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Introduction

Many of the most catastrophic wildfires in United States history share a common thread:
fire spread from the wildlands into the WUI and suburban environment. This study focused
on the concept of a built environment conflagration resulting from wildfires, where fire
spreads uncontrollably from structure-to-structure. Most recently, the Lahaina Fire on the
island of Maui, Hawaii and the Marshall Fire in Colorado demonstrated the chilling impact
of a wildfire-induced conflagration in the built environment. The study also included data
from the 2007 Witch Fire. Those fires spread from arid grasslands into a community
environment and in both cases over 1,000 structures were lost in just twelve hours.

Page 2 - Across history the five overlapping factors that have always accompanied urban
and suburban conflagrations are:

* Drought

e Wind

¢ |gnition mechanism, often human-based

¢ Dense construction using materials with little to no resistance to the hazard

¢ Dense combustible elements surrounding and between structures
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Post-disaster investigations show that 90 to 95 percent of all structures that catch fire will
be destroyed.

Seventy percent of all structures destroyed in a wildfire are homes.



For fires where 100 or more structures are damaged or destroyed, the top 20% of those
events account for nearly 95% of the total wildfire-related losses.

Page 6 - (Oakland Hills Fire) The speed at which suburban conflagration can unfold was
observed as fire entered the Hiller Highlands Development. All homes in this neighborhood
were ignited within 16 minutes and all were destroyed?. Despite the fire’s relatively small
size (1,600 acres burned), it destroyed 3,354 single family homes and 456 apartment units
and became the first billiondollar wildfire disaster in the United States8.

7Parker, D.R., (1992). The Oakland-Berkeley Hills Fire: An Overview. Oakland Office of Fire
Services, Technical Report.

8Routley, J.G., (1992). The East Bay Hills Fire: Oakland-Berkeley, California. FEMA USFA-TR-
060 Technical Report. 120 pp.

Page 10 - Built Environment Conflagration:

The Common Threads There are striking similarities between urban conflagrations of the
past and the modern era of wildfire-driven suburban conflagration. There are four elements
that all conflagrations share:

* They are typically preceded by or occur during drought conditions.
¢ They include densely packed structures with combustible exterior and framing materials.
¢ Weather conditions with winds of at least 20-30 mph.

¢ Fuels that connect the dense structures together, providing a pathway of fire.

Marshall Fire December 2021 Case Study observation pages 10 - 13 below. The source of
the fire was 2.5 miles away from where the homes burned. 1036 homes, 9 apartment
buildings and 11 commercial structures.

Page 10 - "Connective fuels are represented by typical elements of suburban landscaping,
ornamental vegetation, wooden privacy fences, sheds, playhouses, etc. These are
sometimes also referred to as part of the ladder fuel category."



Page 11 - "Fire can spread uncontrolled both through the suburban and wildland
environments. To slow fire spread neighborhoods must function as fuel breaks rather than
fuel sources. Primarily, they must resist ember attacks as wildfire approaches. Then the
structures and the space between must also serve to break the chain of fire spread through
flame contact and radiant heat."

Page 12 - "The total vegetative areal coverage (canopy and identified ornamental
vegetation) between homes averaged approximately 60%. This vegetation coverage was
combined with wood privacy fences that physically connected nearly 70% of the homes in
this neighborhood." "The vegetation coverage on each parcel was approximately 55% but
over 90% were physically connected to their neighbors by wooden privacy fences."

Page 13 - "One major vulnerability at the parcel level was present. Dense vegetation within
the 0- to 5foot home ignition zone was observed on nearly all homes. In addition, the native
grassland was interconnected within the neighborhood with no fuel breaks. This likely
brought significant radiant heat and direct flame into the 0- to 5-foot home ignition zone of
the first structure that ignited. At that point, extreme flame and radiant heat exposure
overwhelmed the hardening elements that were present and/or exploited other
vulnerabilities, such as vents, combustible soffit material etc."

"Once the first home ignited in this area, embers produced by structural fuels became the
dominant mechanism for fire spread. The Marshall Fire is a reminder of the multiple ways
in which a suburban conflagration can unfold. It clearly iluminates how community scale
protections must work as a system to defend against wildfire as a single weak link can
begin the cascade to catastrophe.

Page 18 - Moisture and Relative Humidity

"The moisture content of fuel has a significant impact on fire behavior in large outdoor fires.
Fuel moisture content is strongly correlated with relative humidity, which is itself a function
of atmospheric vapor pressure deficit. As the vapor pressure deficitis high, the atmosphere
can hold a large amount of water, which results in a large moisture gradient between plants
and the air, allowing for higher evaporation rates. Vapor pressure deficit controls several



stages of fire, including ignition probabilities, initial spread rates, burn area, and extinction
likelihood27."

