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ACTION CALENDAR
February 11, 2025

To: Honorable Mayor and Members of the City Council

From: Paul Buddenhagen, City Manager

Submitted by: 
David Sprague, Fire Chief

Subject: Effective Mitigations for Berkeley’s Ember Resilience (EMBER): Building 
Code Amendments

RECOMMENDATION
Staff will return to Council by the end of 2025 with a resolution for the triannual adoption 
of the existing Berkeley Building, Historical and Fire Codes that will be applicable to 
Berkeley Fire Zone 3 and 4. These amendments to the 2025 California Building 
Standards will strengthen defenses against ignition of structures from embers, radiant 
heat and direct flame impingement during wildfire. Staff seeks Council’s input on this 
proposal and plan to return to Council at the end of 2025 with a resolution proposed for 
adoption that incorporates the Council’s feedback. 

The amendments may include but are not limited to requiring Class A roofs during 
partial replacement of non-compliant roof and roof structures, requiring replacement of 
combustible siding with California Building Code (CBC) Chapter 7A compliant siding 
during partial replacements, installation of metal gutters and screens, installation of 
Chapter 7A compliant vents or vent screens, replacement of combustible decks and 
fences with Chapter 7A compliant materials and design during partial replacement, and 
six inches of vertical separation measured from the ground to any combustible siding.

Because of the fiscal impact that some of this work will have for homeowners, staff 
plans to investigate Federal, State or Municipal programs that would provide incentives 
and loans for improvements to existing non-compliant homes that focus on the highest 
priority items, such as roof material, siding, decks, ember resistant vents, and a 6” 
vertical separation between the siding and the ground at the base of a home near the 
foundation.
FISCAL IMPACTS OF RECOMMENDATION
A considerable amount of staff time will be required to research and draft these code 
amendments. There may also be additional revenue resulting from modifications to the 
code that require additional or more expansive building and fire permits.
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CURRENT SITUATION AND ITS EFFECTS

Chapter 7A of the California Building Code sets fire-resistant construction requirements 
for buildings in wildfire-prone areas, focusing on materials and designs that reduce the 
risk of ignition from direct flame, radiant heat and embers.

Compliance with Chapter 7A – especially when coupled with code compliant defensible 
space - has been shown to significantly increase structure survival rates and would be 
necessary for a parcel to achieve full protection from direct flame, radiant heat and 
embers. Chapter 7A requires construction features such as Class A non-combustible 
roof assemblies, double-pane windows, ember-resistant vents, gutter guards, non-
combustible exterior walls, under-floor protection such as gypsum sheathing, and decks 
made from approved non-combustible material. Retroactive enforcement of Chapter 7A 
of the Building Code would be ideal but is not legally possible and would create a 
substantial burden on residents. It is important to note that Chapter 7A is designed to 
work in concert with, and not as a substitute for, defensible space recommendations 
proposed within the EMBER initiative.

The State already mandates that new homes built in a Very High Fire Hazard Severity 
Zone meet the requirements of Chapter 7A. However, only 50 homes in Berkeley’s Very 
High Fire Hazard Severity Zone, and around 10 in the proposed Fire Zone 4, were built 
since these code changes went into effect in 2008. Given this reality, the challenge to 
the community is how to “harden” the ignition prone, pre-2008 constructed homes so 
there is a contiguous buffer of homes that will resist ignition as a neighborhood.

Further, some structures in the Very High Fire Hazard Severity Zone still have wood 
shake roofs. Under the current code, homeowners are permitted to repair up to 50% of 
a wood shake roof (over a five-year period). In the 1991 Oakland-Berkeley Hills Fire, it 
was estimated that each burning home with a wood shake roof contributed to the 
ignition of ten other homes1. This analysis will include a recommendation to close this 
loophole and require that a wood shake roof be entirely replaced when any portion of it 
requires replacement. In our region, San Rafael2 has adopted a similar measure. 
BACKGROUND AND DISCUSSION

New construction in Berkeley Fire Zone 2 and 3 is already required to be compliant with 
California Building Code (CBC) Chapter 7A. Chapter 7A requires measures such as 
Class A non-combustible roofs, double-pane windows, ember-resistant vents, gutter 
guards, non-combustible exterior walls, under-floor protection such as gypsum sheeting, 
and decks made from approved non-combustible material. However, only approximately 

1 Bryner, 2000
2 https://www.cityofsanrafael.org/question/shake-and-wooden-roofs-are-
prohibited/#:~:text=Following%20City%20Council%20action%20in,replaced%20by%20May%2031%2C%
202027.
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50 homes in the current CalFIRE Very High Fire Hazard Severity Zone and 
approximately 10 homes within the new proposed Berkeley Zone 4 were built since 
these code changes went into effect in 2008. The challenge to the community is how to 
“harden” the ignition prone, pre-2008 constructed homes.

By focusing education, incentives, and enforcement on these adjoining properties we 
can achieve network effects and create a wildfire buffer. Contiguous properties that 
implement the scientifically validated best practices described above will form a resilient 
unit, rather than a scattered, salt-and-pepper approach with some mitigated properties 
surrounded by those with unmitigated hazards. Post-incident analysis of the Camp Fire 
in Paradise shows that, had the town of Paradise met the parameters that follow, a 53% 
reduction (minimally) in loss would have occurred. 

ENVIRONMENTAL SUSTAINABILITY AND CLIMATE IMPACTS
Wildfires that transition to a structure-to-structure conflagration have acute and far-
reaching consequences, not only for the environment and climate but also for the 
stability and well-being of impacted communities. These fires release large amounts of 
pollutants into the air, including soot and carbon dioxide, which contribute to climate 
change and degrade air quality. Additionally, toxic byproducts from burning structures, 
vehicles, and other synthetic material can pose significant health risks to residents and 
responders.
The water used to combat these fires is often sourced from the city's potable water 
supply. Once used, it can become contaminated with chemicals, ash, and debris, 
potentially polluting groundwater and local waterways. 
The destruction of homes, businesses, and critical infrastructure leads to substantial 
economic burdens that jeopardize the financial stability of impacted communities. 
Rebuilding efforts require significant financial investment, as well as the production, 
transportation, and installation of new materials—all of which generate additional 
emissions. For individual residents, the loss of a home or business can lead to long-
term financial instability, displacement, and increased insurance costs.
Beyond the physical and financial toll, these disasters leave lasting emotional and 
psychological scars on affected communities. Residents may experience trauma, 
anxiety, and grief, particularly when lives are lost, homes are destroyed, or 
neighborhoods are permanently altered. The social fabric of a community can be 
disrupted as families and businesses struggle to recover, sometimes forcing relocation 
and reducing neighborhood cohesion.
Investing in a strong fire code is one tool the city uses to reduce the frequency and 
severity of fires. Effective fire prevention also contributes to environmental sustainability 
by reducing emissions, preserving water resources, and minimizing the need for costly 
rebuilding efforts. A commitment to strong fire safety regulations ultimately benefits the 
entire community—protecting public health, safeguarding financial resources, and 
ensuring a resilient and sustainable future.
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RATIONALE FOR RECOMMENDATION
The fire and seismic danger and other local conditions justify the research and potential 
local amendments that are stricter than the California Building Code.

CONSIDERATIONS FOR COUNCIL
We live in a fire dependent landscape and it is inevitable that a wildfire will impact the 
city again. 

So, the question is, if not this, then what? All the home hardening mitigation measures 
described in this staff report, along with Zone 0 must be implemented on a sufficient 
number of contiguous parcels in a neighborhood for the wildfire hazard to be 
meaningfully reduced. Doing anything less has been validated to be almost 
meaningless with regard of hazard reduction. 

If we are unwilling or unable to move forward with EMBER, then the best use of our 
wildfire funds may be to continue to prepare to move residents out of the way of a fast-
moving wildfire and prepare for substantially greater loss and the burden of rebuilding. 

CONTACT PERSON
David Sprague, Fire Chief, 510-981-3473[Phone Number]

Attachments: 
1: California Department of Insurance Safer from Wildfire Standard[Title or Description 
of Attachment]
2: IBHS Wildland Fire Embers and Flames: Home Mitigations That Matter
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RESOLUTION NO. ##,###-N.S.

EMBER: BUILDING CODE AMENDMENTS

WHEREAS, enacted in 2008, Chapter 7A of the California Building Code sets fire-
resistant construction requirements “home hardening” for buildings in wildfire-prone 
areas, focusing on materials and designs that reduce the risk of ignition from direct 
flame, radiant heat and embers, and

WHEREAS, home hardening is designed to work in concert with, and not as a substitute 
for, defensible space, including Zone 0, and

WHEREAS, the State already mandates that new homes built in a Very High Fire 
Hazard Severity Zone meet the requirements of Chapter 7A. However, only 50 homes 
in Berkeley’s Very High Fire Hazard Severity Zone, and

WHEREAS, in the 1991 Oakland-Berkeley Hills Fire, it was estimated that each burning 
home with a wood shake roof contributed to the ignition of ten other homes, and

WHEREAS, the challenge to the community is how to “harden” the ignition prone, pre-
2008 constructed homes so there is a contiguous buffer of homes that will resist ignition 
as a neighborhood.
NOW THEREFORE, BE IT RESOLVED that the Council of the City of Berkeley adopts 
a resolution directing the City Manager to research and propose amendments to the 
existing Berkeley Building, Historical and Fire Codes in the next triannual code adoption 
process adopting amendments to the 2025 California Building Standards that will 
strengthen defenses against ignition of structures from embers, radiant heat and direct 
flame impingement during a wildfire.

BE IT FURTHER RESOLVED that these amendments may include but are not limited to 
requiring Class A roofs during partial replacement of non-compliant roof and roof 
structures, requiring replacement of combustible siding with California Building Code 
(CBC) Chapter 7A compliant siding during partial replacements, installation of metal 
gutters and screens, installation of Chapter 7A compliant vents or vent screen, 
replacement of combustible decks and fences with Chapter 7A compliant materials and 
design during partial replacement, and six inches of vertical separation measured from 
the ground to any combustible siding.

BE IT FURTHER RESOLVED that due to the fiscal impact that some of this work will 
have for homeowners, the City Manager will investigate Federal, State or Municipal 
programs that would provide incentives and loans for improvements to existing non-
compliant homes that focus on the highest priority items, such as roof material, siding, 
decks, ember resistant vents, and a 6” vertical separation between the siding and the 
ground at the base of a home near the foundation.
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Safer from Wildfires was created by an interagency partnership between Insurance 
Commissioner Ricardo Lara and the emergency response and readiness agencies in 
Governor Gavin Newsom's administration. Learn more at insurance.ca.gov

Safer from Wildfires is a ground-up approach to wildfire resilience with three layers of protection —
for the structure, the immediate surroundings, and the community. Following these achievable steps can help you 
save money on your insurance.

Protect your home

or business Protect the

whole communityProtect the

immediate surroundings

Safer from Wildfires
Being

Can Help With Your Insurance
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Do more, save more 
Every action under Safer from Wildfires will qualify you for an insurance discount.  
By doing more, you can save more. 

•	 Class A fire-rated roof
•	 5-foot ember-resistant zone around the structure
•	 Noncombustible 6 inches at the bottom of walls
•	 Ember- and fire-resistant vents
•	 Double pane windows or added shutters
•	 Enclosed eaves
•	 Cleared vegetation and debris from under decks
•	 Move sheds and outbuildings at least 30 feet away
•	 Trim trees and remove brush in compliance with state and local defensible space laws
•	 Neighborhoods can form a Firewise USA community 
•	 Cities, counties, and local districts can become certified as a Fire Risk Reduction Community

3 Ways to Get Started with  Safer from Wildfires
Don’t know where to start? Here are 3 low-cost steps you can take today. 

Be safer together
With Firewise USA, communities as 
small as 8 dwelling units or as big as 
2,500 can create an action plan and 
start being safer together. Firewise USA 
is a nationally recognized program 
with proven results, sponsored by the 
National Fire Prevention Association.  

Clear the first 5 feet 
Removing greenery and replacing wood 
chips with stone or decomposed granite 
5 feet around your home prevents fire 
from getting a foot in the door. 

Scan to find more resources

Keep embers out
Installing 1/16 to 1/8 inch 
noncombustible, corrosion-resistant metal 
mesh screens over attic vents can keep 
wind-blown embers out of your house.
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Executive Summary 
In a wildfire, buildings ignite through a complex ignition mechanism linked to embers and flames. Due to 

the variety of possible ignition scenarios, a single hardening strategy is not effective at reducing the chance 

homes will ignite. To meaningfully reduce the risk, a two-tiered approach that applies the current state of 

the science is necessary and must include:  

1. foundational, systemic protection of a home against embers  

2. an additional layer of mitigations to guard against flame exposure 

Wildland Fire Embers and Flames: Home Mitigations That Matter discusses available literature on the 

vulnerability of each component of the home and the need for this systematic, all-inclusive application of 

these mitigations.  

Mitigations Against Embers and Flames 
 

Roofs As a large, elevated surface with complex geometry and a range of slopes, roofs are prone 

to ember accumulation and eventual ignition if the roof is not fire resistant. A Class A roof 

covering reduces this vulnerability. 
Gutters In gutters, leaves and pine needles accumulate, providing embers with a susceptible fuel 

bed. Gutters should be kept clean with a noncombustible cover to limit debris 

accumulation. Noncombustible gutters also shield the fascia board from flame exposure. 
Vents  Vents are exposed to flames and embers. Protect the vent from flames by choosing vents 

made of a noncombustible material. Vent openings must be protected with a 1/8-inch 

or finer noncombustible mesh screen to prevent large embers from entering the house 

and igniting the house from the inside. Similarly, dryer vents should have a 

noncombustible louver or flap. 
Zone 0 Winds carry debris and embers during wildfires, which settle near homes as the wind 

interacts with the structure. Combustibles should be kept at least 5 feet from the home 

to minimize the risk of short flames to the home and provide no fuel for embers to land 

on. A well-maintained Zone 0 with no combustibles also acts as a fuel break to stop 

surface fires approaching the home and reduce the likelihood of home ignition. 
Fences Combustible fences provide a path of fuel for fire to reach a home. Even for homes with 

noncombustible cladding, flames from a burning fence can threaten eaves and nearby 

windows. Installing a noncombustible fence inside Zone 0 breaks the path of fire to a 

home.    

The combination of trapped debris between back-to-back fences and the fence itself 

creates an extremely susceptible fuel bed for embers. This fence design should be 

avoided in the WUI. 
Decks Deck assemblies (walking surfaces, joists, and posts) are vulnerable to embers and 

flames. Embers can fall between deck boards and ignite the joists beneath or 

combustibles in the underdeck area. The odds of underdeck flame impingement are 

minimized if the underdeck area is well-maintained with no combustible materials. 

Where decks are low to the ground, enclosing the underdeck area with 1/8-inch or finer 
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noncombustible mesh reduces the likelihood of debris and ember accumulation. A solid 

walking surface limits the ignition potential of the deck joists as no embers can reach 

them; this means the joists are unlikely to become a pathway for fire to reach the home.  

To best reduce the odds of deck ignition, choose a noncombustible deck assembly 

(including joists, railings, posts, and walking surface). 
Accessory 
Buildings 

When spot fires ignite accessory buildings like sheds and gazebos, short local flames 

transform into tall flames that radiate significant amounts of heat and/or touch nearby 

buildings. To limit these kinds of exposures, all accessory buildings within 30 ft of the 

home should be built with the same mitigation measures as the home.   
Eaves The geometry of eaves traps heat from flames and hot gases. While field evidence of 

ignitions is anecdotal, protecting eaves with noncombustible soffits mitigates the 

ignition potential. 
Walls When flying embers hit a wall, the embers lose their kinetic energy, fall to the ground, 

and accumulate. A 6-inch vertical noncombustible clearance at the base of exterior walls 

limits the exposure to siding from embers. 

While a 6-inch vertical clearance protects a wall from embers, more action is needed to 

provide protection from flames. Their geometry makes walls suitable recipients of 

radiation and flame contact in WUI fires. The spread of flame through walls can be slow, 

but surface flame spread on combustible siding occurs quickly. This exposes windows 

and eaves to direct flame contact and can begin the cascade of damage for a home. 

Noncombustible cladding eliminates the chance of such flame exposures. 
Windows Windows are vulnerable to flame contact and radiation. Multipaned windows are more 

resilient by providing multiple layers of protection before flames can penetrate the 

home. Tempered glass further increases resilience because of its higher resistance to 

flame radiation. 
Doors Flames are less likely to reach exterior doors with proper defensible space around the 

home. However, wind-blown embers may still accumulate at the base of a door or 

penetrate small openings around the door and ignite the door jamb. Therefore, the 

entire door assembly should be mitigated. Fire-rated doors are the most practical 

solution due to the lack of noncombustible door assemblies (door jamb) on the market. 

Bay 
Windows 

The geometry of bay windows traps heat underneath them. While field evidence of 

ignitions is anecdotal, enclosing this area with noncombustible materials eliminates the 

risk. 
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Wildfire Mitigation Issues in Brief 
The socioeconomic impact of wildfires on communities has long-lasting consequences when homes are 

damaged or destroyed. In addition to immediate costs such as fire suppression and rebuilding, local and 

national businesses are also affected by interruptions in labor, supply chain, demand for goods and services 

(Dale, 2010), and even virtual needs such as video streaming platforms. To protect communities from these 

broad impacts, every home within the community must take specific actions to mitigate the risk of wildfire.   

