatures of nearly 1000°C (Beitel and Iwankiw 2008; Schulze et al

2020).

Background

The ability of heat to transfer down through soil has long been a focus in grasslands and
forests (Massman et al. 2003; Wells et al. 1979), but is more recently coming into focus
in WUl communities as a potential cause of damage to water distribution systems
(Schulze and Fischer 2021). Degree of saturation, mineral content, organic matter,
porosity, temperature, and grain size all contribute to and effect the thermal conductivity
of soil (Ochsner et al. 2001; Smits et al. 2016; Campbell et al. 1994; Abu-Hamdeh 2003).

For example, Abu-Hamdeh and Reeder (2000) found that thermal conductivity decreased
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with increasing soil organic matter. As the degree of saturation of soil increases, soil
thermal conductivity also increases (Smits et al. 2010). Soil temperature can also play a
key role in the thermal conductivity of the soil where increased temperatures lead to

increased levels of thermal conductivity (Campbell et al. 1994).

Another important and related soil parameter is thermal diffusivity (a). Thermal
diffusivity is the rate of heat transfer in a solid from one temperature gradient to another.
Thermal diffusivity and thermal conductivity (1) are intrinsically related by the simple
relationship shown in Equation 1, where the thermal diffusivity () is the ratio of thermal

conductivity (1) to the heat capacity of the soil (C).
2 [1]
*=T

Scotter (1970) compared experimental data to a simplified mathematical model
(Carslaw and Jaeger 1959) to calculate soil temperatures underneath a grass fire. The
grass fire obtained a peak temperature of 300°C, and maintained temperatures of over
100°C for 80 seconds. Scotter (1970) measured elevated soil temperatures up to 4cm
below the surface throughout this fire. When utilizing the mathematical model to calculate
the soil temperatures, Scotter (1970) found that the calculated temperatures were highly
correlated to the experimental data. Scotter (1970) also found that the duration the
surface temperatures were over 100°C effected below ground soil temperatures more

than the maximum temperature of the fire on the surface.

Grass fires have a shorter burn duration, decreased fuel loading, and lower peak

temperatures when compared to wildfires in WUl communities (Rehm et al. 2002). Fuel
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loading in an urban dwelling and office environment can be 40 — 100 times greater than
what is found in grasslands, and 2 — 5 times greater than what is found in a heavy brush
forest (Chandler et al. 1983). In WUl communities, housing density is a key factor that
determines fuel loading, indicating that fuel loading will be variable within and between
communities of different sizes and housing densities (Rehm et al. 2002). Research by
Schulze and Fischer (2021), found that portions of WUl communities with increased
housing density resulted in a higher probability of contaminates present in the water

distribution system after a wildfire.

The objective of this research is to: (1) quantify the influence of thermal diffusivity,
heating duration, surface temperature, and surface heat flux, on the thermal gradient
through the soil and (2) calculate the probability that pipelines will exceed their operational
temperature considering variation in thermal diffusivity, heating duration, surface
temperature, and surface heat flux. This will be achieved by using mathematical models
to solve transient heat conduction through a semi-infinite solid (Carslaw and Jaeger 1959)
and developing a probabilistic fragility function to explore the influence of key parameters
influencing thermal gradients through the soil. The results of this research will highlight
the importance of testing pipelines at temperatures that exceed their operational
temperature. This is to ensure that the pipe material is not contributing to contamination
of the water within the water distribution system during a wildfire. Additionally, we aim to
help inform future research into the wildfire impact of buried utilities in high-risk WUI

communities.
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Modeling and Methodology

During a wildfire, heat transfers from burning entities (e.g. brush, homes, trees) to the
surface of the soil via convection and radiation. However, heat transfer through a solid is
controlled by conduction (Drysdale 2011). A simplifying assumption of conduction only
heat transfer from wildfires was made for this report based on the work of (Scotter 1970).
A further assumption of treating the ground as a semi-infinite solid is appropriate for the
development of heat transfer models (Carslaw and Jaeger 1959). To calculate the
temperature distribution through the soil under a home, a one-dimensional (1D)

conductive heat transfer analysis was performed in Python.