27 Sedano, F., and J. T. Randerson, (2014). Vapor pressure deficit controls on fire ignition
and fire spread in boreal forest ecosystems. Biogeosciences Discussions 11.1, 1309-1353.

Pages 18-19 - "Both live and dead vegetation are consumed as fuels in a wildland fire,
where the flammability of dead fuels is typically higher, due to lower moisture content,
compared with live fuel. The moisture content of the dead fuel is constantly changing due
to the fact the only mechanism of exchanging moisture is through diffusion with the
surrounding air. In other words, depending on the relative humidity, solar radiation and
thermophysical properties of the dead fuel, the fuel can absorb or desorb moisture in
different time scales28. These two processes happen at different rates; for woody
particles, losing moisture happens faster than gaining it29.

28 Mark A Finney, Sara S McAllister, Torben P Grumstrup and Jason M Forthofer, (2021).
Wildland Fire Behavior, CSIRO Publishing, 376 pp.

29 Forest Product Laboratory, Wood handbook-wood as an engineering material, 1999.

"The same concepts apply to structural fuels, but the details and relationship between
moisture content and ignitability are less understood due to their complex behavior.
Structural fuels are often a combination of cellulosic and synthetic materials which
respond differently when exposed to heat. Given that nearly all the urban conflagrations of
the past were preceded by some degree of drought, the response of structural fuels to
ambient moisture is clearly a factor. However, there have been only a few small-scale
studies focused on understanding the effects of moisture content on ignitability of
common building materials. While Moysey and Muir report that moisture content did not
greatly affect time to ignition if the moisture content of samples were below 20%, Hedayati
et al (2018) demonstrated that varying the moisture content between 5% and 15% affects
time to ignition when the sample of structural fuel materials (both engineered and natural
wood framing materials) were exposed to 20 kW m-2 radiative heat flux. At higher heat flux
levels, moisture content played little or no role in the time to ignition."



Page 19 - Topography

"The topography of a region interacts with weather conditions, fuel properties, and fire
behavior feedback loops to influence fire spread. In combination, these factors influence
fire spread rates, making it difficult to isolate the effects of topography30. The influence of
terrain on a built environment conflagration is tied to the ignition potential of homes during
the initial stages of an event, and its potential to slow or accelerate fire spread through a
community. When applied, a slope that increases by 10 degrees generally leads to a
twofold acceleration in the speed of a fire. If the slope measures 20 degrees, the fire could
propagate four times faster compared to its spread on level terrain."31.

31 Dupuy, J. L., & Maréchal, J. (2011). Slope effect on laboratory fire spread: contribution of
radiation and convection to fuel bed preheating. International Journal of Wildland Fire,
20(2), 289-307. Silvani, X., Morandini, F., & Dupuy, J. L. (2012). Effects of slope on fire
spread observed through video images and multiple-point thermal measurements.
Experimental Thermal and Fluid Science, 41, 99111.

Page 21 - Extent and Size of the Fire Front Reaching the Community

"A fire that starts closer to a community will have a narrower fire front and ember-cast
exposure toward the exposed community. Likewise, a fire that starts further away will have
a larger fire front and ember cast exposure as it consumes more total fuel. In this scenario,
a larger cross section or perhaps even the entire community is exposed to conditions more
conducive for structure ignitions."

Page 22 - Structure Density

"California wildfires indicates the probability of a structure within a wildfire boundary being
destroyed is above 75% for residential, multifamily, and commercial construction. As
structures are consumed, they also become prolific ember producers allowing for all three
ignition mechanisms (ember attack, radiant heat, and direct flame contact) to act
simultaneously on neighboring structures."

Pages 23 - 26 - Connective Fuels



" Several factors affect the intensity of a fire, including the type, arrangement, amount, and
moisture content of the fuel. Fine fuels like grass and pine needles tend to ignite and burn
quickly, producing high-intensity fires and contributing significantly to the initial stage of
the fire spread. On the other hand, larger fuels such as logs or standing trees may burn
more slowly but can contribute to higher heat release and longer-lasting fires. Additionally,
the arrangement and continuity of fuel can affect the fire's ability to spread, influencing the
intensity of the flames. The arrangement and distribution of fuel, both vertically and
horizontally, is referred to as fuel continuity40. This continuity or connectivity describes the
degree to which fuels are interconnected to provide a continuous path for fire to spread. In
terms of fire behavior, fuel continuity plays a significant role in determining the rate and
intensity of fire spread. High fuel continuity, where fuels are densely distributed and
interconnected, can promote the rapid spread of fire, as flames can easily propagate from
one fuel source to another. In general, live vegetation exhibits gaps between needles,
shrubs, or trees, and clumps of them, arguing that understanding continuity of fuels is
critical for fire suppression and fuel management. Even at small scales, the separation
between fuel particles has been shown to create critical conditions for fire spread on both
natural and artificial fuel beds."41,42,43,44,45