Wildfire loss estimates are influenced by drought and climate trends, population growth in high-hazard 

areas, and construction culture in wildfire-prone areas (Aon Benfield 2016; Kramer et al., 2019). From 1980 

to 2021, about 70% of losses due to wildfires in the United States happened in California (Smith, 2020). The 

rapid development of land in California has outpaced the enhancement of scientific measures to estimate 

the wildfire risk, evaluate building materials, and provide policy makers with methodical long-term views 

(Moore, 1981). The California Department of Forestry and Fire Protection (CAL FIRE) took steps to respond 

to this need in 1982 by introducing the Fire Hazard Severity Zone maps. These maps were then updated in 

2007 with three levels of increasing fire hazard severity across California, namely medium, high, and very 

high. Structures built in the State Responsibility Area (SRA) and high and very high fire hazard severity 

zones in the Local Responsibility Areas (LRAs) must meet specific building materials, systems, and 

assembly requirements. The California Building Code Chapter 7A (denoted as Chapter 7A in this 

document) outlines these minimum requirements (California State Fire Marshal, 2022). 

Buildings constructed with fire-resistant materials, such as those built in compliance with the 2007 or 

newer edition of Chapter 7A, can be less vulnerable to wildfires (Miller et al., 2022). After analyzing survived 

structures from wildfires in Southern California, Syphard et. al (2017) concludes that buildings with vinyl 

window frames, stucco exterior construction, dual-paned windows, and tile roofs had a higher survival rate. 

Recently built structures were more likely to use these materials. However, Knapp et al. (2021) did not find 

the effects of Chapter 7A–compliant buildings to be statistically significant to the survival rate. This finding 

could be a result of the requirements of Chapter 7A, which are limited to building materials, systems, and 

assemblies, while the hazards that local fuel around a building can create is not considered. The hazard 

intensity from local fuels can vastly vary, which directly influences the performance of different building 

materials (Caton et al., 2017). To address this issue, California’s Board of Forestry and Fire Protection is 

currently amending the requirements for maintaining a defensible space, 0–30 ft and 30–100 ft, near 

buildings (Board of Forestry and Fire Protection, 2018). Acknowledging the threat of embers, the Board of 

Forestry and Fire Protection assembled a group of subject matter experts and stakeholders to update the 

regulations and include requirements for 0–5 ft (called Zone 0), which is under development. The lack of 

clarity in Chapter 7A regarding the building features and associated regulations is apparent (Intini et al., 

2020); one of which is the requirements for defensible space, specifically 0–5 ft from the building. This will 

be discussed in detail subsequently. In addition, Chapter 7A provides several prescriptive and 

performance-based options for compliance of each built environment component addressed in the code. 

A user could assume that these options provide comparable fire protection, but since a range of ignition-

resistant material options can comply, these options do not provide comparable fire protection. Also, as 

previously mentioned, the enforcement of Chapter 7A is limited to new construction in the SRA and the 

very high fire hazard severity zones in the LRAs. These provisions are currently not applicable to existing 

structures unless the local jurisdiction has included such a provision through a locally adopted ordinance.  
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In response to the need to quantify the performance of different components and provide clear guidance 

to maintain a defensible space, IBHS published the Suburban Wildfire Adaptation Roadmaps (Insurance 

Institute for Business & Home Safety, 2021). Fuel management, decks, fences, building shapes, exterior 

walls, roofs, vents, and eaves are addressed in this report. Individually and collectively, resilient choices in 

these eight areas reduce the likelihood of ignition that result in catastrophic building loss in a community 

threatened by wildfire. While there are some actions that are obvious and follow conventional wisdom, 

other actions are less obvious and require an expert opinion until research can provide more insight. While 

Chapter 7A provides a range of prescriptive and performance-based options, the Suburban Wildfire 

Adaptation Roadmaps discriminate the fire performance of individual building components based on 

their characteristics and fill the gap on defensible space guidance. 

Mitigating Wildland-Urban Interface (WUI) fire hazards is often viewed as either a voluntary “every little bit 

helps” or a “one-size-fits-all” effort (Maranghides et al., 2022a). Yet both approaches leave significant gaps 

and create a false sense of risk reduction (Maranghides et al., 2022a; Penman et al., 2015). Research shows 

if a house meets the group of recommendations in the Suburban Wildfire Adaptation Roadmaps, there 

will be a reduced possibility of ignition compared to a house that does not (Cohen, 2000; Maranghides et 

al., 2021a). The impact of these recommendations would be greater if all buildings in a neighborhood took 

these measures.   

Mechanisms of Ignition 
Buildings are ignited by embers and flames during wildfires. Flying embers and wind-blown, ground-

traveling burning debris are by far the most prevalent attack mechanisms threatening structures during 

a wildfire. CAL FIRE identified embers as the major cause of home loss (Mell et al., 2010). Potter and Leonard 

(2011) reported that “well over 90% of houses were ignited in the absence of direct flame attack or radiant 

heat (exceeding 12 kW/m2) from the main fire front.” Hence, embers cause a great deal of damage, whether 

directly or indirectly. 

Direct ignition by embers happens when embers land and accumulate on combustible components of 

the building and ignite these components or when embers enter the building through openings and 

ignite interior materials. Small-scale (Richter et al., 2022) and full-scale experimental studies (Cohen, 2000; 

Davis, 1990; Hedayati et al., 2022; Suzuki et al., 2017) demonstrate that accumulated embers are capable of 

directly igniting common combustible building components. Embers can also penetrate through 

openings and ignite the combustibles, such as furniture, inside a building (Quarles et al., 2010; Robertson, 

2013).  

Indirect ignition by embers occurs when embers accumulate on combustibles near a building and ignite 

these materials. The resulting flames ignite a component of the building by radiant heat and/or direct 

flame contact. These spot fires typically have notably lower intensity relative to the main fire front (Potter 

& Leonard, 2011), but under favorable conditions, these spot fires can spread to nearby structures. It is 

important to note that only tall, thick flames can radiate sufficient heat to ignite buildings, while smaller 

flames need to be close or in contact with the building to cause ignition (Himoto, 2022). 

After wildfires, unburned tree canopies are commonly found in close proximity to areas destroyed by a 

crown fire. These unburned areas are commonly referred to as “islands.” This pattern contrasts with the 
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damage pattern often seen in floods where areas within the flood zone are contiguously destroyed. Fire 

spreads when the conditions for combustion—the fire triangle—are met along its path. Combustion 

requirements in the forest apply equally to WUI fires where structural and wildland fuels are present 

(Cohen, 2000). Reducing the vulnerability of buildings to embers and flames would result in “islands” of 

homes and buildings in the WUI within the path of a wildfire.  

Although experimental and numerical studies providing information about ember storms in the WUI exist, 

predicting the path and accumulation position of embers is challenging. During flight, embers follow an 

unpredictable flight path influenced by building features and environmental parameters. The geometric 

characteristics of buildings, density of buildings in a community, and characteristics of receptive fuel beds 

affect ember accumulation, as does the shape of the embers, fuel from which the embers were generated, 

and local wind patterns, particularly wind vortices (Caton et al., 2017; Hedayati et al., 2019; Nguyen & Kaye, 

2021). 

Buildings can be affected by multiple sources of ignition during a wildfire, including radiative heat transfer 

from flames, convective heating from wind-blown plumes, continuous or intermittent flame contact, and 

localized heating from spot fires near the building (Himoto, 2022). This complex thermal exposure requires 

systematic fuel management and home hardening strategies to bend down the risk curve. In the WUI, 

ember-caused spot fires can use vulnerable homes as fuel to grow beyond a local threat into tall flames 

and lead to extreme fire behavior threatening neighboring homes. While it may be possible to identify the 

likely ignition pathway in an ember storm for an isolated house, chaotic ember accumulation patterns in 

communities make it nearly impossible to identify a single vulnerable component for a home in a 

community. Accepting these complexities of ember-caused ignitions, hardening the home and its 

immediate surroundings against all known ember vulnerabilities requires a systematic, all-inclusive 

hardening approach in the entire community. If all components of a home in a community are hardened 

against embers, the odds of a house becoming engulfed in tall, thick flames and radiating substantial heat 

to its surroundings are reduced. This allows the first responders to address spot fires early and prevent the 

spot fire from growing into a suburban conflagration.   

Mitigations That Matter 
A home is a system of components. To mitigate the risk of wildfire, all components vulnerable to embers 

and flames must be mitigated systematically. The available literature about the vulnerability of each 

component is discussed subsequently.  

Roof 
Wind patterns near buildings heavily influence ember distribution patterns and accumulation locations. 

Because roofs are a large, elevated surface with complex geometry and a range of slopes, they are prone 

to ember accumulation during ember storms. The regions on the rooftop where embers reach stability 

and rest are also a complex function of roof geometry, particularly roof valleys. Roof valleys are often 

covered with organic debris, which is particularly susceptible to ignition from embers (Nguyen & Kaye, 

2021). 

The vulnerability of roofs to ember storms is well studied. Several retrospective studies have reported a 

statistical correlation between wood roofing and building losses due to ember exposure (Davis, 1990; Foote 
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et al., 2011). Moore (1981) reported that out of 1,850 homes, 50% of homes with wood roofs within 30 ft of 

burning vegetation ignited while only 24% of homes with fire-resistant roofs ignited in the 1961 Bel Air Fire 

in Southern California. Foote (1994) found the degree of flammability of the roof had a significant impact 

on home survival where homes with nonflammable roofs had a 70% survival rate compared to 19% for 

homes with flammable1 roofs. After the 1991 Oakland Hills Fire in California, it was estimated that each 

burning home with a non-fire-retardant-treated wood shake roof contributed to the ignition of ten other 

homes (Bryner, 2000).  

Standard test methods such as ASTM E108 (American Society for Testing and Materials, 2020) and UL 790 

(Underwriters Laboratories, 2022) evaluate the fire performance of different roofing materials. In 2020, 

IBHS released a report on the vulnerability of different roofing materials and roof geometry and updated 

the report in 2021 (Insurance Institute for Business & Home Safety, 2021). 

Roof: As a large, elevated surface with complex geometry and a range of slopes, roofs are prone to ember 

accumulation and eventually ignition if the roof is not fire resistant. A Class A roof covering reduces this 

vulnerability.  

Gutters and Downspouts 
Gutters are a prime location for leaves and pine needles to accumulate, which can expose the edge of the 

roof to direct flames during wildfires (Sindelar, 2011). Figure 1a shows a defended home in the Camp Fire 

(2018) in Butte County, California, where the evidence suggests that embers ignited debris in the gutter 

and caused damage to the roof deck. Likely due to intervention from first responders, the damage was 

contained to the gutter and roof edge and did not spread to the rest of the home. IBHS’s research 

highlighted a similar vulnerability for gutters, as can be seen in Figure 1b. Note that the time it takes for 

the vinyl gutter to melt and fall might exceed the required time to ignite the roof deck.  

 

 

1 There is no clear definition of flammability in this study. It’s likely limited to non-fire-retardant-treated wood shakes. 

Figure 1. Direct flame contact to the edge of the roof caused by ignited debris in the gutters during ember storms (a) in the Camp Fire 
(2018) in County, California (home defended by first responders), and (b) a vinyl gutter melts off a house during testing at the IBHS 

Research Center. 

a b 
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Frequent clearing of gutters of all debris would reduce this vulnerability. A noncombustible gutter is an 

excellent choice when the fascia board is not covered with a metal drip edge. Recent testing by IBHS 

shows noncombustible gutters provide protection for fascia boards or rafter tails, depending on the 

construction type, against flames. Figure 2 shows photographs taken during experiments at the IBHS 

Research Center evaluating building-to-building fire spread. In this test, half of the fascia board was 

covered with a metal gutter and half of it was not covered. The uncovered portion ignited, which caused 

some damage to the building’s roof deck. Figure 2b compares the covered and uncovered parts of the 

fascia board after the test. In another test, a vinyl gutter was exposed to a flame source 20 ft away. The vinyl 

gutter melted and exposed the fascia board to flame contact about 10 minutes after ignition, shown in 

Figure 2c.   

 

Figure 2. A noncombustible gutter can provide protection for the fascia board if a metal drip edge is not installed. (a) shows 
fascia board ignition during the experiment and (b) shows the fascia board condition after the test. In (c), a vinyl gutter 

deformed due to radiant heat/intermittent flame contact and fell off.  

a b 

c 
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Gutters and Downspouts:  In gutters, leaves and pine needles accumulate, providing embers with a 

susceptible fuel bed. Gutters should be kept clean with a noncombustible cover to limit debris 

accumulation. Noncombustible gutters also shield the fascia board from flame exposure. 

Vents 
Unless a home has been built with an unvented design, unconditioned areas (e.g., attic and crawl spaces) 

must be ventilated to avoid elevated moisture and temperature conditions. Since 2016, Chapter 7A has 

required new vents to be resistant to embers and flames as tested by ASTM E2886 (American Society for 

Testing and Materials, 2014); this requirement will be added to the International Wildland-Urban Interface 

Code in 2024. Recent full-scale tests at IBHS show that ASTM E2886–compliant vents do not allow large 

embers to pass through. The embers collected behind these vents were small and incapable of igniting 

combustibles in the attic, as seen in Figure 3a.  

However, older and inadequately protected vents can provide a pathway for fire and specifically for wind-

blown embers to enter the building (Caton et al., 2017; Manzello et al., 2007; Quarles, 2017; Quarles & 

Gorham, 2019). Installing vents with metal mesh screens is an accepted mitigation strategy to prevent 

large embers, depending on the mesh size, from entering buildings (Hakes et al., 2017). Sharifian 

Barforoush and Du Preez (2022) identified eight different mechanisms when embers interacted with mesh 

screens: passing, stopping, splitting, shattering, pausing, bouncing, slipping, and wandering. Sharifian 

Barforoush and Du Preez report that, except for some long needle-shaped embers, the 1/16-in. mesh 

screen was highly effective against both large and small embers; Figure 3b demonstrates how embers 

could pass through unprotected vents in their experiment.  

The mesh screen protecting a vent opening should be large enough to allow proper ventilation for the 

building, but small enough to keep larger embers from entering. The surface area of embers depends on 

several factors, including wind speed and type of fuel from which the ember originated. During a Joint Fire 

Science Program–funded research project between University of North Carolina at Charlotte, University of 

Maryland, IBHS, and other collaborators, the ember (firebrand) production from different structural and 

vegetative fuels was investigated (Bahrani et al., 2020; Hedayati et al., 2019; Hedayati et al., 2020). The results 

showed that the mass and size of embers followed a right-skewed distribution. The histogram and 

cumulative density function for pine tree embers are shown in Figure 3c. Common mesh screen sizes for 

commercially available vents are 1/4-in. and 1/8-in. The opening size of a 1/8-in. mesh screen is about 0.06 

sq in. This point is highlighted on the graph in Figure 3c, which shows that about 38% of the embers were 

smaller than 0.06 sq in. Manzello et al. (2011) also reported that smaller mesh size reduced the ember 

penetration ratio, defined as the number of embers leaving from the mesh and the number of embers 

arriving at the mesh for a given time interval.  

When considering defensive measures, it becomes apparent why vents need to be protected. Firefighters 

can suppress small flames and burning components when they see the fire, but when embers enter 

through vents, the house is ignited from the inside. When the fire begins inside the house, first responders 

Page 18 of 119



Insurance Institute for Business & Home Safety  11 

have little chance of suppressing the fire because the fire can become large before it is visible from the 

exterior. 

Vents: Vents, including dryer vents, are exposed to flames and embers. Protect the vent from flames by 

choosing vents made of a noncombustible material. Vent openings must be protected with a 1/8-in. or 

finer noncombustible mesh screen to prevent large embers from entering the house and igniting it from 

the inside. Similarly, dryer vents should have a noncombustible louver or flap. 

Vertical Ground Clearance  
Wind-blown objects, embers, and debris tend to accumulate at the base of a wall following a change in 

the wind flow (Manzello et al., 2011). These wind-blown debris are often lower-density fine fuels that can be 

Figure 3. (a) Embers get stuck on the outside of an ASTM E2886–compliant vent until they become small enough to penetrate through 
during building separation tests at IBHS and (b) embers passing through the vents when no mesh is used (Sharifian Barforoush & Du 

Preez, 2022); image used with permission. (c) Size distribution of embers from pine trees. 

a b 

c 
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easily ignited and expose the building cladding to short flames (Manzello et al., 2012b). The importance of 

ground clearance to reduce ignition potential of a home has been reported in post-event investigations 

(Quarles et al., 2013).  

Full-scale experiments at IBHS (Quarles et al., 2023) and the Fire Research Wind Tunnel Facility in Japan 

demonstrated that accumulation of embers at the base of an exterior wall can ignite cladding wall is in 

contact with embers and debris (Manzello et al., 2011; Manzello et al., 2012a; Nazare et al., 2021; Suzuki & 

Manzello, 2017). Manzello et al. (2017) exposed corner assemblies to embers with different types of mulch 

at the base with 102 mm (4 in.) and 203 mm (8 in.) vertical noncombustible clearance. At a 203 mm vertical 

clearance, the Japanese cypress mulch and pine bark nugget mulch ignited the corner assemblies, but 

the shredded hardwood mulch did not ignite the corner assembly. At a 102 mm vertical clearance, the 

Japanese cypress mulch ignited the corner assembly. 

This vulnerability has been observed by the authors of this paper in previously unpublished ember 

exposure tests at the IBHS Research Center. During these tests, the base of the wall segments with wood 

siding ignited numerous times. From these observations, the authors tested different vertical separation 

Figure 4. Ember accumulation at the base of the wall causing ignition (a and b) at the IBHS Research Center, (c) in the post-Camp Fire 
(2018) investigation in Butte County, California, and (d) at the base of a wall in the Glass Fire (2020) in Napa and Sonoma Counties, 

California, which did not have the opportunity to grow because of a noncombustible vertical clearance. 

a b 

c d 
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distances between the ground and the base of the combustible cladding to mitigate this, shown in Figure 

4b. Direct ignition of the wall occurred only during the no-clearance tests.  

Debris piling up against the base of walls during wildfire events can create a susceptible fuel for embers 

to land on. Depending on the amount of debris, the size and intensity of these small flames can vary. 