Heat Transfer Equations

The analysis presented within this paper is a transient 1D heat transfer analysis based

on the partial differential equation shown in Equation 2. In this formulation,

9°T 10T

ox? ~ ot 2
a is the thermal diffusivity of the soil, T is the surface temperature, x is the depth below
ground, and t is time. To solve Equation 2, boundary conditions need to be defined
(Figure 2). The first boundary condition, T'(0, t) is temperature at t = 0 on the surface of
the ground, x = 0. In this study, the surface temperature will be defined in the analysis as
a parameter to investigate. The second boundary condition defined, is the initial

temperature of the soil, T;, which is considered homogenous throughout the semi-infinite

body, att = 0.
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Conductive
Heat Transfer
Through Soil

Figure 2. Boundary condition schematic of conductive heat transfer through soil.

Using the derivations performed by Carslaw and Jaeger (1959), when surface

temperature is constant, Equation 2 can be simplified to Equation 3.

T(x,t) —T; X
—Ts T, = erfc <2\/E) [3]

The complementary error function, erfc, is defined in Equation 4.

¢
erfc(() =1 —\/%fo e~ du [4]

The complementary error function cannot be solved analytically, but numerical solutions
have been solved. These values are commonly incorporated into computer programs
such as the open-source math package in Python that have been used for the following
analyses (Van Rossum 2020).

14



When the surface of a semi-infinite solid is exposed to a constant heat flux, Q”, the
temperature distribution through the solid can be calculated by solving the partial

differential equation shown in Equation 5.

anu 1 aqu
= - 5
0x?> a Ot 151

Equation 5 is the same format as Equation 2; however, heat flux is considered the primary
variable of the equation, instead of temperature. Solving Equation 5 with the boundary

conditons of ¢” = Q” at x = 0 for all time greater than zero yields:

T(x,t)—Ti:g ﬂexp _x_Z —x*erfc( ad ) [6]
Al dat 2Vat

where T(x, t) is the temperature of the soil at a specific depth (x) and time (t). Through

the algebraic manipulation of Equation 3, it is possible to determine the temperature in
the soil based on depth (x), surface temperature (T;), time (t), and thermal diffusivity («).
Initial temperature of the soil (T;) was held at a constant 20°C as a representative average

of the fluctuations in soil temperatures that occur daily and annually (Marquez et al. 2016).

Model Parameters

Maximum operational temperatures of common service laterals are presented in Table 1.
Copper and steel pipes have a much higher range of operating temperatures than plastic
pipes, with HDPE and PVC having the lowest at 60°C. Typically, water distribution
systems are designed for operation at 23°C. For temperatures that are expected to

exceed 23°C reduction factors are introduced to account for the increased temperature
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up to a specified maximum for the material (AWWA 2006). Industry recommended
minimum burial depth for plastic pipes is 0.46m (MAB 2019), while the Uniform Plumbing
Code (2021) requires a minimum of 0.305m below finished grade or 0.305m below the

frost line for water piping installation.

A range of surface temperature values were selected not only based on conditions
that would be commonly present during a fire, but also exploring the upper and lower
bound potential surface temperatures. Service lateral burial depths up to 0.5m were
considered to include the industry recommended burial depth of 0.46m within the bounds

of the research investigation (MAB 2019).

Table 1. Common service lateral materials and corresponding maximum operational
temperatures.

Maximum operational

Material temperature (°C) Source ASTM

PVC 60 Georg Fischer 2010 D1785
HDPE 60 PP1 2009 F2160
PEX 82 Home Innovations 2013 F876
Galvanized pipe 200 Duran 2013 AS53
Copper Type K 204 CDA 2010 B88

Due to the high variability of factors that affect the thermal diffusivity of soils, a
broad range of values representative of WUl communities were considered. This allows

for the inclusion of different soil types and varying local conditions that could be present.
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A thermal diffusivity range of 0.5 x 10 — 1.8 x 10® m?/s was chosen based on previous
research of soil types in WUl communities (Abu-Hamdeh 2003; Bilskie 1994; DeVries
1963; Marquez et al. 2016; Ochsner et al. 2001). For instances where a direct comparison
is made to a WUI community, soil types were collected from the USDA Web Soil Survey
tool (2019) and matched to thermal diffusivity values presented for specific soil types

found in the literature.