40 National Wildfire Coordinating Group (NWCG), NWCG Glossary of Wildland Fire, PMS
205, 2018

41 Vogel M, Williams FR (1970) Flame propagation along matchstick arrays. Combustion
Science and Technology 1, 429-436. doi:10.1080/ 00102206908952223

42 Weber RO (1990) A model for fire propagation in arrays. Mathematical and Computer
Modelling 13(12), 95-102. doi:10.1016/0895-7177(90) 90103-T

43 Di Cristina, G., Kozhumal, S., Simeoni, A., Skowronski, N., Rangwala, A., & Im, S. K.
(2021). Forced convection fire spread along wooden dowel array. Fire Safety Journal, 120,
103090.

44 Bu, R., Zhou, Y., Shi, L., & Fan, C. (2021). Experimental study on combustion and flame
spread characteristics in horizontal arrays of discrete fuels. Combustion and Flame, 225,
136-146.

45 Van Wagner CE (1977) Conditions for the start and spread of crown fire. Canadian
Journal of Forest Research 7, 23-34. doi:10.1139/X77-004



"The concept of fuel connectivity observed in vegetation fuels can also be extended to
structural fuels such as fences, sheds, accessory dwelling units (commonly referred to as
ADUs), and other similar objects. The underlying mechanism driving fire spread remains
the same: when these structural fuels are closely spaced or connected, heat transfer
between burned and unburned particles occurs at a high rate, leading to rapid fire spread."

"Understanding the role of fuel connectivity in structural fuels is essential for assessing fire
risk and implementing appropriate fire mitigation strategies. It emphasizes the importance
of maintaining adequate spacing and reducing fuel continuity to minimize the potential for
fire spread and mitigate the risks associated with structural fires."

"According to post-fire investigations, discontinuities between trees, bushes and structures
can reduce the threat of tall, thick, high-intensity flames, which are strongly correlated with
building damage. An analysis of Ramsay's 50 post-Ash Wednesday bushfire damage in
Australia found that damage to homes was affected by the amount and type of vegetation
around them. Dense vegetation around houses aided in connecting the fire to other nearby
homes, making it less likely they would survive. During the Witch Creek Fire (2007), when
evaluating the vegetation within the first 30 feet of houses in San Diego County, California,
Maranghides et al51 found that 67% of homes with unmaintained vegetation were
destroyed, whereas only 32% of homes with maintained defensible spaces were
destroyed. The importance of fuel discontinuity was found to be more important near
buildings. Syphard et 25 al.52, after analyzing more than 2,000 structures in San Diego
County, concluded that those structures with defensible space that contained spaced
vegetative fuels "immediately adjacent" survived more fires. Additionally, Syphard et. al.
also found that reducing woody vegetation by up to 40% immediately adjacent to
structures and preventing vegetation from overhanging or touching structures were the
most effective measures."

51 Maranghides, A., McNamara, D., Mell, W., Trook, J., & Toman, B. (2013). A case study of a
community affected by the Witch and Guejito Fires: Report# 2: Evaluating the effects of
hazard mitigation actions on structure ignitions (NIST Technical Note 1796). National
Institute of Standards and Technology

52 Syphard, A. D., Brennan, T. J., & Keeley, J. E. (2014). The role of defensible space for
residential structure protection during wildfires. International Journal of Wildland Fire, 23,
1165-1175.



Page 30 - Human Factors

"At the parcel level, homeowners significantly underestimated the importance of the local
property-level topography, as well as roofing and siding materials. While their beliefs about
the importance of vegetation and attached decks, were closer to those of wildfire
experts49. Homeowners grasped the influence of surrounding elements outside their
neighborhood on their own wildfire risk, but when moving to a more granular view of how
interconnected a neighborhood is, homeowners underestimated the local view of their risk.
This barrier in risk assessment presents challenges as a neighbor’s home and their
mitigation elements (or lack thereof) directly affects a home’s ability to resist fire."

49 Menning, K. M., and S. L. Stephens. (2007). Fire climbing in the forest: a semiqualitative,
semiquantitative approach to assessing ladder fuel hazards. Western Journal of Applied
Forestry, 22.2, 88-93.

Page 34 - Human Factors

"Research has identified the communication gaps that are still present, and to some
degree where messaging and outreach can be successful. While communication efforts
are often focused through mass media, more effective channels have been found. These
have included more personalized and local efforts such as one-on-one consultation with
fire experts, townhall events, small workshops, tours, and demonstrations (Figure 13).
These activities were more effective at changing beliefs; however, they are time intensive
and typically do not reach large numbers of people73. The ability to link what must be done
at the parcel level and how it can, when executed at scale, reduce the probability of a
suburban or built environment conflagration and why, is critical to shrinking the gap
between awareness and action."