Because a 6-in. vertical clearance was already required for combustible wood siding by the International 

Residential Code since 2000 for moisture degradation issues, IBHS began recommending a 6-in. vertical 

clearance to mitigate this ember vulnerability in 2013 (International Code Council, 2000). In Australia, a 

more conservative 400 mm—or 15 in.—clearance is recommended where a wall meets any horizontal 

projection including the ground, decks, or roof sections (Queensland Government & Commonwealth 

Scientific and Industrial Research Organization, 2020). Additional future research is needed to better 

understand debris accumulation.  

Vertical Ground Clearance: Elevated winds during wildfires cause burning debris to roll and become 

trapped against walls. When flying embers hit a wall, the embers lose their kinetic energy, fall to the 

ground, and accumulate at the base of the wall or very close to it. A vertical noncombustible clearance 

of at least 6 in. at the base of exterior walls limits the exposure to siding from these hot, burning objects. 

Fuel Management in Zone 0  
The importance of fuel treatment and management near buildings (e.g., creating and maintaining an 

effective “defensible space”) to minimize the likelihood of flame contact and extended radiant heat 

exposure to reduce the risk from wildfire has been studied experimentally (Cohen, 2000, 2004), in post-

event investigations (Insurance Institute for Business & Home Safety, 2020; Maranghides et al., 2022a), and 

by scholars active in the public policy arena (Miller et al., 2022). Historically, there have been two defensible 

space zones: generally described as 0–30 ft and 30–100 ft or to the property line; however, the two zones 

vary in size in different guidelines (Board of Forestry and Fire Protection, 2018; Dennis, 2003; Federal 

Emergency Management Agency, 2020). According to Moore (1981), prior to the 1970s, the insurance 

industry used four levels of “brush clearance,” namely 0–30 ft, 30–60 ft, 60–100 ft, and 100+ ft for hazard 

mapping purposes, which is a similar concept to defensible space. The University of Nevada, Reno’s Living 

with Fire program has advocated for a near-home noncombustible zone since 1991 (Smith & Adams, 1991). 

Since 2011, IBHS has advocated for dividing the 0–30 ft zone into two separate zones (0–5 ft and 5–30 ft) 

because of the importance of ember accumulations and ignitions of combustible materials near the 

building, which create a critical threat to the building from potential small flames. During an ember storm 

created at the IBHS Research Center, as shown in Figure 4a, the accumulation of embers within the first 5 

ft of the building is clear (Quarles et al., 2023). Embers accumulate at the base of the wall and within the 

first 5 ft from the building. Accumulation of embers in the vicinity of obstacles is also reported by Suzuki 

and Manzello (2017).  

Any combustibles in the 0–5 ft zone are exposed to ember accumulation and potential ignition. Clearing 

this area of all combustible materials—vegetative and nonvegetative—plays an important role in reducing 

the likelihood of home ignition. Quarles and Smith (2011) studied the fire behavior of eight different kinds 

of mulch, namely: composted wood chips, medium pine bark nuggets, pine needles, shredded western 

red cedar, Tahoe chips, Tahoe chips with fire retardant, single layer Tahoe chips, and shredded rubber. They 

reported that, “with the exception of the composted wood chips, all of the mulch treatments 
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demonstrated active flaming combustion” and that “shredded rubber, pine needles and shredded 

western red cedar demonstrated the most hazardous fire behavior”(Quarles & Smith, 2011). The fire 

behavior of surface fuels like mulch markedly change with wind and slope (Sánchez-Monroy et al., 2019). 

Hedayati et. al (2018) exposed the cladding of a full-scale building to an 80 kW gas burner for 15 min and 

monitored the temperature on the wall when the test building was oriented at different angles to the 

wind. Hedayati et al. report that when the flame was more than 5 ft away from the building, the ignition 

potential was significantly lower than at closer distances.  

Investigations after wildfire events revealed increased vulnerability to the home from nearby combustibles. 

The investigation performed after the Grass Valley Fire (2008) in San Bernardino County, California, by 

Cohen and Stratton reported that in most cases, the destruction was not because of high-intensity flames, 

which are typically thick with large surface area. Instead, Cohen and Stratton found embers ignited the 

buildings directly or ignited a spot fire near the building where surface fuel touched wood siding (Cohen 

& Stratton, 2008). In Butte County, California, the National Institute of Standards and Technology’s (NIST) 

post-Camp Fire (2018) report also provided examples where overhanging trees within the 0–5 ft zone could 

ignite the building (Maranghides et al., 2021a). As shown in Figure 5d from NIST’s post-Camp Fire report, a 

fence was about 6 ft away from the building and branches from a tree extending towards the house 

appear longer than 1 ft. In other words, the branches were in the 0–5 ft zone and contributed to a pathway 

for fire. This vulnerability has also been highlighted in the IBHS post-Glass Fire (2020) investigation in Napa 

and Sonoma Counties, California. In this case, vegetation was observed to provide a pathway for ignition 

when plants—even in small amounts—touch the building as shown in Figure 5b. The house in Figure 5b 

was likely defended by first responders during the event.  

At this time, little research has been done to understand the flammability of specific plant species and how 

they create a vulnerability for a home. Without a species-specific understanding of the vulnerability, 

current field observations and laboratory experiments support no vegetation in Zone 0 until additional 

research has been conducted. 

Vegetation in Zone 0 
Vegetative fuel—including dead, organic mulch—can generate a fire pathway when touching a building. 

As previously mentioned, the accumulation of embers near buildings can ignite these fuels (Manzello et 

al., 2006; Suzuki et al., 2015). In either scenario, the vegetative fuel can allow flames to reach the building's 

cladding. As shown in Figures 5a and b, investigations following the Glass Fire (2020) in Napa and Sonoma 

Counties, California, highlighted this pathway where embers landed in the front yard and ignited the wood 

mulch. The mulch carried the fire all the way to the home, ignited the hot tub, and damaged the building. 

Note the landscape barrier, which separates wood mulch with mineral soil. There is no visible damage to 

the building where the wood mulch is not present against the home. This can also be observed at another 

home in Figure 5c where the fire stops as the soil covering changes from wood mulch to gravel.   

When evaluating available vegetation within the first 30 ft of homes affected by the Witch Creek Fire (2007) 

in San Diego County, California, it was found that 67% of homes with unmaintained vegetation were 

destroyed, while only 32% of homes with maintained defensible space were destroyed (Maranghides et al., 

2013). Analyzing over 2,000 structures in San Diego County, Syphard et al. (2014) concluded that structures 

were more likely to survive a fire with an effective defensible space “immediately adjacent” to them. 

Syphard et al. also reported that reducing woody vegetation cover up to 40% immediately adjacent to 
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structures and preventing vegetation from overhanging or touching structures were the most effective 

actions. 

Using Principal Components Analysis (PCA) and Generalized Additive Mixed Models on data from 27 

independent forest fires in New South Wales, Australia, Penman et al. (2018) concluded that vegetation 

touching houses likely caused ignition of the house once that vegetation ignited. It is difficult to distinguish 

between vegetation touching houses, garden cover, and overhanging vegetation in this study, which was 

a 

Figure 5a-b. Example of vegetation in small amounts located in Zone 0 creating a pathway for fire spread: (a) Wood mulch 
provided a pathway for fire to get close to the building and ignite a hot tub during the Glass Fire (2020) in Napa and Sonoma 

Counties, California; (b) Ground-level plants during the Glass Fire (2020). 

b 
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an uncertainty source in their PCA analysis. While Gibbons et al. (2012) reported similar results, Wilson and 

Ferguson reported that vegetation very close to the siding and touching the roof did not increase the 

destruction rate of buildings (Wilson & Ferguson, 1986). As a caveat, Wilson and Ferguson focused on 

vegetation in contact with the roof rather than any other components. 

Analyzing pre- and post-fire aerial imagery and connecting the results to the insurance claims data, 

ZestyAI concluded that if the first 0–5 ft around buildings were maintained to a light vegetation density, 

the likelihood of destruction was about 2 times lower compared to buildings with high density vegetation 

in the first 0–5 ft (Arrowsmith et al., 2021). The report goes on to say, “having heavy vegetation, more than 

50% coverage, (including brush, trees, and shrubs) immediately around the home can nearly double the 

chance of destruction.”   

Given the challenging nature of predicting wildfire occurrence and growth, homeowners often have little 

to no time to prepare for an approaching wildfire. Therefore, consistent maintenance of Zone 0 is required 

when a wildfire is not threatening.  

Vegetation in Zone 0: Wind carries debris and embers during wildfires, which settle near homes as the 

wind slows down and interacts with the structure. Combustibles should be kept at least 5 feet from homes 

to minimize the risk of short flames to the homes and to provide no fuel for embers to land on. A well-

maintained Zone 0 with no combustibles also acts as a fuel break to stop surface fires approaching the 

home and reduces the likelihood of home ignition.  

Fences in Zone 0 
Structural fuels, fences, and decks in contact with or within 5 ft of the main building can also provide a 

pathway for fire to spread. Laboratory tests and post-event investigations (Butler et al., 2022; Insurance 

Institute for Business & Home Safety, 2020) show the vulnerability of combustible fences, as seen in Figure 

6a-d.  

 

Figure 5c-d. Example of vegetation in small amounts located in Zone 0 creating a pathway for fire spread: (c) Tree branches 
overhanging Zone 0 burn during the Camp Fire (2018) in Butte County, California, and provide a pathway for fire to reach a 

home (Maranghides et al., 2021a), used with permission; (d) Low-intensity surface fire (ember caused) stopped as it met gravel 
during the Glass Fire (2020), view from the deck to the backyard. 

d c 
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Fences in Zone 0: Combustible fences provide a path of fuel for fire to reach a home. Even for homes with 

noncombustible cladding, flames from a burning fence can threaten vulnerable components such as 

eaves and nearby windows. Installing a noncombustible fence inside Zone 0 breaks the path of fire to a 

home.    

Attached Decks  
Attached decks are another structural fuel that can exist in Zone 0. Dossi et al. (2022) recently introduced 

a Wildfire Resistance Index for buildings in California and Portugal. For buildings in California, Dossi et al. 

reported that building features, such as vent screens and decking material, are highly correlated to the 

damage level of the building, and protecting these features increases the survival likelihood of the building. 

Once ignited, decks can expose a building’s cladding (siding), exterior wall components such as windows 

and doors, and the under-eave area to flames and radiant heat, as shown in Figure 7. In a wildfire, decks 

are typically exposed to embers on their top surface and flame impingement on the underside (Hasburgh 

et al., 2017; Leonard, 2019; Manzello & Suzuki, 2019; Meerpoel-Pietri et al., 2021). Given that the majority of 

homes in a wildfire ignite due to embers, if the underdeck area is clear of combustible materials, the risk 

of flame impingement to the underside of the deck is reduced, except for decks built on a slope. Keeping 

the underdeck area clear of combustible materials is especially important for low elevation decks where 

Figure 6. Examples of combustible fencing providing a pathway for fire to the house, damaging the noncombustible siding and 
eave (a and b) in the Glass Fire (2020) in Napa and Sonoma Counties, California, defended; (c) in the Camp Fire (2018) in Butte 

County, California, defended by first responders (Insurance Institute for Business & Home Safety, 2020); and (d) at the IBHS 
Research Center where the arrows indicate the direction of fire spread. 

d c 

b a 
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the maintenance of the underdeck area is troublesome, and in the case of ignition, flames can reach the 

joists and ignite them. Without an underdeck flame impingement, the only threat to the deck is from 

embers accumulating on the deck surface, where embers typically accumulate in the between-board 

gaps on the joist or at the corners where the deck assembly meets the siding (Manzello & Suzuki, 2014, 

2019; Quarles & Standohar-Alfano, 2018).  

Hedayati et al. (2022) reported that the substructure of the decks plays a major role in its vulnerability to 

flame impingement from below. Once the joists ignite due to the initial flame impingement exposure, the 

joists can burn for an extended period and continuously expose the bottom side of the deck boards to 

flames. Hedayati et al. reported that boards above a joist did not burn intensely if the joist wasn’t engulfed 

in flames.  

Attached Decks: Deck assemblies (walking surfaces, joists, and posts) are vulnerable to embers and 

flames. Embers can fall between deck boards and ignite the joists beneath or combustibles in the 

underdeck area. The odds of underdeck flame impingement are minimized if the underdeck area is well-

maintained with no combustible materials. Where decks are low to the ground, enclosing the underdeck 

area with 1/8-in.  or finer noncombustible mesh reduces the likelihood of debris and ember accumulation. 

A solid walking surface limits the ignition potential of the deck joists as no embers can reach them; this 

means the joists are unlikely to become a pathway for fire to reach the home (Hedayati et al., 2022). To 

best reduce the odds of deck ignition, choose a noncombustible deck assembly (including joists, railings, 

posts, and walking surface).  

Fuel Management Beyond Zone 0  
While Zone 0 is designed to minimize the threat of localized fires from embers and creeping fires (Ascoli 

et al., 2018), the area beyond Zone 0 also plays a role in protecting the structure in a wildfire. A structure 

with fire-resistant or noncombustible materials is more likely to withstand a creeping fire than a fire with 

tall flames (Maranghides et al., 2022a; Syphard & Keeley, 2019). Moreover, suppression efforts by first 

responders are more effective if they can enter the parcel without risking their safety (Penman et al., 2015). 

With effective structural and vegetative fuel management beyond Zone 0, the threat of tall, thick, high-

intensity flames frequently resulting from flying embers is reduced. 

Vegetation Beyond Zone 0 
Reducing the threat of tall, thick, high-intensity flames can typically be achieved by creating discontinuity 

between trees and bushes in both the horizontal and vertical directions. Statistical analysis of post-event 

investigations reveals that vegetative fuels located near buildings add to the vulnerability of the structure. 

The Ramsay et al. (1987) post-Ash Wednesday Bushfire analysis reported that the amount and type of 

vegetation near houses was an important factor in their damage state. Houses were more likely to have 

survived when they did not have dense vegetation around them. Cohen and Butler (1996) modeled 

radiative heat transfer from burning vegetation and concluded that vegetation thinning within 40 m (131 

ft) of a building mitigates ignition. Analyzing post-fire data collected in Southern California, Miner (2014) 

concluded that reducing vegetation density by 25% is sufficient to reduce the risk. Miner also mentioned 

that in the short term, the most important action is to remove flammable vegetation adjacent to or 

overhanging homes. Gibbons et al. (2018)analyzed about 500 homes affected by Southern Australia bush 

fires and reported that removing vegetation close to homes is “at the forefront of mitigations.” The study 
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concluded that removal of shrubs and trees upwind of the house reduces the risk of house loss more 

effectively than removing trees very close to the house. Samora-Arvela et al. (2023) analyzed post-fire 

investigation data in Portugal and reported that the presence of trees and bushes within a radius of 30 m 

(98 ft) from the buildings was the most important determining factor in the degree of damage or 

destruction of the buildings. 

Post-fire investigations show mixed findings on the vulnerability of trees near buildings. Numerous 

examples of destroyed buildings surrounded by green trees show that nearby trees do not always increase 

the vulnerability of a structure (Candian Broadcasting Corporation, 2018). Nonflammable vegetation 

between the fire and the home can be beneficial to protecting the home from embers and radiant heat 

(Foote et al., 1991). Conversely, Manzello and Suzuki (2021) show that a noble fir tree can intensely ignite 

under ember exposure, demonstrating the species-to-species variability in risk.  

Vegetation Beyond Zone 0: It is clear that more methodical research is needed to investigate home 

vulnerabilities to nearby burning vegetation considering vegetation type and density, horizontal and 

vertical connectivity, and relative location to the home under windy and sloping conditions. Additional 

research would define terms such as “low flammability vegetation”(Anderson, 1970), “irrigated vegetation” 

(Valachovic et al., 2021), and “sparse out vegetation” (Valachovic et al., 2021) used in existing literature. 

While the vast majority of post-event investigations advocate for the removal of dense vegetation on a 

parcel, studies like Foote et al. (1991) demonstrate uncertainty and the need for further research. Until 

additional research is available, the consensus among research groups and practitioners follows the 

conceptual spacing of vegetative fuels to reduce fire spread. Trees and shrubs beyond Zone 0 should be 

spaced following a crown-to-crown distance and vertical clearance of 10 ft (Colorado State Forest Service, 

2012) . 

Accessory Structures and Outbuildings 
Fire spread between buildings can cause widespread damage within a community (Cohen, 1995; Himoto, 

2022; Maranghides et al., 2021b; Rehm et al., 2002). The spread rate is influenced by slope, building size, 

distance between buildings, and wind direction and intensity (Cohen, 1995; Yuan et al., 2022). Because of 

the complexity of building-to-building fire spread, most efforts to understand this phenomenon are 

limited to reduced-scale tests (Cicione et al., 2019; Narayanan et al., 2022) or numerical and stochastic 

modeling (Cheng & Hadjisophocleous, 2009; Huang, 2020; Masoudvaziri et al., 2021). There have been a few 

experimental studies regarding fire spread between buildings; most of these studies have been based on 

radiation from flames jetting out through openings during an internal fire (Yuen et al., 2021).  

During wildfires, on the other hand, the entire structure could be engulfed in flames, which leads to a 

drastically different fire behavior. Using some limited field observations, McGuire (1965) developed a 

theoretical model that calculates building separation based on the size of the buildings and the percent 

of openings on the building’s exterior. McGuire’s calculations are based on the ratio of the radiant heat 

intensity at the receiving surface to that at one or more radiating surfaces. His calculations suggest a 53-ft 

separation for a structure 10-ft by 25-ft with 100% opening (almost the entire building in flames). Himoto 

et al. (2018) studied three arrays of mock buildings with dimensions of 3.6-m by 3.6-m (11.8-ft by 11.8-ft). 