Surface burn duration is dependent on available fuel for the fire. WUI communities
have fuel loading that is estimated to be 40 — 100 times greater than a grassland
(Chandler et al. 1983). Scotter (1970) found that surface temperatures in a grass fire
remained elevated above 100°C for 80 seconds. Scaling that to a WUI wildfire would
indicate sustained elevated temperatures for over two hours. A range of surface burn
durations from 15-minutes to 4-hours were considered to include all possibilities that

would be present in a WUI wildfire.

Results and Discussion

The results of the 1D heat transfer analysis through the soil are presented in this section.
First, general trends in how fire characteristics and soil properties influence the thermal
gradient through the soil are summarized. Secondly, sensitivity and fragility analysis
results are presented. These results highlight key parameters that influence the

temperature profile through the depth of the soil during a wildfire.
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Heat Flux

Heat flux is the flow of energy per unit of time. Heat flux is often used to characterize fire
intensity and will impact the surface temperature during a wildfire and the temperature
gradient through the soil. Figure 3 shows the temperature distribution through the soil
when the surface heat flux is varied, while the thermal diffusivity and thermal conductivity
remain constant at 1.8 X 10 m?/s and 3.72 W/m °C, respectively. These values of
thermal diffusivity and conductivity are representative of a sandy loam soil, which
represent the upper range of what could be found in a WUl community (Ochsner et al.
2001). Each line represents a different burn duration of constant heat flux, showing that

the soil temperature at various depths below the surface.

Figure 3a shows the soil temperature distribution (°C) when the surface heat flux
remains constant at 15 kW/m? for four different heating durations. This surface heat flux
is representative of a low-intensity fire similar to the understory forest floor burning of pine
needles (Silvani and Morandini 2009). Figure 3d shows the soil temperature distribution
(°C) when the surface heat flux is set to 30 kW/m? for the same four different heating
durations. A surface heat flux of 30 kW/m? is representative of a WUI fire with a house
burning. Typical windows in a WUl community are designed for a heat flux of 45 kW/m?,
which could be the upper bound of a WUI fire (Kim and Lougheed 1990; Quarles and
Sindelar 2011). Figures 3b and 3c use constant heat fluxes that fall in between a forest

floor fire and a typical WUI fire.

The results presented in Figure 3 show that increasing the surface heat flux will

increase the ground surface temperature during a fire. In Figure 3a, the surface
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temperature for a two-hour fire with a constant surface heat flux of 15 kW/m? is 538°C
whereas in Figure 3d, the surface temperature for a two-hour fire with a constant surface
heat flux of 30 kW/m? is 1056°C. In addition, with increasing surface heat flux, the
operational temperature of the pipe is exceeded at a shallower depth. In Figure 3a the
operational temperature of the pipe was exceeded at 0.24m, while in Figure 3d the

operational temperature of the was exceeded at 0.28m.
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0.0 + = 0.0 —ts ——
gottif 7 £ 01
g r © 15 min. ry - 15 min.
(] /| —— 30 min. o —— 30 min.
€ 02t]/]. €021}/
a l —-= 1hr. a /|- —-= 1hr
3 ’ -+ 2hr 3 =+ 2hr
3 ! Max % Max
[} . . .
23] 03 1 —— operational o 0.3 .' —— operational
%_ g temperature % X temperature
a a
0.4 0.4
Surface heat flux: Surface heat flux:
15 kW/m? 20 kW/m?
0.5 0.5
(a) (b)
Soil Temperature (°C) Soil Temperature (°C)
0 200 400 600 800 1000 0 200 400 600 800 1000
0.0 R 0.0 —=
goit Yy o7 £ 01
ry f(,/' . - 15 min. ry - 15 min.
o K — 30min. S ’ — 30 min.
;:3) 0.2 I - —= 1hr. 5 0.2 i/ , . —-= 1hr
z /| - 2hr z g - 2hr
o) /! Max. © Max.
@ 031, —— operational @ 031], —— operational
;CEL .’ temperature -% ,' temperature
[ []
004 0041f
Surface heat flux: Surface heat flux:
25 kW/m? 30 kW/m?
0.5 0.5