About 260 kg (573 lb) of wood cribs were loaded into the buildings. Buildings were separated by 0.5 m (1.6 

ft) within the array, and the arrays were separated by 3.6 m (11.8 ft). Following the first fire, 15 out of 18 model 

houses were burned due to successive fire spreads that lasted about 50 min with a 1.6 m/s (3.5 mph) 
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ambient wind. A study by Hasami (1997) examined the spread of fire from a heptane and propane burner 

to one three-story building (13.6-m by 9.1-m by 11.69-m, or 44.6-ft by 29.8-ft by 38.4-ft) and the spread of fire 

to two two-story buildings (roughly 4.5-m by 10-m by 7-m, or 14.7-ft by 33-ft by 22.9-ft). Approximately 3 m 

(9.8 ft) separated the burners from the main buildings, and 4.5 m (14.7 ft) separated the main building from 

the secondary buildings. The results of his tests are not available in English, but because of its relevance, 

the methodology is covered in this paper. Yuan et al. (2022) examined fire spread in wood buildings and 

observed that the fire spread from one wood building to three other wood buildings within 30 min of 

igniting the first. Configurations on both flat ground and an uphill slope show a reverse trend between 

building distance and thermal radiation.  

Note that none of the experiments mentioned above incorporate the effects of wind on building-to-

building fire spread. To fill this gap, IBHS committed to studying wind-driven building-to-building fire 

spread and the first phase of the project—fire spread from approximately 300-sq-ft outbuildings—is 

currently under investigation. Fire spread from outbuildings to a main structure is a common fire spread 

mechanism in the WUI, as shown in Figure 8. Preliminary results indicated that a burning shed 30 ft away 

from the main structure would result in repairable damage to the main structure. Figure 9 shows two of 

these experiments. This research will be published in 2023.  

Accessory Structures and Outbuildings: When accessory buildings ignite, usually due to spot fires 

spreading, short local flames transform into tall flames that radiate significant amounts of heat and/or 

touch nearby buildings. To limit these kinds of exposures, all accessory buildings like sheds and gazebos 

within 30 ft of the home should be built with the same mitigation measures as the home.   

 

 

 

 

Figure 8. Example of a shed damaging the main structure on a parcel in the Glass Fire (2020) in Napa and Sonoma Counties, 
California. In photo (a), a shed was about 6 ft away from the main structure (suppressed by first responders and the homeowner). 

In photo (b), an attached outbuilding completely burned and damaged the main structure (suppressed by first responders).  

b a 

Page 28 of 119



Insurance Institute for Business & Home Safety  21 

 

 

 

Fences Outside of Zone 0 
Real-world WUI fires have shown that fences located beyond Zone 0 contribute to fire spread in 

communities (Insurance Institute for Business & Home Safety, 2020; Maranghides et al., 2013; Maranghides 

& McNamara, 2016), as can be seen in Figure 10. Australian researchers investigated the effectiveness of 

noncombustible and combustible fences in preventing bushfire spread. After ignition, the combustible 

fences ceased to act as barriers and contributed to the fire spread (Johnsson, 2018; Leonard et al., 2006). 

In a recent study from NIST (Butler et al., 2022), the vulnerability of fences was examined. This research 

concluded that when combustible objects burn in close proximity, fire hazards are disproportionately 

higher. When a fire occurs, surface fuels—such as mulch and vegetative debris—burning close to the fence 

result in extreme fire behavior. In the NIST study, fires burned along mulch lining the base of a single fence 

row and parallel fences. An inferno consumed the fence pairs when positioned close together. The single 

fence row burned more quickly with mulch or debris present at the base than without mulch or debris. 

Compared with fences where mulch or debris was not located at their base, individual fence rows burned 

Figure 9. Photographs of a wind-driven building-to-building fire spread experiment at the IBHS Research Center showing (a) a 
burning woodshed positioned 30 ft from the main building and (b) a burning metal shed positioned 10 ft from the main building. In 

both cases, the open shed door is facing the main building. 

Figure 10. In the Glass Fire (2020) in Napa and Sonoma Counties, California, (a) a combustible fence provided a pathway for fire to 
spread uphill and damage both homes during fire, and (b) a wood fence spread fire and led to a cascade of damage (defended). 
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more slowly. According to the report, in a WUI environment, fences should not be built parallel to each 

other, even within 1 m (3 ft) of each other, as shown in Figure 11. Along with providing fire a conduit, this 

design introduces severe flame and radiation hazards to the neighborhood. 

Debris accumulated between back-to-back fences is rarely removed. Highly susceptible surface fuel 

trapped in a conduit-like channel is hazardous as it creates ladder fuel. When ignited, fire can rapidly grow 

and “carry the fire along toward your house in a matter of a few minutes, not hours” (National Institute of 

Standards and Technology, 2022). 

Fences Outside of Zone 0: The combination of trapped debris between back-to-back fences and the 

fence itself creates an extremely susceptible fuel bed for embers. This construction method should be 

avoided in the WUI. 

Eaves and Soffits 
The under-eave area of buildings—whether vented or unvented—is vulnerable to fire. Eaves are 

constructed in two basic ways: open eaves and enclosed or soffited eaves. In open eaves, the roof rafters 

that extend beyond the exterior wall are visible. Open eave construction is typical in the western United 

Figure 11. Fire behavior between parallel fences (a) 0.6 ft apart, (b) 1 ft apart, (c) 1.5 ft apart, (d) 2 ft apart, and (e)  3 ft apart and longer 
fence (Butler et al., 2022), used with permission. 
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States. In enclosed or soffited eaves, the rafters are protected by a panel. The enclosing panel can be 

installed horizontally (extending from the roof edge back to the exterior wall) or parallel to the roof slope.  

The overhang can protect walls from the rain and sun, but the overhang can also exacerbate wildfire 

exposure. The eave is susceptible to wind-blown embers and flames if nearby vegetation or combustible 

siding ignites. A 2008 FEMA guideline (Federal Emergency Management Agency, 2008) states that wider 

overhangs can be more vulnerable because wider overhangs trap more heat and embers. This is 

particularly true for buildings on sloping terrain with an open-eave design.  

Experimental studies typically use open eaves as a “worst-case scenario,” which is usually used to create 

guidance (Manzello et al., 2012b; Maranghides et al., 2022b). Syphard & Keeley (2019) concluded from a 

statistical analysis of structure loss in California between 2013 and 2018 that enclosed eaves had a highly 

significant protective effect compared to no eaves and open eaves as seen in the relative risk ratios. The 

existence of “temporary fuels” such as vehicles near the building also pose a direct flame contact and 

radiant heat threat to the eaves. Quarles et al. (2011) exposed soffited and open eaves to flame contact and 

radiant heat. Quarles et al. reported that open-eave designs that incorporate a fascia board are more 

vulnerable to direct flame contact exposures compared to soffited-eave designs. However, the open-eave 

design performed better against radiant heat exposure. It should be noted that most of the post-fire 

observations about eaves are anecdotal (Quarles et al., 2010) and more research on the vulnerability of 

eaves from surrounding fuels is needed. 

Eaves and Soffits: The geometry of eaves traps heat from flames and hot gases. While field evidence of 

ignitions is anecdotal, protecting the eaves with noncombustible soffits mitigates the ignition potential.  

Exterior Wall Covering/Cladding 
Exterior walls are vulnerable to flames and radiant heat because of their geometry and area. Reentrant 

corners, an inside corner to the building, are particularly vulnerable. Ignition of siding can result in rapid 

fire growth (Green et al., 2022). When siding ignites, the heat can penetrate through the exterior surface 

to the underlying layers including sheathing and studs.  

Investigating flame spread over combustible exterior walls, the Institute for Research in Construction of 

the National Research Council of Canada concluded that some combustible claddings support “unlimited 

vertical flame spread” (Oleszkiewicz, 1990). Maranghides and Johnsson (2008) reported that flames jetting 

out of a window ignited a mock wall assembly 6 ft away—the minimum home separation distance 

required by some building codes—in 80 sec; these tests were performed with no wind. Post-fire 

investigations report that fire can also grow on the surface, spreading laterally and specifically vertically, 

and expose other components on the wall such as windows and under-eave vents to flames, as 

demonstrated in Figure 12 (Insurance Institute for Business & Home Safety, 2020; Maranghides et al., 2015; 

Quarles et al., 2013). 
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Exterior Wall Covering/Cladding: While a 6-in. vertical clearance protects a wall from embers, more 

action is needed to provide protection from flames. Their geometry makes walls suitable recipients of 

radiation and flame contact in WUI fires. The spread of flame through walls can be slow, but surface 

flame spread on combustible siding occurs quickly. This exposes windows and eaves to direct flame 

contact and can begin the cascade of damage for a home. Noncombustible cladding eliminates the 

chance of such flame exposures. 

Figure 12. IBHS post-fire investigations show: (a) fire penetration through combustible cladding and vertical flame spread during 
the Glass Fire (2020) in Napa and Sonoma Counties, California, likely from a burning vehicle; (b) radiant heat damage from 
surrounding fires (located more than 50 ft away) damaged the vinyl siding, also during the Glass Fire (2020); (c) T1-11 siding 
ignited due to fire from surrounding vegetation, likely suppressed by first responders during the Camp Fire (2018) in Butte 

County, California; (d) fire penetration through combustible cladding during the Waldo Canyon Fire (2012) in El Paso County, 
Colorado (Maranghides et al., 2015); and (e) in the laboratory, the siding of the building ignited during IBHS’s full-scale wind-

driven building-to-building fire spread tests. 
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Exterior Glass (Windows, Skylights, and Glass Within Doors) 
Windows and other glazing create a discontinuity in the cladding of a building. The cavity and edge effects 

at the discontinuities cause some inevitable installation vulnerabilities(Jensen, 2013; Manzello & Suzuki, 

2021; Šadauskienė et al., 2022). Hence, the entire opening (windowpane[s], window frames, and fasteners) 

are vulnerable to radiative and convective heating, as displayed in Figure 13. Studies show that a thermal 

insult results in a temperature gradient between different parts of the window assembly and can cause 

different types of failure (Cuzzillo & Pagni, 1998; Gao et al., 2013). Double-paned windows are mandatory in 

many parts of the western United States for energy efficiency purposes. These windows are typically 

annealed glass and can withstand about 25 kW/m2 of thermal exposure (Quarles & Gorham, 2020). In 

comparison to single-paned systems, double-paned systems consistently perform better in terms of fire 

barrier performance (Shields et al., 2005). If the windowpanes are tempered, the resistance increases to 

about 40 kW/m2 (Babrauskas, 2003), which is not an uncommon heat exposure in a wildfire. 

Cohen (1995) exposed different types of windows to heat flux intensities of 9.3 kW/m2 , 13.6 kW/m2, and  17.7 

kW/m2. Cohen reported that annealed single-paned windows and the outer pane of annealed double-

paned windows broke at all three heat fluxes. The inner pane of annealed double-paned survived at 9.3 

kW/m2. However, at higher heat fluxes, the second annealed pane of the double-paned windows also failed 

in 75% of the tests. Both single-paned and double-paned tempered windows survived.  

Figure 13. Vulnerability of windows: (a) glazing collapsed in Neos Voutzas-Mati, Greece (2018) due to the combustion of a pine 
tree (Peñaloza et al., 2021), used with permission; (b) windows damaged by radiation from a burning fence about 10 ft away 

during the Glass Fire (2020) in Napa and Sonoma Counties, California, where the arrow indicates the direction of radiation; (c) 
the outer tempered pane of a window fell out during an IBHS full-scale test; (d) window damage following the Grass Valley Fire 

(2006) in San Bernardino County, California, due to a burning building about 40 ft away, documented by Stephen L. Quarles. 

© 2018 David Caballero 

© Stephen L. Quarles 

a b 

c d 

Page 33 of 119



Insurance Institute for Business & Home Safety  26 

IBHS’s recent findings show that the tempered outer pane of a double-paned window fails after about 10 

min of exposure to the heat of a burning shed 30 ft away, and therefore it is necessary to have both panes 

tempered. The performance of a glazing unit depends on multiple factors including heat intensity, the air 

gap between the two panes, and breakage behavior of the first pane; these factors are not well understood 

(Wang et al., 2017).  

Exterior Glass: Windows are vulnerable to flame contact and radiation. Multipaned windows are more 

resilient by providing multiple layers of protection before flames can penetrate the home. Tempered glass 

further increases resilience because of its higher resistance to radiation.  

Exterior Doors 
Like other parts of the building envelope, exterior doors can be exposed to flames, radiant heat, and 

embers. NIST’s post-Waldo Canyon Fire (2012) investigation in El Paso County, Colorado, reports doors as a 

frequent damaged component of the building (Maranghides et al., 2015). Maintaining a proper defensible 

space around the building reduces the potential thermal insults from flames. However, embers can still 

accumulate at the base of a door and potentially penetrate through the door jamb. IBHS’s post-Marshall 

Fire (2021) investigation in Boulder County, Colorado, showed limited damage to exterior doors due to 

ember accumulation at the base, as can be seen in Figure 14a. Figure 14b demonstrates ignition of the 

door jamb due to ember penetration of a home during research experiments at the IBHS Research Center. 

Figure 14. (a) Post-Marshall Fire (2021) investigation in Boulder County, Colorado, showing evidence of ignition from an 
accumulation of embers and debris at the base of the door; (b) Embers charred the threshold during the Victorian Bushfire 

(2009) in Australia (Leonard, 2009), used with permission; (c) Embers ignite the door jamb at the IBHS Research Center. 
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This highlights the importance of the door assembly rather than the door itself. It should be mentioned 

that most of the evidence regarding external doors is anecdotal and more research in this area is needed.  

Exterior Doors: Flames are less likely to reach exterior doors if there is proper defensible space around 

the home. However, wind-blown embers may still accumulate at the base of a door or penetrate small 

openings around the door and ignite the door jamb. Similar to other components, the entire door 

assembly should be mitigated. Fire-rated doors are the most practical solution due to the lack of 

noncombustible door assemblies (door jamb) on the market. 

Bay Windows 
Existence of combustible materials, either accumulated debris, plants, or other fuels, adds a vulnerability 

to bay windows. Similar to low-elevation decks, bay windows trap debris as well as heat and embers due 

to their geometry. The evidence around bay windows is anecdotal and limited to post-event investigations 

(Maranghides et al., 2015). In the wake of the Glass Fire (2020) in Napa and Sonoma Counties, California, 

IBHS investigated this vulnerability. As shown in Figure 15, the vegetation underneath the open bay 

window was mostly consumed, while the vegetation beyond it was less so.  

Enclosed Space Underneath Bay Windows: The geometry of bay windows traps heat underneath them. 

While field evidence of ignitions is anecdotal, enclosing this area with noncombustible materials 

eliminates the risk.  

  

Figure 15. Heat trapped underneath bay windows caused the vegetation in this area to burn 
disproportionally to its surroundings during the Glass Fire (2020) in Napa and Sonoma Counties, 

California. 
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Takeaways  
Outdoor fire behavior, especially in the WUI where fuels are more diversified, is a highly complex 

phenomenon dominated by embers, which attack communities during wildfires. Depending on the 

condition of the recipient fuels that embers land on, the characteristics of the embers themselves, and 

environmental conditions, embers can burn out, start small flames, or grow to large flames. Embers, small 

flames, and large flames all pose different threats to homes. Large flames radiate enough energy to ignite 

combustible building materials without coming in contact with the building. However, small flames need 

to be in very close proximity or even touching the building component to ignite them.   

Vulnerable homes in the path of wildfires may become fuel for the fire with devastating, long-term impacts 

on communities. Due to the variety of possible ignition scenarios, a single hardening strategy is not 

effective at reducing the chance homes ignite. A systematic approach is necessary to harden homes 

against embers and flames because the mitigations against each are different.  

Embers threaten a home directly and indirectly. Embers can start small spot fires near homes, which often 

propagate and can indirectly ignite a home. To minimize the threat of direct ignition by embers, a properly 

maintained Class A roof is required. It is necessary for all vents to have a mechanism that minimizes ember 

entry into the building. The footprint of a home should have a 6-in. noncombustible vertical clearance to 

limit direct contact between rolling, burning debris and any combustible components of the exterior wall. 

To minimize the threat of indirect ember ignition, maintained defensible space is needed, with special 

attention given to the development and maintenance of Zone 0. 

Tall flames radiate substantial heat, spread rapidly, and are more difficult to suppress. However, their 

spread can be predicted more easily. Several factors affect the radiant heat intensity emitted by flames 

including their height, width, thickness, and the distance between the flame and surrounding fuels. Tall 

flames require vertically oriented fuel so noncombustible or fire-resistant materials are best suited to limit 

the possibility of tall flames. Increasing the distance between the potential source and the potential target 

is another effective way to reduce the spread of fire.  

To protect a home from flames, all main vertical surfaces of the home, namely siding, windows, and exterior 

doors should be held to the highest fire resistance standard. Back-to-back fence rows should be removed. 

The eaves and area beneath bay windows should be enclosed to minimize heat trapping in these areas. 

Deck assemblies should be noncombustible or have solid walking surfaces with no gaps.  

A tiered system of home hardening developed using the current state of the science in wildfire mitigation 

includes a foundational systemic protection of a home against embers and an additional layer of systemic 

protection to guard against vulnerabilities to flame exposure. As IBHS and others continue research, new 

findings must be considered for updates to this functional 2-tiered systematic approach. While no home 

is fire-proof, systematically applying known mitigation strategies will reduce the chance a home is lost in 

a wildfire.  
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Abstract 

In the last twenty years, wildland-urban interface (WUI) fires have grown in severity and 
size. The structures destroyed by WUI fires have devastated entire communities and have 
cost billions of dollars while significantly impacting the social fabric and economic well-
being of entire regions. Structure losses are attributed to exposures from both embers 
(firebrands) and fire (radiation and/or convection). As structure losses continue to increase, 
there is a growing need for a comprehensive hazard assessment and mitigation methodology 
to harden appropriate structures and parcels effectively and efficiently against ember and fire 
exposures. To address this need, the National Institute of Standards and Technology (NIST), 
the California Department of Forestry and Fire Protection (CAL FIRE), and the Insurance 
Institute for Business & Home Safety (IBHS) embarked on a sixteen-month collaborative 
effort, culminating in this Hazard Mitigation Methodology (HMM).  
 