(c)

(d)

Figure 3. Soil temperature distribution (°C) for varying levels of constant surface heat
flux with a thermal diffusivity of 1.8 x 10® m?/s and thermal conductivity of 3.72 W/m °C.
(a) Heat flux of 15 kW/m?, (b) Heat flux of 20 kW/m?, (c) Heat flux of 25 kW/m?, and (d)

Heat flux of 30 kW/m?
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Burn Duration, Thermal Diffusivity, and Surface Temperature

Burn duration, thermal diffusivity, and surface temperature all influence the thermal
distribution through the soil depth profile. Figures 4 — 6 show the results of the heat
transfer analysis at 0.1m, 0.3m, and 0.46m below the surface of the ground for a range
of burn durations, thermal diffusivity values, and surface temperatures. Analysis of
additional depths of 0.2m, 0.4m, and 0.5m can be found in the Appendix at the end of this

report.

Heat transfer results at 0.1m below the surface

Operational temperatures of the pipes are exceeded at lower surface burn temperatures
with increasing burn durations. Figure 4a shows that the maximum operational
temperature of the pipes (60°C) is exceeded for a 15-minute burn duration once surface
temperatures are in excess of 527°C with a thermal diffusivity of 1.8 x 10% m?/s. An
increase in burn duration to 30-minutes is shown in Figure 4b, where maximum
operational temperature of the pipes (60°C) is exceeded for surface temperatures above
207°C with a thermal diffusivity of 1.8 x 10 m?/s. The longest burn duration considered,
4-hours, (Figure 4e) shows that the maximum operational temperature of the pipes (60°C)
is exceeded at surface burn temperatures of 81°C with a thermal diffusivity of 1.8 x 10

m?/s and at 119°C with a thermal diffusivity of 0.5 x 10 m?%/s.
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Figure 4. Soil temperature (°C) at 0.1m below the surface for a range of thermal
diffusivities (0.5 x 10® < a < 1.8 x 10®* m?/s) and constant surface temperatures (°C).
(a) 15 minutes of burning, (b) 30 minutes of burning, (c) 1 hour of burning, (d) 2 hours of
burning, and (e) 4 hours of burning
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Heat transfer results at 0.3m below the surface

The Uniform Plumbing Code (2021) requires water piping installation at a minimum of
0.305m below finished grade or 0.305m below the frost line. At the code compliant
minimum burial depth, the 15 and 30-minute burn durations did not significantly increase
soil temperatures above ambient temperature (20°C), and are not shown within this

report.

For a one hour burn duration, thermal diffusivity of 1.8 x 10 m?/s, and ground
surface temperature of 900°C, the maximum soil temperature at 0.3m below the ground
surface was 27°C (Figure 5a), which is within operational temperatures for the pipelines
(PP1 2009). The maximum operational temperature (60°C) of the pipelines is exceeded
during a two-hour burn (Figure 5b) and a four-hour burn (Figure 5c¢) with sustained surface
temperatures of 661°C and 233°C, respectively, and a soil thermal diffusivity of

1.8 x 10 m?/s.
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Figure 5. Soil temperature (°C) at 0.3m below the surface for a range of thermal

diffusivities (0.5 x 10® < a < 1.8 x 10®* m?/s) and constant surface temperatures (°C).
(a) 1 hour of burning, (b) 2 hours of burning, and (c) 4 hours of burning

Heat transfer results at 0.46m below the surface

The 15-minute, 30-minute, and one-hour burn durations are not shown since they did not
cause a noticeable increase in below ground soil temperature for any soil parameters
analyzed at this depth. The industry recommended minimum burial depth for plastic pipes
is 0.46m (MAB 2019). At this depth, the two-hour surface burn duration with a sustained
surface temperature of 900°C and soil thermal diffusivity of 1.8 x 10® m?/s resulted in a

maximum soil temperature of 24°C at 0.46m below the surface of the ground (Figure 6a).
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At the same depth, the soil reached a maximum temperature of 58°C with four-hours of
burn duration and the same sustained surface temperature and soil thermal diffusivity
(Figure 6b). 58°C is just below the maximum operational temperatures of 60°C for the

pipes considered.
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Figure 6. Soil temperature (°C) at 0.46m below the surface for a range of thermal

diffusivities (0.5 x 10® < a < 1.8 x 10®* m?/s) and constant surface temperatures (°C).
(a) 2 hours of burning, and (b) 4 hours of burning

Depth Below Ground

As discussed in the previous section, the temperature distribution through the soil can be
quite large, since soil acts as a heat sink. Figure 7 shows a below ground soil temperature
profile for a range of burn durations while holding thermal diffusivity constant at 1.8 x
10" m?/s. This thermal diffusivity is representative of a sandy loam soil and is the highest
thermal diffusivity possible in a WUI community (Ochsner et al. 2001). Figure 7a shows
the temperature distribution through the soil that is representative for a sustained surface
temperature of 600°C for multiple burn durations. For a 15-minute burn duration, the

maximum operational temperature of the pipes (60°C) was exceeded at 0.104m below
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the surface. Whereas, a four-hour burn duration resulted in the maximum operational
temperature of the pipes (60°C) exceeded at a maximum of 0.414m below the surface of
the ground (Figure 7a). The upper bound surface temperatures expected from a fire in a
WUI community is 900°C. When considering a 900°C sustained surface temperature for
a 15-minute burn duration, the maximum operational temperature of the pipes (60°C) is
exceeded at a maximum depth of 0.114m below the surface of the ground. For the four-
hour, 900°C burn duration and temperature, maximum operational temperature of the

pipes (60°C) was exceeded at a maximum depth of 0.455m below the ground surface.
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Figure 7. Soil temperature (°C) distribution to 0.5m below the surface with thermal
diffusivity as (a = 1.8 x 10-® m?/s) for: (a) a representative structure fire (600°C), and (b)
an upper bound structure fire (900°C)

Figure 8 presents the temperature distribution through the soil for a range of burn
durations while holding thermal diffusivity constant at 1.64 x 10 m?/s. Thermal diffusivity
of 1.64 x 10 m?/s (Soil Survey 2019) is representative of what could be found in a WUI
community, such as Paradise, CA based on similar soil types reported (Bilskie 1994;
DeVries 1963; Ochsner et al. 2001). Figure 8a shows the temperature distribution through

the soil that could be representative for a sustained surface temperature of 600°C. A 15-

25



minute burn duration caused soil temperatures that exceeded maximum operational
temperatures of the pipes at a depth of 0.099m below the ground surface. While a four-
hour burn duration at a surface temperature of 600°C caused soil temperatures to exceed
the maximum operational temperature of the pipes (60°C) at a maximum depth of 0.396m
below the surface. A decrease in thermal diffusivity of 0.16 x 10 m?/s resulted in the
maximum operational temperature of the pipes being exceeded five percent closer to the

surface.

Figure 8b is a plot of thermal gradients through the soil when there is a sustained
ground surface temperature of 900°C and a soil thermal diffusivity of 1.64 x 10 m?/s.
The 15-minute burn duration caused soil temperatures to exceed the maximum
operational temperature of the pipes (60°C) at a depth of 0.108m below the surface.
Whereas for a four-hour burn duration the soil temperature exceeded the maximum
operational temperatures of the pipes (60°C) at a depth of 0.435m below the surface. An
increase in the sustained ground surface temperature from 600°C (Figure 8a) to 900°C
(Figure 8b) resulted in the operational temperatures of the pipes being exceeded at a
shallower depth from the surface of the ground (9%) for the both the 15-minute and four-

hour burn durations.
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Figure 8. Soil temperature (°C) distribution to 0.5m below the surface with thermal
diffusivity as (a = 1.64 x 10 m?/s) for: (a) a representative structure fire (600°C), and
(b) an upper bound structure fire (900°C)