The HMM provides an implementable path forward by considering the spatial relationships 
between fuels, exposures, and hardening at the structure and parcel levels. The HMM 
demonstrates how complex structure hardening is, and how and why hazards associated with 
both fire and ember exposures need to be mitigated. By describing the relationships between 
exposure and hardening within the methodology, HMM highlights situations where structure 
hardening does not provide sufficient protection in the absence of parcel hardening. The 
HMM also addresses housing density, structure separation distance, and parcel layouts. The 
methodology was explicitly designed to address the current building stock, i.e., to solve 
retrofit challenges, and efforts were made to limit retrofit expenses. While the methodology 
was developed primarily for retrofits, the presented strategy can also be applied to new 
construction. 
 
This science-based methodology uses the knowledge collected from post-fire field 
observations spanning a dozen years and tens of thousands of hours of field data integration 
and analysis. Additionally, the HMM utilizes the latest technical knowledge gained from 
laboratory and large-scale research in fire propagation and hazard mitigation in the WUI. 
 
This report documents the methodology and addresses the critical issues of mitigation 
effectiveness at the parcel and community levels. The impacts of partial mitigation at the 
parcel and community level were addressed for different types of WUI communities.  
 
 
Key words 
community hazard reduction; disaster resilience; ember; firebrand; hazard mitigation; large 
outdoor fires; parcel hardening; retrofit; structure separation distance; wildfire; wildland-
urban interface; WUI 
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Glossary 

Abbreviations 
AHJ ......................... authority having jurisdiction 

CA Chapter 7A .......  a chapter in the California Building Code establishing minimum 
standards for construction in state-designated areas, titled Materials and 
Construction for Exterior Wildfire Exposure 

CAL FIRE ............... California Department of Forestry and Fire Protection 

FRAP....................... Fire and Resource Assessment Program (CAL FIRE) 

FSD ......................... fuel separation distance – the spatial distance between a fuel (source) 
and a target 

FSR ......................... fuel separation range – the spatial distance between a fuel and target in 
which hardening of the target will significantly reduce target ignition 
potential 

ICC .......................... International Code Council  

IBHS ....................... Insurance Institute for Business & Home Safety 

NFPA ...................... National Fire Protection Association 

NIST ........................ National Institute of Standards and Technology 

SSD ......................... structure separation distance – the distance between two structures 
(primary or auxiliary) 

 
Terms 
cladding ................... the exterior materials or assembly of materials of a structure 

ember....................... a hot or burning (flaming or smoldering) particle generated/broken off 
from the source (due to impact, wind, or the reduced structural integrity 
of the solid fuel due to burning) 

exposure .................. the heat energy from flames, radiation, and/or embers that are generated 
from a burning object, feature, or structure 

firebrand .................. see ember; particularly an airborne ember 

parcel ....................... a specific plot of land with delineated boundaries, typically containing a 
house or building 

source ...................... an object, feature, or structure that, when burning, generates an exposure 
of heat, flames, and embers 

target ....................... the recipient of an exposure – may be a structure (hardened or non-
hardened) or other parcel features 

wildlands ................. any undeveloped land with vegetative fuels that can generate fire and 
ember exposures (may also be located on partially developed parcels) 
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1. Introduction 

Fires in the wildland-urban interface (WUI) pose a growing threat to communities across the 
nation and around the world. Fires have grown in intensity and size in the last 20 years [1-3]. 
Additionally, a new threat has emerged from fire storms, events where tens of fires can occur 
simultaneously, creating challenging conditions for first responders that result in reduced 
response coverages. Recent events include the October 2017 North Bay Fires and the August 
2020 lightning fires in California, as well as the September 2020 fires in Oregon. As losses 
mount, a paradigm shift of the hazard mitigation approaches that have been widely used to 
date is needed. 
 
Fire and embers vary over small geospatial scales in WUI fire events. Post-WUI fire case 
studies have identified that these exposures can vary on a sub-parcel scale, on the order of 
50 ft to 100 ft, highly dependent on localized fuel, wind, and topographic conditions [4-6]. 
Embers can travel several miles, and initial low to moderate ember exposures can impact 
entire communities [7, 8]. These initial wildland exposures can significantly contribute to the 
spread of fire into the community directly, or through the development of significant fire 
exposures from the ignition of fuels within the community. Subsequent ignitions within 
communities can generate localized very high ember exposures. Fire (radiation and 
convection) exposures can also exhibit significant variations occurring over several feet. This 
is not only a function of the spatial distribution of fuels but also is associated with the rapid 
decay in radiation intensity with increasing distance and the limited extent of flaming 
combustion (i.e., flame length) compared to the widespread extent of ember exposures. 
National Institute of Standards and Technology (NIST) WUI case studies have repeatedly 
identified the need to couple exposures to structure hardening [4-6]. A Hazard Mitigation 
Methodology (HMM) was developed to address this specific need and was a sixteen-month 
collaborative effort by NIST, the Insurance Institute for Business & Home Safety (IBHS), 
and the California Department of Forestry and Fire Protection (CAL FIRE). 
 
All WUI communities are not the same. This HMM goes beyond the traditional WUI 
definitions and introduces the concept of structure separation distance (SSD) for the 
development and implementation of hazard reduction. The proposed HMM accounts for both 
ember and flaming exposures in the WUI and addresses the spatial relationships between 
fuels that drive the ignition of structures and fire propagation. This work represents the 
technical evolution of the NIST WUI Hazard Scale [9] published in 2013. Scientific 
developments and field observations have resulted in the increase in spatial resolution of the 
proposed methodology as compared to the WUI Hazard Scale. 
 
The goal of the HMM is to reduce the overall implementation burden by assessing local 
exposures and applying the latest laboratory research findings and knowledge from post-fire 
field observations to effectively harden structures in a cost-effective way. The HMM is 
primarily aimed at retrofitting the existing building stock. The proposed methodology also 
highlights the needs and requirements for implementation at the community level. 
 

Page 52 of 119



 
 

2 

T
h
is

 p
u

b
lic

a
tio

n
 is

 a
v
a
ila

b
le

 fre
e
 o

f c
h
a
rg

e
 fro

m
: h

ttp
s
://d

o
i.o

rg
/1

0
.6

0
2
8

/N
IS

T
.T

N
.2

2
0
5

 

HMM was designed to be applied in communities located in hazardous fire prone WUI areas. 
The benefits of community-wide mitigation can be viewed as proportional to the overall 
community fire hazard, including fire exposures from surrounding and occluded wildlands. 
While the implementation of HMM in a high-hazard community will likely substantially 
reduce losses, significant benefits can also be achieved in lower hazard scenarios. Recent 
WUI fires have demonstrated that significant losses can occur in low-hazard WUI or urban 
settings. One example is the impact of the 2017 Tubbs Fire on the Coffey Park community in 
Santa Rosa, CA. 
 
NIST and IBHS are non-regulatory entities, while CAL FIRE has regulatory authority in the 
state of California. This HMM was developed to provide authorities having jurisdiction 
(AHJs) and homeowners with the latest comprehensive understanding of fire behavior and 
structure response in the WUI. When terms such as “required” and “should” are used, they 
are only in the context of highlighting the necessary components identified for the HMM to 
work. AHJs will ultimately choose where to implement any or all of the components 
presented in the HMM. 
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2. WUI Definition 

The common conceptual definition of wildland-urban interface (WUI) is the geographical 
area where human development, including structures and other infrastructure, meets or 
intermixes with undeveloped wildlands [10, 11]. Communities in such areas may be grouped 
into one of three categories—interface, intermix, or occluded1—depending on the density of 
development, coverage of wildland fuels, and population density [12]. This definition has 
been adopted by several governing federal- and state-level authorities and codes/standards 
organizations, including the US Fire Administration, the International Code Council (ICC) 
International Wildland-Urban Interface Code (IWUIC), and the National Fire Protection 
Association (NFPA). 
 
Beyond the conceptual definition, establishing a uniform operational definition has proven 
difficult [13-15]. WUI areas are often delineated using three primary components: 

1. human presence, often quantified by housing density or population density 

2. wildland vegetation, often quantified by percentage of land coverage 

3. proximity to wildlands, often quantified as a buffer distance between wildlands and 
developed land or structures. 

 
The introduction of an official Federal WUI definition is presented in the Federal Register in 
2001 [11] in support of Federal wildland fuel management efforts in response to the fire 
season of 2000. This definition quantified human presence through either housing density or 
population density. However, these definitions only qualitatively describe the quantity of 
wildland vegetation and proximity to wildlands. 
 
The Healthy Forests Restoration Act (HFRA) of 2003 [16] slightly expanded the WUI 
definition to include “at-risk communities”—groups of homes or structures with basic 
infrastructure and services where there is a significant threat, to human life or property, from 
large-scale wildland fires.2 The WUI extends at least 0.5 mi (0.8 km) from the boundary of 
such areas and includes any additional area within 1.5 mi (2.4 km) consisting of topography 
or fuel accumulation conditions with increased potential for elevated fire behavior, or land 
suitable for effective firebreaks. Furthermore, the HFRA also deemed areas adjacent to 
evacuation routes from such communities as WUI. 
 
Several studies have implemented the federal definition into practice to identify, quantify, 
and map WUI areas [14, 17-21]. The generally accepted defining criteria are presented in 
Table 1. However, even while adhering to the spirit of the Federal Register definition, 
slightly differing assumptions, interpretations of the thresholds, differing data sources, and 
intermediate data processing steps yield different outcomes [20-23]. Detailing specifics of the 

 
1 Occluded community refers to a situation where developed areas surround an island of wildland fuels generally < 1000 ac (400 ha) in size 
[11]. These communities are typically treated and defined similar to interface communities. 
2 Note that both the Federal Register [11] and the HFRA [16] specify communities within or adjacent to federal lands. However, it is 
important to note that this reflects jurisdictional limitations and should not be understood to limit the broader sense of 
qualification/definition as WUI. 
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various implementations are beyond the scope of this document. However, the focus of the 
mapping studies, and the federal definition in general, is to provide a high-level overview and 
a sense of scale to help progress to the next step—directing the additional focus needed to 
hone in on and support direct mitigation efforts in areas where it is needed.  
 
It is important to note that not all communities in the WUI have the same fire risk level, and 
risk or threat is not quantified or defined in the Federal Register or the HFRA. However, the 
Federal Register does suggest the consideration of the following three broad categories when 
evaluating risk factors: 

1. Fire behavior potential (e.g., fuel types and distribution, slopes, prevailing winds) 

2. Values at risk (e.g., structures, watershed, cultural/historical values), and 

3. Infrastructure (e.g., road access/egress, water supply, firefighting capacity). 
 
While the above three risk factors provide useful information for assessing risk, the specific 
implementation criteria impact the final perimeters of WUI areas determined by local 
jurisdictions. Historically, WUI fire losses have occurred within these defined boundaries; it 
has been shown that a significant fraction of buildings destroyed by wildfires are located in 
the WUI [24]. However, it is also essential to keep in mind that hazardous conditions may 
extend beyond the “defined” WUI. For example, the Coffey Park neighborhood of Santa 
Rosa, CA, which was destroyed in the 2017 Tubbs Fire, sits outside the edge of the interface 
definition implemented by Radeloff et al. [17]. Once into the high-density structures, the fire 
burned 0.9 mi beyond the interface limit into developed lands. Coffey Park losses illustrate 
the potential of a WUI fire to morph into an urban conflagration. Similar losses from 
structure-to-structure fire spread have been observed during many other large-loss WUI fire 
events whether the locations are designated WUI or not. 
 
HMM was designed to be applied in communities located in hazardous fire prone WUI areas. 
State and local fire hazard severity mapping systems can be used to identify communities that 
can benefit from the application of this HMM. Some jurisdictions, such as the State of 
California, characterize hazard in their definition of WUI. The CAL FIRE Fire and Resource 
Assessment Program (FRAP) classifies land into Fire Hazard Severity Zones (FHSZ) [25, 
26]. There are 3 levels of FHSZ—Moderate, High, and Very High—which are determined by 
analyzing several factors, including vegetation, fuel loading, topography, weather 
(temperature, humidity, and wind), fire history, and ember potential. The state uses the 
defined FHSZs to require building code provisions (i.e., California Building Code (CBC) 
Chapter 7A [27], California Fire Code Chapter 49 [28]) and hazard mitigation actions [29].  
 
Efforts to define and map WUI hazard areas are necessary to assist local agencies in 
understanding their jurisdiction’s wildfire hazards and to prepare their communities by 
focusing broad mitigation strategies and land use planning. However, fire behaves at many 
scales, and fire hazard at the structure or property level is often difficult to quantify using 
coarse scale data such as LANDFIRE [30]. 
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Structure survivability is the result of the relationship between the structure construction and 
local intensity and duration of fire and ember exposures. Communities should assess both 
components in the process of structure and community hardening. As this HMM details, 
mitigation and hazard assessment distill down to a structure-level issue, and thus, considering 
structure separation distance as a defining component of WUI fire hazard is a logical 
progression for determining necessary hazard mitigation. 
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Table 1. WUI definitions. 
 Definition Component Federal Register Common Implementation CAL FIRE 

In
te

rf
ac

e 

Conceptual There is a clear line of demarcation between 
residential, business, and public structures and 
wildland fuels; wildland fuels do not generally 
continue into the developed area 

Developed land not dominated 
(i.e., < 50 %) by vegetation 

High-density development adjacent to 
undeveloped wildland vegetation 

Housing density ≥ 3 structure/ac (741 structure/km2) ≥ 1 HU/40 ac (6.18 HU/km2) >1 HU/20 ac (12.4 HU/km2) in 
Moderate, High, or Very High FHSZ 

Population density ≥ 250 people/mi2 (96 people/km2)   
Vegetation cover Structures directly abut wildland fuels < 50 % Not dominated by wildland vegetation 
Buffer from wildland Up to 1.5 mi (2.4 km) from community border < 1.5 mi (2.4 km) from land 

with > 75 % vegetative cover 
Wildfire susceptible vegetation up to 
1.5 mi (2.4 km) from interface 

Infrastructure Fire protection of the structures from both an 
interior fire and an advancing wildland fire 
provided by the local fire department. 

  

In
te

rm
ix

 
 

Conceptual There is no clear line of demarcation; wildland 
fuels are continuous outside of and within the 
developed area 

Developed land dominated (i.e., 
> 50 %) by vegetation 

Lower-density housing mingled with 
undeveloped wildland vegetation 

Housing density ≥ 1 structure/40 ac (6.18 structure/km2) ≥ 1 HU/40 ac (6.18 HU/km2) 1 HU/20 ac to 1 HU/5 ac 
(12.4 HU/km2 to 50 HU/km2)    OR  
>1 HU/5 ac (50 HU/km2) when 
dominated by wildland vegetation,  
in Moderate, High, or Very High FHSZ 

Population density (28 to 250) people/mi2 [(11 to 96) people/km2]   
Vegetation cover Structures are scattered throughout a wildland 

area 
> 50 % Dominated by wildland vegetation 

Buffer from wildland   Wildfire susceptible vegetation up to 
1.5 mi from intermix 

Infrastructure Fire protection districts provide life and 
property protection and may also have wildland 
fire protection responsibilities 

  

Note: HU = housing units 
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3. Defining WUI by Structure Separation Distance 

The WUI environment is complex and multifaceted. Several definitions of the WUI have 
been presented and used to meet specific documentation goals or to broadly identify hazard 
areas. For more focused and effective mitigation efforts, namely the enumeration of required 
structure hardening, many of these definitions are not sufficient on their own as they do not 
focus on the parcel-level details that characterize parcel-to-parcel and structure-to-structure 
fire spread. In this document, the definition of the WUI is subdivided into seven distinct 
types based on structure separation distance (SSD) and “traditional” WUI categories (i.e., 
interface or intermix). The Types are listed in Table 2. These definitions provide perspective 
and can help characterize overall community housing density and lot sizes. Table 2 can be 
applied at the community or the parcel level; however, Table 2 is not sufficient to implement 
the HMM.  
 
The range of structure densities defined as WUI are extremely broad. A typical high-density 
community with 8 HU/ac (housing units per acre) is 320 times denser than the lowest density 
typically considered WUI, 0.02 HU/ac (1 HU on 40 acres). The agglomeration of structures3  
seen in high-density communities (frequently resulting in small SSD) has significant impact 
on fire behavior [4, 31]. The use of SSD as a key metric in characterizing WUI areas 
specifically with respect to fire is twofold. First, structures represent a significant density of 
fuels that impact fire spread and, in many cases, directly contribute to the ignition of 
additional structures, propagating fire throughout the community. Secondly, existing 
structures pose a unique challenge in hazard management—they are immobile. While they 
can be hardened (see Section 5 for mitigation methodology), they cannot be readily removed 
or displaced like many other WUI fuels. 
 
The traditional WUI categories (interface/intermix) describe the general community 
classification and hazard profile. However, effective structure-level mitigation must be 
driven by parcel-level assessments and localized evaluation of potential fire exposures. This 
can be aided through identification of a parcel-level WUI Type. The Types listed in Table 2 
are primarily defined by SSD, with secondary consideration of parcel size. Even if structures 
are located on a large lot but are clustered together on the edge of the property with small 
SSD, the parcel WUI Type would correspond to a smaller SSD. 
 