Sensitivity Analysis

A sensitivity analysis was performed to investigate which parameters have the greatest
impact on below ground soil temperatures. A base scenario (pipe burial depth, surface
temperature, and soil thermal diffusivity) was chosen to represent a case where the
maximum operational temperature of the pipes was exceeded. Depth below ground was
set at 0.305m, the code minimum burial depth. A burn duration of two hours was selected
as a median burn duration, while thermal diffusivity of 1.64 x 10 m?/s was selected as a
value that is present in intermountain West WUl communities (Ochsner et al. 2001; Soil
Survey 2019). A constant surface temperature of 800°C was selected to represent a
potential ground surface temperature during a WUI fire (Schulze et al. 2020). Figure 9 is
a tornado diagram that summarizes each variable in Equation 3 changing one at a time,
while holding the remaining variables constant at the base case. The maximum and
minimum values shown on Figure 9 represent the upper and lower bounds of potential

scenarios in a WUl community.
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Burial depth is observed to be the soil parameter that contributes the most to below
ground soil temperatures. Decreasing the depth of the pipe from 0.305m to 0.1m resulted
in an increase of soil temperature from 60°C to 427°C, while an increase in depth from
0.305m to 0.5m decreased the soil temperature from 60°C to 21°C. Burn duration is the
second most influential parameter that effects the below ground soil temperature. This
trend supports similar observations by Scotter (1970) who reported that it was the
duration of increased surface temperatures that mattered more than the maximum

temperature of the surface fire.

Increasing the burn duration from two-hours to four-hours increased the soill
temperature by 86°C, while decreasing burn duration from two-hours to 15-minutes did
not allow soil temperatures to increase above the ambient soil temperature of 20°C. Soil
thermal diffusivity was set equal to 1.64 x 10°® m?/s for the base case. An increase in
thermal diffusivity to 1.8 x 10® m?/s resulted in soil temperatures increasing to 68°C at a
soil depth of 0.305m. Decreasing thermal diffusivity to 0.5 x 10 m?/s only increased soil
temperatures 0.3°C above the ambient soil temperature of 20°C at a soil depth of 0.305m.
An increase in ground surface temperature to 900°C resulted in soil temperatures
increasing to 65°C at a depth of 0.305m, but a decrease in surface burn temperature to

100°C decreased soil temperatures from 60°C to 24°C at a depth of 0.305m.
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Figure 9. Tornado sensitivity plot of maximum and minimum soil parameters that
contribute to below ground soil temperature that is representative of a WUI community.

Fragility Function

A fragility function was developed to estimate the probability of exceeding the maximum
operational temperature of the pipes (60°C) given varying burial depth. Maximum and
minimum values for burial depth, burn duration, thermal diffusivity, and surface
temperature were used as outlined in the sensitivity analysis. The fragility function follows

the lognormal probability distribution function as given by Equation 7.
X
P(CID =x) = & (—ln (—)) [7]

P(C|D = x) is the probability that a depth with D = x will cause soil temperatures to
exceed 60°C. @( ) is the standard normal cumulative distribution function (CDF), 8 is the

logarithmic standard deviation, and 6 is the median of the fragility function (depth with a
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50% probability of exceeding 60°C). Thus, the development of the fragility function in

Equation (7) is dependent on the estimation of the fragility parameters § and 6.

The appropriate method for estimating the fragility function parameters, § and 6,
with this type of data is maximum likelihood estimation and follows the general form as
outlined in Baker (2015):

x.
m
1 ]

n; n—4, InZL
{3,9}=n/}%xz ln(Z]’,)+zjlncD TQ +(mj—z)n|1-® 7‘9 [8]

=1

where m is the number of x; depths considered, and z; is the count of the number greater

than 60°C out of the total n; analyses. This summation was then maximized using

software tools that produce the estimates of f and 6 that best fit the probabilities of
exceedance for all burial depths. z; was produced by solving Equation 3 over 50,000

unique times with different burn durations, thermal diffusivities, and surface temperatures.