  

 
3 All structures, not just housing units, including primary (residential and commercial) and auxiliary (e.g., auxiliary dwelling units (ADUs), 
garages, sheds) structures impact fire spread. 
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Table 2. WUI Types classified by structure separation distance (SSD) and typical parcel size. 

Type 
# WUI Type Name SSD (ft) 

Typical 
Parcel Size 

(ac) 

Typical 
Housing 
Density 

(struct/ac) 

1 High Density Interface – 
Perimeter 6a to 30 < 0.5 2 to 8 + 

2 High Density Interface – 
Interiorb 6a to 30 < 0.5 2 to 8 + 

3 Medium Density Interface – 
Perimeter 30 to 100 0.5 to 1+ < 2 

4 Medium Density Interface – 
Interiorb 30 to 100 0.5 to 1+ < 2 

5 Medium Density Intermix 30 to 100 0.5 to 1+ < 2 

6 Low Density Interface 100+ 1+ < 1 

7 Low Density Intermix 100+ 1+ < 1 
For SI: 1 ft = 0.305 m, 1 ac = 0.4 ha 

a representative of parcels with a 3 ft setback (common for new construction of sprinklered residences) 
b interior of community defined as > 0.25 mi (400 m) from wildlands 
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WUI Type 1 and Type 2 
 
WUI Type 1 and Type 2 represent high-density interface communities. These communities 
have a high fraction of their fuel load in the form of residential structures. SSDs in these 
communities are often as little as 6 ft (minimum 3 ft building setback from property line) and 
up to 30 ft. These types of WUI can be found around the country including in some very high 
WUI fire hazard areas. These WUI communities typically have parcel sizes significantly less 
than 0.5 ac (0.2 ha). Communities like Coffey Park in Santa Rosa, CA (shown in Figure 1) 
or the Mountain Shadows area of Colorado Springs, CO are examples of these high-density 
communities. Typical lot sizes in these two communities are less than 0.15 ac, and typical 
SSD is 6 ft (see maps and data in Figure 2 and Figure 3). The Mountain Shadows 
neighborhood can be characterized as Type 1 High Density Interface – Perimeter while 
Coffey Park can be characterized as a Type 2, High Density Interface – Interior community. 
 

 
Figure 1. The neighborhood of Coffey Park in Santa Rosa, CA is an example of WUI Type 2 
(High Density Interface – Interior). For SI: 1 ft = 0.305 m, 1 ac = 0.4 ha. 
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Figure 2. An example of structure density of the Mountain Shadows neighborhood in 
Colorado Springs, CO is shown in Map Figure 13 from NIST TN 1910 [4] (units modified). 
Insets show the highest density area (yellow) and associated lot size distribution. 
For SI: 1 ac = 0.4 ha; 1 structure/ac = 2.47 structure/ha. 
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Figure 3. Varying structure separation distances in the Mountain Shadows neighborhood of 
Colorado Springs, CO are shown in Map Figure 14 from NIST TN 1910 [4] (units modified). 
The inset highlights an area of very low SSD. For SI: 1 ft = 0.305 m, 1 ac = 0.4 ha. 
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WUI Type 3, Type 4, and Type 5 
 
WUI Types 3, 4, and 5 are all characterized by medium-density construction with SSD 
ranging from 30 ft to 100 ft. Parcels are typically larger in the medium (or moderate) density 
WUI, with many being over 1 ac. These WUI Types are further subdivided; interface (Types 
3 and 4) and intermix (Type 5). Like WUI Type 1 and Type 2, Medium Density Interfaces 
can be located on the perimeter abutting wildlands (Type 3) or in the interior of WUI 
interface communities (Type 4). WUI Type 5 represents medium density intermix 
communities with similar SSD found in Types 3 and 4 of 30 ft to 100 ft.  
 
 
WUI Type 6 and Type 7 
 
WUI Types 6 and 7 are characterized by low structure density at the interface and intermix, 
respectively. These are low structure density locations where residential structures are 
typically over 100 ft apart.4 These communities are comprised of larger lots, typically over 2 
ac. Note that even within a WUI Type, structure and vegetation characteristics may be quite 
different. Figure 4, Figure 5, and Figure 6 show different examples of low-density intermix. 
 

 
Figure 4. WUI Type 6: Low Density Intermix Rancho Santa Fe, CA. 
 

 
4 Auxiliary structures may be present and can have significant impact on fire spread. These local SSD (between all structures and other 
fuels) are explicitly addressed through the HMM. 
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Figure 5. WUI Type 6: Low Density Intermix, The Trails, Rancho Bernardo, CA. Note 
irrigated lawns, long paved driveways, pools and tennis courts. Some structure-to-structure 
distances are representative of Moderate Density Intermix (lower part of image). Also note 
limited high density non-irrigated vegetative loading. 
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Figure 6. WUI Type 6: Low Density Intermix: Concow, CA. Note the overall large SSD and 
structures located within the wildland vegetation. Note the imagery is taken after the 2018 
Camp Fire. 
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The seven WUI types described above can be used to help characterize WUI communities. 
These definitions are intended to provide general structure spacing information for a 
community or part of a community. The hazard mitigation and retrofit guidance provided in 
this document is parcel-centric and specifically accounts for local fuel spacing conditions. 
SSD and vegetation type, quantity, and location also relate to potential fire exposure. 
Exposures in the WUI are a combination of two components—fire and embers. These two 
exposure types are further discussed in Section 4.2. The impacts of fuel densities on 
exposures are discussed in Section 4.3, and the mitigation methodology to address the 
varying fire and ember exposures is described in Section 5. 
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4. WUI Hazard Mitigation Methodology 

4.1. Introduction 
The proposed methodology was developed to meet two primary objectives: 

1. Reduce structural losses in WUI fires by hardening structures and parcels, and 

2. Prioritize mitigation efforts to reduce overall mitigation costs.  
 
WUI fire hazard mitigation is often thought of as either an “every little bit helps” or a “one-
size-fits-all” voluntary endeavor. The first approach is a good start and can provide realized 
benefits in low-exposure conditions where defensive actions5 are also very effective [4, 32]. 
However, such an approach often leaves significant gaps and a false sense of security (see 
Sections 5.4.2 and 5.4.3 on partial compliance). This approach has significant shortcomings 
in conditions where defensive actions are not possible due to high exposures or limited 
resources. There is a fundamental difference in communication for public awareness and 
hardening for standalone protection. Public education is a critical component of a hazard 
communication strategy but does not go far enough to solve the larger-scale problem. The 
second approach, “one-size-fits-all” mitigation, is very expensive if all vulnerabilities are to 
be addressed. The goal of the methodology developed in this document is to bridge the gap 
through selective hardening actions in response to potential exposures at the parcel level, 
while considering exposures to/from neighboring parcels. This quasi-performance-based 
design approach can reduce the overall burden of mitigation in both effort and expense. 
 
The mitigation strategy outlined in this document was primarily developed to address the 
needs for retrofit hardening of existing communities; however, the information can also be 
used for the design and construction of new communities. The proposed methodology is 
designed to augment defensible space [33]. The strategy relies on defensible space principles 
specifically related to the removal and maintenance of vegetative fuel and other combustible 
materials. The strategy was developed over a period of 16 months through a collaborative 
effort between NIST, CAL FIRE, and IBHS and leverages the most current science and data 
together with more than ten thousand hours of pre- and post-WUI fire field data collection 
conducted by the collaborating agencies. Discussions with the building industry were 
necessary to clarify and improve different implementations for retrofit solutions. The HMM 
will continue to be adapted and revised as additional science and technical findings become 
available.  
 
Structures in the WUI can experience two different types of hazardous exposures—embers 
and fire (i.e., flames via radiation and/or convection) [34]. To survive without contributions 
of defensive actions (see Section 5.4.1 on the impact of defensive actions in the WUI) 
structures must be able to withstand both ember and fire exposures. This adaptive 
methodology is designed to harden the structure and the parcel against both hazards. 
 

 
5 Defensive actions include fuel displacement, fire suppression, fire containment, and exposure protection by first responders. 
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There is a direct relationship between exposure and the structure hardening required for 
survival, and effective mitigation is a tuned balance of the two components. This relationship 
is illustrated in Figure 7, where the two knobs or dials represent exposure level and structure 
hardening. There are as many relationships that will result in structure ignition as there are 
relationships or settings that will result in no ignition. At the extreme, if the exposures (both 
fire and embers) are eliminated then no hardening is required. Conversely, if a structure is 
hardened to a windowless concrete bunker, it could survive an extreme exposure. It is 
acknowledged that the bunker approach is not realistically implementable or desirable, 
highlighting the need for a balanced strategy between exposure reduction and structure 
hardening. 
 
 

 
Figure 7. WUI fire hazard mitigation is a balance between two input dials—reducing 
exposure and increasing structure hardening. 
 
 
 
4.2. Quantifying Ember and Fire Exposures 
 
4.2.1. Embers 
In a WUI fire, structures will likely experience ember exposures. Embers can cause direct 
ignitions of structures and parcels. Ignitions of parcel-level features may result in fire 
exposures to the structure and generation of additional embers. Structure ignition will depend 
on the vulnerabilities present on the structure and the intensity/duration6 of local ember 
exposures. 
 
Ember exposures can vary over several orders of magnitude in number flux (count/m2/s) and 
in energy content, as embers can range from sub-millimeter scale to many centimeters in size 
[4, 35, 36]. In WUI fire events the initial embers arriving to a structure often originate from 
beyond the parcel that is being protected/hardened. Depending on the origin of the embers 
and the ownership of the ember generating fuels, options may be available to limit ember 
generation. While ember exposures can be reduced locally by defensive actions, the presence 
of first responders cannot be relied upon particularly during large incidents. Therefore, 
structures must be hardened to withstand various ember exposures ranging from very low to 
very high. Because the exposure intensity and duration cannot be controlled, or in many 
cases even predicted, ember hardening must address significant ember exposures and 

 
6 Intensity of ember exposures will be a function of several factors including size distribution, number density, and energy content, which all 
vary in both space and time. 

Page 68 of 119



 
 

18 

T
h
is

 p
u

b
lic

a
tio

n
 is

 a
v
a
ila

b
le

 fre
e
 o

f c
h
a
rg

e
 fro

m
: h

ttp
s
://d

o
i.o

rg
/1

0
.6

0
2
8

/N
IS

T
.T

N
.2

2
0
5

 

associated local ember accumulations. While scientific work is in progress to measure and 
quantify ember fluxes (e.g., [37-39]), visual observations and ignition occurrences are the 
best documentation at this time. The technical goal is to prevent ignition, not merely delay it. 
This is accomplished through the use of noncombustible materials in vulnerable areas of the 
structure. A detailed list of ember hardening requirements is discussed in Appendix A.  
 
On the parcel, embers can cause the ignition of different parcel-level features. The hardening 
of these features can fall outside the current regulatory practices of fire departments and local 
AHJs. One example is recreational vehicles (RVs). The ignition resistance of RVs to embers 
will impact the potential contributions of RVs to fire spread within and across parcels in the 
WUI. RVs and other parcel-level features will generate both ember and fire exposures.  
 
 
4.2.2. Fire 
Fire exposures can originate from within the respective parcel or from adjacent parcels or 
wildlands. Like ember exposures, fire exposures can vary in intensity and duration. However, 
unlike embers that can travel several miles, fire exposures impact potential fuel in the range 
of tens of feet, as radiation and convection decay rapidly with distance. 
 
There is a significant connection to be made between fire exposure and hardening. A 
structure with limited hardening can tolerate a low fire exposure relatively easily. Examples 
of low fire exposures are a mulch fire or a shrub fire. While these exposures can generate 
heat fluxes of 15 kW/m2 locally, these exposures are very limited in space and have short 
finite durations. These types of low exposures are not a challenge to hardened structure 
cladding (e.g., stucco, cementitious board) and do not cause cladding failure as current test 
methods (e.g., ASTM E2957) are designed to accommodate them. While non-threatening to 
hardened structure cladding, these exposures can still pose a significant ignition hazard to 
other non-hardened exposed combustibles, which may further increase the total exposure to 
the structure. Depending on materials and assembly construction, a low fire exposure can 
result in local ignition and subsequent structure loss.  
 
Hardening for these types of exposures requires localized changes in building cladding and 
reinforcement of the assembly. As an example, raising the combustible cladding from the 
ground7 uncouples potential exposures from a mulch bed or an accumulation of wind-blown 
flammable materials (e.g., pine needles and leaf litter). This strategy is easier and more cost 
effective to implement than replacing the entire siding for that very targeted low intensity fire 
exposure. It should be noted that while low intensity fire exposures can be treated with local 
hardening solutions of exposure uncoupling (e.g., fuel displacement) or structure hardening, 
they must be addressed if structure survivability is to be achieved. 
 
Fire exposures are a continuum in both intensity and duration. The above example illustrates 
the low end of that continuum. An example at the other end of the fire exposure spectrum 

 
7 Table A, item 10, in Appendix A requires a noncombustible cladding for the first 2 ft from ground level. Field observations frequently 
identify wind-blown debris piles exceeding 1 ft in height. 
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may be encountered in a high-density construction environment where structures are 
separated by 6 ft (i.e., 3 ft setback from property line). A fully involved residential structure 
will expose the neighboring residence to very high heat fluxes for a prolonged duration. 
High-exposure fires can also be generated by auxiliary structures. Such high heat fluxes will 
challenge almost all typical residential construction. A structure that can withstand these 
types of exposures can be thought of as built like an inside-out furnace. While this is 
technically achievable with current construction materials, this level of hardening is very 
difficult to retrofit existing construction.  
 
It should be noted that wildland vegetation at the edge of an interface community can also 
generate very high heat fluxes with very long flame lengths (much longer than what is 
generated from a residential structure). These wildland fire heat fluxes can be very large and 
easily result in structure ignition even if they are not as long lived as fluxes from a fully 
involved residence. These impacts can be further accentuated in the presence of complex 
terrain (i.e., slope, aspect, canyons). 
 
In between these two fire exposure extremes are scenarios where hardening the cladding of 
the primary residence will provide increased resilience and significantly reduce or eliminate 
the structure’s ignition potential. This is further described in Section 5.2. 
 
The primary technical approach to dealing with the fire exposure problem is to uncouple the 
exposure by implementing fuel displacement (e.g., moving firewood away from other 
combustibles) or fuel removal (e.g., remove a shed from a property) if space is not available 
for fuel displacement.  
 
 
4.3. Structure Ignition Pathways 
There are multiple structure ignition pathways from both ember and fire exposures in the 
WUI [4, 5, 7, 34, 40]. Figure 8 illustrates the parcel-level combustible features that can 
contribute to fire spread within a parcel as well as across parcels. The list is not all-inclusive 
but is used here to illustrate the potentially large number of combustibles. Fire can move 
across one or multiple combustible features (becoming new sources of fire and embers) and 
across multiple parcels. The NIST Camp Fire Case Study [7] showed 16 different pathways 
that resulted in structure ignitions during that event. 
 
The ignitability and energy release (in terms of both embers and fire) of these combustible 
features is a function of materials, assembly and design particulars, and size. Of the features 
in Figure 8, only firewood (wood piles), vegetation, and mulch have inherent combustible 
characteristics. To some extent, all of the other features can either be made of, or utilize 
cladding of, noncombustible materials. This is readily achievable for simply assembled 
features like fences but is significantly harder or impossible to achieve for complex fuels like 
RVs and other vehicles (e.g., cars and boats). 
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Figure 8. Parcel-level combustible features that can contribute to various structure ignition 
pathways. Highlighted in white are hazards that NIST and IBHS have performed extensive 
study of. 
 
 
There are three technically important considerations when assessing fire spread within and 
across parcels. These are that:  

1. parcel boundaries typically limit the continuity of protection between parcels, 

2. linear features8 can carry fire very efficiently within and between parcels, and 

3. fuel agglomeration has significant impact on energy release and fire spread. 
 
 
4.3.1. Impact of Parcel Boundaries on Code Application 
Historically, codes have been parcel-centric and address exposures in the context of 
protecting a residence from the exposures on the same parcel. An example of how code 
compliance is typically interpreted/applied is illustrated in Figure 9, which shows a diagram 
of the placement of an auxiliary structure (e.g., a shed). Codes provide a minimum separation 
distance requirement for auxiliary structures. In some cases, the code requirement places the 
auxiliary structure at a minimum distance from the residential structure (30 ft), however, it 
provides very little for the protection of structures in adjacent parcels as the auxiliary 
structure setback from the property line does not reflect the potential hazard to adjacent 
parcels. A 5 ft setback is often allowed if the auxiliary structure is not sprinklered, placing 
the auxiliary structure as close as 10 ft from a non-sprinklered residence on the other side of 
the property line, seen in Figure 9a. Both structures are protected by the necessary SSD 
when the two residences are located on the same lot, as in Scenario B. When property lines 
are considered as a limit of code application, the hazard imposed from the auxiliary structure 
to the neighboring residence in Scenario A is unmitigated. 
 

 
8 combustible features such as fences, retaining walls, and landscaping railroad ties 
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Figure 9. Existing codes are parcel centric. Residential structures are similarly located in 
Scenario A and B; however, the parcel division in Scenario A allows placement of an 
auxiliary structure too close to the neighboring primary structure when the parcels are 
considered independently. 
 
 
4.3.2. Impact of Linear Features on Fire Spread 
The impact of linear features was first documented in the Witch/Guejito Case Study [8, 32] 
and quantified during the Amarillo Case Study [5, 6]. This was further observed during the 
Waldo Fire Case Study [4]. Based on these field observations, NIST has conducted over 100 
experiments to assess fire spread among fences and the impact of fences on fire propagation 
[41]. 
 
Figure 10 illustrates how fire can burn along linear features to spread from a single ignition 
point to multiple lots and impact multiple residences. For example, following ignition and 
fire spread pathway B shows that a single ignition on a fence line can carry fire to 6 lots and 
destroy (directly or indirectly) 3 residences depicted within the extent of the figure. It is also 
important to note that even with a partial improvement, such as removing the fence’s direct 
connection to Residence 3, the result is still 2 destroyed residences within the figure:  
Ignition B → shed → Structure 3 → Structure 4. 
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Figure 10. Illustration of numerous fire spread pathways among neighboring parcels via linear features and other combustibles. Inset 
photographs are from field observations and experiments.  
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4.3.3. Impact of Fuel Agglomeration on Fire Spread 
NIST experiments [41] have confirmed field fire observations about the role of fuel 
agglomeration on fire and ember exposures generated from combustibles in close proximity 
to one another. Figure 11 illustrates the intense burning and significant energy release from 
two fences placed 8 in (20 cm) apart. The observed increase in intensity compared to the 
burning of a single fence remained even when fences were spaced by 36 in (92 cm). 
 

 
Figure 11. Parallel western red cedar fences burning with an applied wind of 13 mi/h (6 m/s) 
(left two images) compared to a single burning fence (right). 
 
 
The impact of this increase in fire intensity on structure ignitions in the WUI is explicitly 
addressed in the methodology outlined here by requiring spacing between combustibles. This 
strategy decreases exposures to the asset to be protected (i.e., residence or other WUI 
feature), increases life safety of the public during evacuation, and creates a more defensible 
space for first responders to conduct rescue and firefighting operations. 
 
Fuel agglomeration can occur unintentionally, as in the case of two neighbors putting up 
fences, significantly increasing the fire and exposure potential (see Ignition C in Figure 10). 
However, another path to fuel agglomeration has been observed to be an indirect result of 
mitigation guidance to WUI residents—when fuel relocation is encouraged rather than fuel 
removal. This becomes a significant fire hazard in moderate- and high-density construction 
on medium to small parcels ranging from 1 ac down to 0.2 ac or less. One observed example 
is firewood piles moved as far away from the residence as possible to the edge of these small 
properties, typically near combustible fences, creating high energy pathways for fire to move 
through these high-density communities. Fuel relocation is a valid hazard reduction 
approach; however, it should not be used as the default approach on small parcels. This 
approach is better suited to larger lots that can adequately separate all combustibles. 
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Figure 12. Spatial relationships between fuels on two adjacent parcels. Sheds are spaced 
appropriately from the residences and other fuels, except fences, on their respective lots. 
However, Shed A-1 is too close to Residence B, and both sheds act as an agglomerated fuel 
package along the property border. The sheds and fences will substantially increase the 
exposures from the red highlighted area, igniting the structures. 
 
 
Figure 12 illustrates how the issue of fuel agglomeration and increased exposures is 
particularly important in high- and moderate-density construction. The two red dashed 
outlines represent areas of high fire exposure potential from the sheds and illustrate the 
challenge from the fire exposures of high fuel loading on small parcels. The area represented 
by the overlapping dashed outlines represents an area of potential high energy release, and 
the red/white arrow illustrates the direct impact from this high energy release to the primary 
residence. Backyards like those illustrated in Figure 12 represent a significant defensible 
space challenge to first responders. The highlighted example of the interactions between the 
two sheds9 and the combustible fences is one of several possible similar scenarios in Lots A 
and B in Figure 12. 
 
Fuel agglomeration can present fire spread challenges even if the fuel spacing on individual 
parcels is adequate to prevent fire spread within the parcel. Figure 13 illustrates a scenario 
where the gazebo on Lot B (right) is located sufficiently far from the primary residential 
structure. However, agglomeration on the edge of the lot increases the fire spread hazard. 
Combined with the linear fence feature, a fire spread pathway to the neighboring parcel 
exists, even in this case where both structures have noncombustible fence attachments to the 

 
9 Note: smaller sheds (e.g., under 120 ft2 in CA) are typically not as spatially regulated in terms of their placement as larger sheds. Current 
codes often allow these smaller sheds to be as close as 5 ft from a residence and/or property line. 
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primary structure. Additional fuel agglomeration on Lot A presents a hazard to the primary 
residence, indicated by the red and white arrows. The inclusion of an RV is to illustrate how 
combustible components that do not require a building permit can impact fire spread. RV 
owners may consider spatial separation distances similar to those for auxiliary structures to 
mitigate exposures to other combustibles. 
 
 

 
Figure 13. Fuel on Lot B is adequately spaced from Residence B; however, fuel is 
agglomerated at the fence, which opens the pathway to Residence A. Ignition on Lot B may 
still result in pathway shown, gazebo→fence→RV→Residence A, despite noncombustible 
fence attachments on both residences. 
 
 
Figure 14 depicts the agglomeration of residential structures and other fuels in a high-density 
community. This figure illustrates an actual WUI community and is drawn to scale. No fuel 
breaks are present through a community of hundreds of homes (extending beyond the 
illustrated parcels). Residential structures, with nominal SSD of 8 ft, and the parcel-level 
fuels including combustible fences, decks, sheds, and vehicles, can allow a single ignition to 
destroy significant portions of the community. 
 
Spacing requirements to prevent direct high fire exposure to residences, together with the 
need to reduce overall high fire exposure conditions to enhance life safety, require a detailed 
spatial parcel-level fuel loading assessment. The methodology described in this report 
provides the tools to address this issue. The fuel/spatial relationships mentioned here are 
detailed in Table B and Table C in Appendix A. The impacts of non-compliance with 
spacing requirements on structure ignitions and community resilience will be addressed in 
Section 5.4.3. 
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Figure 14. Illustration, based on an actual WUI community, showing real world fuel 
agglomeration and nominal 8 ft SSD on high-density parcels. Illustrated conditions extend 
across the street and throughout the community (not pictured). Fuel continuity is present 
across the community of hundreds of homes.  
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5. Hazard Mitigation at the WUI 

The primary goal of the proposed structure and parcel hardening methodology is to minimize 
the chance of structure ignitions. The technical information presented here can be used for 
new construction; however, the methodology is focused on the retrofit of existing structures. 
In order to reduce overall retrofit costs, removal or displacement of fuels should be addressed 
first to reduce or eliminate the need for any structure hardening for fire. Factors influencing 
the effectiveness of the mitigation strategy are discussed in the following subsections.  
 
A significant increase in structure ignition prevention is achieved by hardening structures 
against the complete range of expected exposures. This necessitates that all structures are 
hardened for high ember exposures. Ember showers are uncontrollable and often 
unpredictable because of airflow circulation patterns, unknown variability of primary wind 
direction, and ember characteristics. Hardening to prevent structure ignition from embers is 
achieved by addressing the multitude of known structure-level vulnerabilities. A total of 40 
separate vulnerabilities have been identified along with associated mitigation actions. These 
vulnerabilities include the roof, gutters, windows, doors, vents, and attached combustibles. 
The full list of structure hardening requirements to prevent ignition from embers can be 
found in Table A in Appendix A. 
 
A spatial analysis is necessary to identify potential exposures to the structure of interest. This 
consists of characterizing the extent of the potential exposure of the source and assessing its 
location with respect to the residential structure and other combustibles. If the placement has 
the potential to generate hazardous exposures, action must be taken to mitigate the exposure. 
This is accomplished by the approaches listed below: 

a. Remove the fuel—this approach removes the exposure all together and is essential 
when there is limited space for fuel relocation/displacement. 

b. Reduce the fuels—this approach reduces the number of combustibles and therefore the 
expected exposures.  

c. Relocate the source—this approach allows the fuel to remain on the parcel but moves 
it away from the primary residence to reduce fire exposures. 

d. Harden structures for fire exposure—if the above three approaches cannot be 
implemented, hardening the structure for fire will likely be necessary. The hardening 
option increases the likelihood of structure survivability but may not be as effective as 
hazard removal, and therefore, is the least desirable option. Additionally, hardening is 
typically the most expensive option.  

 
The first approach of fuels removal (item a. above) is the most effective at hazard reduction 
and is the only implementable fuel reduction option on very small lots. Fuel removal works 
particularly well by replacing hazardous features with noncombustible alternatives, 
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particularly when the combustibility of the feature does not add any functional component to 
its use.10 This approach is the most effective and can be used even on larger lots.  
 
Reducing the quantity of fuels will directly reduce the exposures generated. The extent of 
exposure reduction will depend on the fuel type, fuel geometry, and local conditions. An 
example of fuel reduction would be keeping less firewood on the property.  
 
Fuel relocation has been a key anchor of many hazard mitigation strategies. As discussed in 
Section 5.4.4, this is a valid approach for medium and large lots (medium and low housing 
density WUI). However, this approach can cause unanticipated problems when neighboring 
parcels are not considered in the hazard risk assessment, particularly on small lots. 
 
Hardening for fire exposures may be necessary in certain spatial situations where fuel 
removal or displacement is not possible (e.g., primary residential structure spacing 25 ft to 
50 ft, see Table B Item #1). The various components of structure hardening are presented in 
Appendix A (Table B and Table C) and must be evaluated for each structure. The potential 
effectiveness of structure hardening is dependent on the potential fire exposure from 
neighboring structures, wildlands, and other sources. Table 3 shows the effectiveness of 
hardening for fire in the various WUI Types.  
 
The table illustrates that the effectiveness of hardening for fire is directly related to structure 
density. The coloring used in Table 3 is summarized for the following three structure density 
scenarios: 

a. Low Density (SSD on the order of >50 ft) – lower potential losses from individual 
structure ignitions, low potential for urban conflagration,  

b. Moderate Density (SSD on the order of 25 ft to 50 ft) – greatest impact on structure 
ignition resistance by hardening for fire exposures from neighboring structures, and 

c. High Density (SSD on the order of < 25 ft) – must not have any structures ignite as 
risk of entire community loss is very high due to structure-to-structure fire spread.  

 
The above strategy is based on field fire behavior observations as well as controlled 
laboratory and field fire experiments [4, 31]. Fire behavior at the parcel level is very dynamic 
and, in a sense, very opportunistic, leveraging ignition vulnerabilities of different fuels and 
exposures between fuels. The above exposure/distance hardening strategy offers a path 
forward that creates discontinuities for fire exposures and selectively hardens structures 
where clear benefits can be achieved in ignition resistance. 
 
The best available knowledge was utilized to determine the spacing distances to make the 
methodology implementable. As is the case with other guidance documents, ongoing 
research will continue refining the spacing guidance included here. 
 

 
10 Note: noncombustible features may not always provide identical aesthetics  
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Table 3. Structure and parcel hardening effectiveness. 

# WUI Type 

Probability of 
Structure 

Survivability if 
Neighboring 

Structure Ignites 

Potential Firea 
Exposure from 

Burning 
Neighboring 

Structure 

Exposure from 
Other Parcel 

Fuels 

Exposureb 
from 

Wildlands 

Impact of 
Structure Ignition 
on Fire spread in 

Community 

Likely 
Effectiveness of 

Partial Structure/ 
Parcel Hardening 

Community/ 
Neighborhood 
Participation 

1 HD Interface – 
Perimeter Low High f (fuels, dist.)c Variable High Low Necessary 

2 HD Interface – 
Interior Low High f (fuels, dist.)c Low High Low Necessary 

3 MD Interface – 
Perimeter f (hardening) Moderate f (fuels, dist.)e Variable Moderate f (wildland fuels, 

parcel fuels) Desired 

4 MD Interface – 
Interior f (hardening) Moderate f (fuels, dist.)e Low Moderate f (parcel fuels)d Desired 

5 MD Intermix f (hardening) Moderate f (fuels, dist.)e Variable Moderate f (wildland fuels, 
parcel fuels) Desired 

6 LD Interface f (hardening) Low f (fuels, dist.)e Variable Lowf f (parcel fuels) Desired 

7 LD Intermix f (hardening) Low f (fuels, dist.)e Variable Lowf f (parcel fuels) Desired 

HD = high density, MD = medium density, LD = low density 
f (X) indicates “a function of X” (e.g., the level of exposure from other parcel fuels is a function of the fuels and distance from the target structure) 
a flames and radiation 
b based on fire history, fuel loading, wind, and topography/aspect; wildland fuel treatments may not be at the control of the community 
c parcel-level mitigation will have limited impact if nearby upwind structures catch on fire 
d would be a function of wildland fuel treatment AND hardening of most/all perimeter structures and parcels 
e parcel-level mitigation, including wildland fuel treatment, together with home hardening, will enhance structure ignition resistance 
f ignitions due to embers from burning residential structures have been observed as far as 200 ft to 300 ft downwind 
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5.1. Using the HMM 
The Hazard Mitigation Methodology (HMM) described in this report is summarized in four 
tables that can be found in Appendix A. The tables include all identified vulnerabilities; 
however, not all vulnerabilities may be present on every structure and/or parcel. 
Communities and homeowners need to address all vulnerabilities present on each individual 
structure to enhance ignition resistance significantly.  
 
Table A, in Appendix A, describes all 40 structure hardening actions that have been 
identified to date and that are needed to significantly reduce the ignition of structures from 
varying ember exposures. Table A contains information on the structure component, 
assembly, or attached combustible, the hardening action, the goal, and the applicable 
conditions (when that hardening action is needed). The table also contains notes and a 
relative cost column. Structural features with large surface area (e.g., other than Class A roof 
coverings) or interior corners can contribute disproportionately to ember accumulation and 
ignition, especially in low-ember exposure situations. Because of the variability in actual 
experienced ember exposures, all 40 actions must be addressed if a significant reduction in 
structure ignition probability is to be achieved. More details on partial use of the HMM are 
provided in Sections 5.4.2 and 5.4.3. 
 
Fire exposures and reduction in structure ignitions from radiation and convection are 
addressed by three interconnected tables in Appendix A. Table B and Table C evaluate the 
spatial relationships of fuels on surrounding parcels and on the parcel where the structure of 
interest is being protected. Here the concept of Fuel Separation Range is used. This notion is 
described next in Section 5.2 and Figure 15 and Figure 16. Table B and Table C contain 
columns describing the fuel (hazard), minimum required fuel separation distance, the fuel 
separation range, the hardening action, notes, and whether the structure will need to be 
hardened against flames. Additional consideration may be needed when complex topography 
can result in higher exposures. The intent is to displace or remove the fuels to reduce or 
eliminate any structure hardening for fire in order to reduce overall retrofit costs. It should be 
noted that structure hardening is directional based on the expected exposures, and an all-
around (full 360-degree) hardening is not required by default. 
 
If any hardening is required by Table B or Table C, the user is directed to Table D where 
structure hardening is explicitly addressed. Table D contains a list of 10 specific vulnerable 
structural components that need to be addressed to significantly reduce the ignition potential 
of the structure from radiative and/or convective exposures. 
 
 
5.2. Fuels Spacing 
Specific hardening needs for structure protection against fire are addressed through the 
relationship of the exposure intensity and distance between the exposure source and the 
residence. The rapid decrease in radiation and convection with distance is leveraged here to 
optimize the required level of structure hardening. To illustrate different structure hardening 
needs, three scenarios of a residential structure with different structure separation distance 

Page 81 of 119



 
 

31 

T
h
is

 p
u

b
lic

a
tio

n
 is

 a
v
a
ila

b
le

 fre
e
 o

f c
h
a
rg

e
 fro

m
: h

ttp
s
://d

o
i.o

rg
/1

0
.6

0
2
8

/N
IS

T
.T

N
.2

2
0
5

 

(SSD) to an auxiliary structure >120 ft2, and therefore different fire exposure levels, are 
shown in Figure 15 and described below. The term SSD is used in Figure 15 because both 
the source and the target are structures. The same concept applies for non-structure fuels, and 
in those cases the term fuel separation range (FSR) is used (Table B). Note that in all three 
scenarios the residence must also be fully hardened against ember exposures, regardless of 
the required fire hardening. 
 

 
Figure 15. Three scenarios with a range of SSDs between the primary residence and 
auxiliary structure >120 ft2: 1) greater than 50 ft, 2) between 25 ft and 50 ft, and 3) under 
25 ft. Structure hardening to increase ignition resistance is illustrated in blue (Scenario 2). 
Note that hardening is directional and is not necessarily required around the entire structure. 
Hardening for embers is required in all scenarios. 
 
 
Scenario 1 
This scenario represents exposure/distance combinations where the fire exposures do not 
reach the structure to be protected. A distance of 50 ft or greater is used in this example of 
auxiliary structures with floor area greater than 120 ft2 (Table C Item #3). Based on field 
observations, the residence will not experience significant fire exposures at this distance 
(radiation and convection) and no hardening for fire is required. 
 
Scenario 2 
This scenario represents exposure/distance combinations where the fire exposures can ignite 
a structure. Hardening the residence can significantly mitigate the likelihood of structure 
ignition. Another way to say this is that there is a “sweet spot” in the spacing between the 
source and the target (residential structure or other asset to be protected) where hardening 
will add value. To follow the example of the auxiliary structure in Scenario 1, this range in 
spacing is when the auxiliary structure is between 25 ft and 50 ft from the target. This 
distance range is a function of the source’s energy content and spatial configuration. In this 
case, hardening the auxiliary structure (the source) would also reduce its ignition potential, 
and consequently, exposure to the primary structure. 
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Scenario 3 
In many ways this is the most challenging scenario. This spacing range represents 
exposure/distance combinations where the very high fire exposures (e.g., direct flame contact 
from a fully involved residence) will ignite a structure and mitigation in the form of 
hardening will have limited or no effect in reducing the ignition potential of the structure. 
This represents scenarios with very high fuel densities. In the case of the auxiliary structure 
greater than 120 ft2, this occurs when the auxiliary structure to target (residence or other asset 
to be protected) separation is less than 25 ft. 
 
In this scenario, the path forward to increase the survivability (i.e., ignition resistance) of the 
target is to prevent the ignition of the source. For auxiliary structures this can be achieved by 
also applying the hazard mitigation methodology to the auxiliary structure. The best practice 
is to displace or remove the shed. Relying on ignition prevention of auxiliary structures 
enhances primary structure survivability under certain conditions, however, does not provide 
the same protection provided by displacement or removal. 
 