The fragility curve was developed from the estimates of f and 6 from Equation 8
and resulted in the parameters, f = 0.5 and 6 = 0.19. The fragility parameters are then
used to solve Equation 7, providing the fragility curve shown in Figure 10. 6 = 0.19
indicates that the depth where the probability of exceedance is 50% is at 0.19m below
the surface. At the code minimum burial depth of 0.305m below the surface the probability
of exceeding the 60°C maximum operational temperature of the pipes is 17%. At the
industry recommend burial depth of 0.46m the probability of exceeding the 60°C
maximum operational temperature of the pipes is 3.8%. At a depth of 0.1m that can

commonly be associated with the junction between the structure and the pipeline the
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probability of exceeding 60°C is 90%. This fragility function can be broadly implemented

in WUI communities that fall within the soil and burn parameters of this report.

1.0 —— Fitted fragility function

Probability of exceeding 60°C

0.0 0.1 0.2 0.3 0.4 0.5
Depth below ground (m)

Figure 10. Fragility curve describing the probability of exceeding the maximum
operational temperatures of buried pipes (60°C) based on burial depth (m).

Limitations

There are certain inherent limitations that were built into this research, both with model
choice and model inputs. A more comprehensive view of the temperature distribution
through the soil profile would have been to incorporate all modes of heat transfer;
radiative, convective, and conductive. However, for this research we considered heat
transfer from wildfires as conduction only (Scotter 1970). Another limitation of the model
used in this research is that it only considers constant surface temperature and constant
surface heat flux. It is known that temperatures during a wildfire can vary significantly,
and time temperature curves of such fires have been well documented. Modeling surface
temperature as constant can both over and underestimate the true temperature of the soil

underneath a wildfire. Variable temperatures within the wildfire also effect the burn
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duration parameters of this research. After the wildfire has burned a significant portion of
the available fuel; the wildfire will then begin to smolder at decreased temperatures.
Smoldering is a period that can maintain elevated temperatures for hours to days

depending on the conditions (Massman et al. 2008).

Soil properties such as moisture content and thermal diffusivity will change as the
temperature of the soil is increased during a wildfire (Campbell et al. 1994; Smits et al.
2010). These changes to moisture content and thermal diffusivity with respect to time
were not included in this research. The approach taken in Figures 4 — 6, where a broad
range of thermal diffusivity values were considered, helps to reduce the impacts of these
time dependent changes. This is a simplification of the overall behavior of both the soil
properties and the temperature of the soil underneath a wildfire but provides a baseline

of general trends that could be present in WUI communities.

Conclusions and Future Work

Wildfires in WUI communities have increased in frequency over the last several decades
and are expected to continue to increase in both frequency and intensity in the years to
come due to the ongoing effects of climate change. Wildfires are not only destroying
above ground infrastructure, but can damage buried utilities that have, until recently, been
considered to be unaffected. The water contamination crises in the towns of Santa Rosa
and Paradise were a direct result of the wildfires that burned through those communities.
Several key soil parameters commonly found in WUl communities were analyzed using
established mathematical models (Carslaw and Jaeger 1959). Using operational

temperatures of buried utilities as a focus, we can conclude that burial depth and surface
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burn duration play a key role in determining if the maximum operational temperature of

the buried utility will be exceeded.

At the code minimum burial depths of 0.305m below the frost line and industry
recommended burial depths of 0.46m below the frost line, changes in below ground soil
temperature are highly sensitive to variations in depth and burn duration. Under maximum
conditions tested, a change in depth of one centimeter from 0.46m to 0.45m is all that is
required to exceed the maximum operational temperature of the buried pipe (Figure 7b).
Such a small tolerance for variability is problematic considering that installation methods
can have tolerances well in excess of one centimeter, providing no margin of safety
against exposure to temperatures that are too high. The connection point of the service
lateral to the house can be much closer to the surface, exposing the pipes to extreme
temperatures well above the maximum operational temperatures (Figure 4). Exposure to
extreme temperatures can occur by conduction through soil, the foundation of the house,
or through direct flame contact if the service laterals are only separated by combustible

materials.

Further research is needed to investigate the effects of exceeding the maximum
operational temperature of the service lateral distribution system. Visual evidence of
melted pipe material can indicate that the pipe in question has been damaged and could
potentially have leached previously inert chemicals into the water system. However, if no
visual cues are present, it is impossible to determine if the operational temperature of the

pipe has been exceeded, and if any contaminants have been transferred into the water.
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Lastly, it is important to understand the duration of time that pipes can be above their

operational temperatures before contaminants are transferred into the water.

Appendix

Heat transfer results at 0.2m below the surface

Figure A-1 shows the soil temperatures at 0.2m below the surface for a range of surface
burn durations, thermal diffusivities, and surface temperatures. The 15-minute burn
duration is not shown, since it did not cause a noticeable increase in below ground soil
temperature for any range of surface temperatures or thermal diffusivities analyzed at
0.2m below the surface. Figure A-1a shows that 30 minutes of sustained surface
temperatures of 900°C with maximum thermal diffusivity only raised the below ground soll
temperature to 31.4°C, which does not exceed the maximum operational temperatures of
the pipelines (60°C). The maximum operational temperature (60°C) of the pipelines is
exceeded during a one-hour burn (Figure A-1b) and a two-hour burn (Figure A-1c) with
sustained surface temperatures of 527°C and 207°C respectively, and a thermal
diffusivity of 1.8 x 10® m?/s. Figure A-1d shows that for the four-hour surface burn,
maximum operational temperatures of the pipes are exceeded with a constant surface
temperature of 125°C and a thermal diffusivity of 1.8 x 10® m?/s, or a constant surface

temperature of 438°C and a thermal diffusivity of 0.5 x 106 m?/s.
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Figure A-1. Soil temperature (°C) at 0.2m below the surface for a range of thermal
diffusivities (0.5 x 10® < a < 1.8 x 10®* m?/s) and constant surface temperatures (°C).
(a) 30 minutes of burning, (b) 1 hour of burning, (c) 2 hours of burning, and (d) 4 hours
of burning

Heat transfer results at 0.4m below the surface

Figure A-2 shows the results of the analysis at 0.4m below the surface for a range of
surface temperatures, thermal diffusivities, and burn durations. At 0.4m below the surface
burn durations of 15-minutes, 30-minutes, and one-hour did not significantly increase soil
temperatures above the ambient temperature of 20°C and are not included in this report.
Figure A-2a shows that although the two-hour burn duration did increase soill

temperatures at a depth of 0.4m, temperatures were only able to reach 31°C with a 900°C
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constant surface temperature and a thermal diffusivity of 1.8 x 10°® m?/s. The maximum
operational temperatures of the pipelines (60°C) is exceeded at four hours (Figure A-2b)
with a constant surface temperature of 527°C with a thermal diffusivity of 1.8 x 106 m?/s.
The maximum soil temperature at 0.4m below ground that was achieved at the upper limit

of these analyses is 89°C.
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Figure A-2. Soil temperature (°C) at 0.4m below the surface for a range of thermal

diffusivities (0.5 x 10 < a« < 1.8 x 10® m?/s) and constant surface temperatures (°C). (a)
2 hours of burning, and (b) 4 hours of burning

Heat transfer results at 0.5m below the surface

Figure A-3 shows the soil temperatures at a depth of 0.5m below the surface for a range
of surface burn durations, thermal diffusivities, and surface burn temperatures. The 15-
minute, 30-minute, and one-hour burn durations are not shown since they did not cause
a noticeable increase in below ground soil temperature for any range of surface
temperatures or thermal diffusivities tested at 0.5m below the surface. The two and four-
hour burn durations caused a noticeable increase in soil temperatures at 0.5m below the

surface, however neither the two-hour nor the four-hour burn times exceeded the
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maximum operational temperature (60°C) of the service lateral pipes at that depth. The
two-hour burn increased soil temperatures to 22°C (Figure A-3a), while the four-hour burn
increased soil temperatures to 45°C (Figure A-3b) under the maximum temperatures and

thermal diffusivities considered (900°C and 1.8 x 10 m?/s respectively).
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Figure A-3. Soil temperature (°C) at 0.5m below the surface for a range of thermal
diffusivities (0.5 x 10® < a < 1.8 x 10®* m?/s) and constant surface temperatures (°C).
(a) 2 hours of burning, and (b) 4 hours of burning
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