The same approach applies to fire spread between residential structures and is illustrated in 
Figure 16. Unlike small auxiliary structures that can be removed or relocated in many cases, 
the spacing between existing residential structures is fixed and the applicable scenario will 
depend on the SSD. 
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Figure 16. Three scenarios with a range of SSDs: 1) greater than 50 ft, 2) between 25 ft and 
50 ft, and 3) under 25 ft. Structure hardening to increase ignition resistance illustrated in blue 
(Scenario 2). Note that hardening is directional and is not required completely around both 
structures. Hardening for embers is required in all scenarios. 
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5.3. Fuel Density in Different WUI Types 
In Section 5.2 the fuel spacing concept was introduced. This section explores the 
implications of fuel spacing/density across multiple parcels and different WUI Types. WUI 
Types can be viewed macroscopically; however, assessments need to be conducted at the 
parcel level. There may be considerable variability between two parcels with the same WUI 
Type. Lot size alone is not sufficient to determine availability of space for combustible 
features. Residence placement, lot geometry, and structures on surrounding parcels will 
impact space availability for combustible features. This is illustrated in the following 
example scenarios listed in Table 4. 
 
 
Table 4. Parcel layout and fuel placement in different WUI Types visualized in Figures 17 
through 20. 

Scenario 
WUI 
Type SSD (ft) 

Lot Size 
(ac) 

Lot 
Dimensions 

(ft × ft) 
Backyard 
Size (ac) 

Backyard 
Dimensions 

(ft × ft) 
A 2 10 0.14 110 × 55 0.06 55 × 25 

B 4 41 to 55 0.45 150 × 150 0.14 150 × 35 

C 6/4 31 to 34 1 330 × 130 0.6 200 × 130 

D 6 > 50 1 to 1.2 variable variable variable 
For SI: 1 ft = 0.305 m, 1 ac = 0.4 ha 

 
 
Compare SSDs for Scenario B (WUI Type 4) and Scenario C (Type 4 or Type 6). While 
SSDs for Scenario B are larger, the lots are smaller which is the exact opposite of Scenario 
C. Figure 17 through Figure 20 illustrate how much space may be available on individual 
parcels or between parcels from select locations in the WUI. The blue shapes in these figures 
represent general locations where high hazard combustibles such as sheds, RVs, gazebos, and 
other parcel-level auxiliary fuels may be placed without directly compromising the 
surrounding structures from radiative and convective fire exposures. The shapes are 
approximate and used for illustration purposes only; exact dimensions would be a function of 
the combustibles present. The actual placement of the combustibles to prevent structure 
ignition from fire can be determined using the tables in Appendix A. 
 
Scenario A, in Figure 17, shows a high-density interface community with SSD of 10 ft 
between residences. The area highlighted in red depicts the limited space available for 
auxiliary fuels in the backyard. In this scenario, the shed located in the highlighted area is 
closer to the neighboring residence (20 ft) than the owner’s residence (27 ft). Additional 
hazards include the tight spacing of fences between residences, the shed placed against the 
fence, and interconnected fences joining multiple parcels. Conditions like this negatively 
impact defensible space, safe operation of first responders, and structure survivability. 
 

Page 85 of 119



 
 

35 

T
h
is

 p
u

b
lic

a
tio

n
 is

 a
v
a
ila

b
le

 fre
e
 o

f c
h
a
rg

e
 fro

m
: h

ttp
s
://d

o
i.o

rg
/1

0
.6

0
2
8

/N
IS

T
.T

N
.2

2
0
5

 

An example from a medium-density interface community (Type 4) is illustrated in Scenario 
B, Figure 18. However, within this community, locations may be classified as Type 5 due to 
increased wildland vegetation. This scenario illustrates the effect of structure placement (on 
residential lots) on the available space for auxiliary fuels. The red highlighted area between 
the two residences contains fuels that can result in high exposures to both parcels. The area 
contained by the blue outline is selected here to illustrate portions of the parcel where 
combustibles might be safely placed away from both residences. The connectivity of the two 
areas outlined in red increase the number of available fire spread pathways to both primary 
residences. The lower two figures depict the actual fire progression pathway 
(shed→fence→shed→house) between parcels which resulted in the destruction of the 
structure on the left even while defensive actions were taking place. 
 
Larger lots, in Scenario C for example, are often found in lower density communities (Type 
6) and typically have space to accommodate additional combustible fuels. However, structure 
positioning on the parcels can result in locally high structure densities with reduced SSD, 
reclassifying to WUI Type 4 or 5 (medium-density interface or intermix). An example is 
shown in Figure 19, where parcels have large backyards (0.6 ac) and the structures are 
placed well away from the wildland boundary. However, SSD is a key driver to fire 
propagation between residences and will require targeted hardening in the illustrated case. 
While the SSD in this scenario is greater than in high density communities, fuel placement 
between structures can still impact fire spread and defensive actions (fuel agglomeration 
effectively reducing SSD). 
 
Scenario D (Figure 20) shows another case with large lots similar in size to Scenario C. 
However, structure placement towards the center of the lot increases the average SSD and 
creates auxiliary fuel zones, or areas within the community that are well away from all 
surrounding residential structures, highlighted by the blue outlines. Avoiding agglomeration 
of fuels within the outlined areas would influence the total number of auxiliary fuels allowed 
in these spaces. 
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Figure 17. Scenario A, WUI Type 2. Small parcel with small SSD provides minimal space 
for auxiliary fuels. The shed is located closer to the neighboring residence than the owner’s 
residence. 
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Figure 18. Scenario B, WUI Type 4. Moderate density interface. In some areas there is 
limited space for auxiliary fuels, shown by the agglomeration on the property boundaries (red 
highlights). The area highlighted in blue presents reduced impact on residential structures. 
The lower figures show before and after fire imagery with the actual fire spread pathway 
highlighted. 
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Figure 19. Scenario C, WUI Type 4 or Type 6. While the structures are placed on large 
parcels with extensive backyards, the primary structures are very large with considerably 
smaller SSD. Selective hardening may be required in this scenario despite the large parcels. 
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Figure 20. Scenario D, WUI Type 6. This community is characterized by large parcels with 
more extensive space available for auxiliary fuels. Avoidance of agglomeration of fuels 
within the outlined areas would influence the total number of auxiliary fuels allowed in these 
spaces. 
  

Page 90 of 119



 
 

40 

T
h
is

 p
u

b
lic

a
tio

n
 is

 a
v
a
ila

b
le

 fre
e
 o

f c
h
a
rg

e
 fro

m
: h

ttp
s
://d

o
i.o

rg
/1

0
.6

0
2
8

/N
IS

T
.T

N
.2

2
0
5

 

5.4. Factors Influencing Structure Survivability 
Four primary factors influence the impact of structure hardening/mitigation on structure 
survivability in WUI fires: 

• defensive actions, 

• partial structure hardening, 

• partial community hardening (i.e., fraction of structures/parcels within the community 
that are fully hardened), and 

• housing density (i.e., SSD). 
 
 
5.4.1. Effects of Defensive Actions on Structure Survivability 
NIST post-fire WUI case studies, conducted together with state and local stakeholders, have 
identified that defensive actions by first responders have a significant impact on structure 
survivability. NIST WUI fire reconstructions have determined that most (> 90 %) damaged 
structures were defended and saved by explicit first responder actions. Table 5 summarizes 
the defensive action/damaged structure relationship for the Witch/Guejito, Tanglewood 
Complex, and Waldo Canyon Fire case studies. Remote sensing has also identified the 
extensive contributions of defensive actions and their impact on fire containment [42, 43]. 
 
 
Table 5. Defensive actions identified in NIST post-fire case studies. 

Case Study 
Structures in 
Case Study 

Damaged 
Structures 

Damaged 
Structures 

Identified as 
Defended 

% of 
Damaged 
Structures 

Identified as 
Defended 

Witch/Guejito 245 16 15 94 % 

Tanglewood Complex 179 13 11 85 % 

Waldo Canyon 1455 101 94 93 % 
 
 
The second important finding between defensive actions and structure survivability is that 
many structures are often defended that are not damaged or destroyed. This was observed 
during both the Witch/Guejito and the Waldo Canyon Fire case studies. During the Waldo 
Canyon case study 154 of the 397 undamaged structures within the fire perimeter were 
identified as being defended (39 %). This number does not include additional actions that 
were taken at the parcel level which might have indirectly saved structures by reducing 
exposures and stopping fire spread further from the structure. 
 
These two findings have significant implications on assessing the WUI built environment. 
The percentages of identified first responders that extinguished and saved the ignited 

Page 91 of 119



 
 

41 

T
h
is

 p
u

b
lic

a
tio

n
 is

 a
v
a
ila

b
le

 fre
e
 o

f c
h
a
rg

e
 fro

m
: h

ttp
s
://d

o
i.o

rg
/1

0
.6

0
2
8

/N
IS

T
.T

N
.2

2
0
5

 

structures suggests that if a home in a WUI event is damaged it was more than likely 
defended and that an ignited structure will not survive unless actively defended. Both the 
Witch/Guejito and the Waldo Canyon Fire case studies confirmed that not only were a large 
fraction of the undamaged homes defended but also that, in many cases, these defensive 
actions were not always readily identifiable in the field (during or after WUI fires). The NIST 
WUI data collection methodology has enabled the identification of such actions through 
detailed technical discussions with large fractions of the first responders involved in each 
incident. 
 
Exposures have been demonstrated to vary at a sub-parcel level in all NIST case studies [4-8, 
32]. Additionally, information from field data collection does not indicate that the varying 
exposures and defensive actions “average out” throughout an incident. All these findings 
suggest that post-fire analysis of damage and survivability should not be conducted in the 
absence of defensive action data. Any assessments not accounting for defensive actions will 
likely be incomplete and possibly inaccurate. 
 
The occurrence of large WUI fires, like the Tubbs and Camp Fires, together with the 
numerous fire storms that have occurred in California since 2000, suggest that structures 
must be designed to stand alone as the number of exposed structures can quickly outnumber 
statewide resources. Defensible space contributes to making structures defensible by first 
responders; however, this is not a substitute for homes standing completely alone throughout 
a WUI fire event.  
 
 
5.4.2. Impacts of Structure Mitigation Compliance on Structure Resilience 
The impact of partial hardening on structure survivability is not directly proportional to the 
fraction of hardening actions implemented. As an example, doing half of the ember 
hardening specified in Table A (see Appendix A) does not automatically translate to a 50 % 
increase in ignition resistance. The relationship between effectiveness of partial hardening 
and local exposures can be represented by the following statement: 
 

 
 
If the structure of interest receives very limited exposures, then the effectiveness of partial 
hardening is increased. Considering the 50 % ember hardening scenario discussed 
previously—if a structure is in a location where only very few embers land on it, there is a 
better chance of survival. However, the high exposure scenario is quite different. If very high 
ember exposures impact the structure, it is improbable that the structure will survive unless 
all the ember hardening identified in Table A had been implemented. That is because in high 
ember exposures, where thousands and thousands of embers hit the structure, it is likely that 

Effectiveness of  
partial hardening  

local fire and  
ember exposures incident size 

number of 
simultaneous 

incidents 

∝ 
1 
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embers will “find” one or more of these vulnerabilities and cause the structure to ignite. The 
same concept applies to hardening structures for fire exposures. If a structure is only partially 
hardened and the weak spot ignites, the otherwise hardened components will have limited to 
no effect on structure survivability once the structure has ignited. In this situation only timely 
defensive actions will result in a damaged, rather than destroyed, structure. 
 
The increase in incident size has a negative effect on partial structure hardening. As the 
incident gets larger (in terms of area and number of structures ignited), the number of 
available first responders per residence or parcel decreases. This also holds true in the event 
of a fire storm where the finite number of first responders will have to respond to multiple 
WUI fires, further reducing the number of responders per residence or parcel. 
 
It should be noted that among local fire and ember exposures, incident size, and number of 
simultaneous incidents, the only potential control that can be exercised is the reduction of fire 
exposures at the parcel level. Fuel reduction, displacement, and removal will all impact local 
exposures. However, the ember exposures will only be partially impacted as embers can 
travel from far beyond residential parcel boundaries; therefore, hardening is required. 
 
The above can be summarized by saying partial ember hardening only adds some value in 
low exposure conditions, and almost no value in high exposure conditions. The localized 
variability of fire behavior results in unpredictable ember exposures. Full ember hardening is 
necessary to enable structures to stand alone during high ember exposures.  The same holds 
true for fire exposures. Suppose a combustible, and readily ignitable, auxiliary structure or 
RV is located too close to a home, and there is significant fire or ember activity on the parcel. 
In that case, there is a likelihood that the auxiliary structure or RV will ignite and proceed to 
ignite the structure. Therefore, to stand alone, the structure must be evaluated and fully 
hardened for embers, and the structure and parcel hardened for fire where necessary. 
 
 
5.4.3. Impacts of Community Mitigation Compliance on Community Resilience 
The impact of a partially hardened structure on the community is inversely related to SSD; 
partially hardened structures need to be further apart.  
 
In low density communities, a structure ignition will increase local ember exposures; 
observations have shown these ember exposures to be significant in the first 300 ft downwind 
[4].11 Locally there will also be increased exposures from fire (radiation and/or convection). 
These exposures may impact parcel-level combustible features; however, there should not be 
any direct fire exposures to adjacent properties due to larger SSD. The impact to the adjacent 
properties and community will be indirect in terms of fire, and possibly low for ember 
exposures (because of the large SSDs). Therefore, in low density communities with large 
SSDs the impact of structure ignition on the surrounding structures is low. 
 

 
11 Data collected from the Waldo Canyon Fire case study showed embers from burning structures resulted in structure ignitions 200 ft to 
300 ft downwind. 
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In moderate density communities, a structure ignition can ignite an adjacent property under a 
“favorable” wind direction and other local conditions. The embers generated from a burning 
structure will generate significantly higher exposures to the downwind structures relative to 
the low-density case due to separation distance. Compared to low density, the relative impact 
of a structure ignition to the surrounding structures can be seen as medium.  
 
However, high density communities are in a very different exposure category. Here the 
ignition of a structure will almost invariably result in the ignition of one or more adjacent 
properties and will likely result in the loss of a significant fraction of the community, as 
evidenced by several large loss WUI fires in the U.S. This is not only because fire spread 
occurs very easily between tightly spaced structures, but also because it is very difficult to 
contain a fully involved structure fire, even when only moderate winds of 10 mi/h to 15 mi/h 
are present. Fire spread is difficult to stop as it is very challenging to remove/block the heat 
between residential buildings when they are constructed 6 ft to 10 ft apart.12 In high-density 
construction, a single ignition can have a disproportionate impact on the overall community 
losses. 
 
 
5.4.4. Effects of Housing Density on Mitigation Strategies 
The fire spread information provided in this report can be used to develop an overall 
community WUI mitigation strategy. The community response specifically in terms of 
community participation is summarized in Table 3. The primary technical messages for the 
different structure density and WUI types are listed below. 
 

1. High Density Communities 
Community participation is necessary in high-density communities. This is due to the 
disproportionate impact of a single structure ignition on the community. There are 
many ways to accomplish this via voluntary or mandatory community hazard 
mitigation programs. Different programs can be implemented using HOA, county, or 
state rules and regulations. The design and implementation of such programs are 
beyond the scope of this report. What is important in these communities is to harden 
the structures and parcels for ember exposures, as these can originate from outside the 
community, and also ensure that there are no fire spread pathways that can generate 
fire exposures to residences. In certain scenarios, additional protection may be 
provided by structure cladding (siding and roofing) hardening requirements (such as 
included in CA Chapter 7A). While these requirements add significant value for 
protecting against low and moderate exposures, they will frequently not be able to 
cope with the full exposure assault of a residence burning 6 ft to 10 ft away because 
of limitations of one of the components in the wall or roof assemblies. Parcel-level 
hardening is a critical requirement in these high-density communities, and auxiliary 
fuel removal (instead of displacement) will likely be necessary on very small lots. A 
key issue that will need to be addressed is the presence of vehicles in the community, 
as they can generate locally high fire exposures resulting in structure ignitions. 

 
12 Common building setback requirements are often 3 ft to 5 ft from the property line. 
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Ongoing research by NIST, CAL FIRE, and IBHS aims to provide guidance on 
minimum spacing between vehicles and residences in the future.  

 
2. Moderate Density Communities 

Moderate density communities offer more options to residents for community 
participation in hazard mitigation. In moderate density construction, the ignition of a 
single residence may directly impact one or more adjacent residences. However, 
direct fire (via radiation and convection) progression across the community will 
depend on local construction, spacing, and fuels more than in high density. Here there 
is an opportunity to slow down that fire spread and reduce the structure ignition 
pathways by selectively hardening structure sides that may see increased exposures. 
This selective structure hardening reduces overall community hardening program 
costs while increasing community resilience. Hardening of all structures for embers is 
still necessary in these communities. Fuel displacement, reduction, and removal may 
also need to be implemented to reduce fire exposures. 

 
3. Low Density Communities 

These community types, by the nature of their structure density, do not present a 
direct structure to structure fire spread pathway as can be expected in high density 
and certain moderate density configurations. These larger parcels also offer a 
significantly large number of fuel displacement options to residents, as auxiliary 
parcel level fuels can be placed where they will not impact other fuels, the primary 
residence, or neighboring structures. The notion of sacrificial auxiliary 
structures/features can be introduced in this setting; a resident with a large lot may be 
willing to accept the loss of an auxiliary structure that is located far from their 
residence or other features to be protected. In a low-density community this may be a 
readily acceptable hazard if the residence is hardened for ember exposures and all 
other potential fire propagation pathways near the residence have been disrupted 
(using the provided methodology).  
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6. Frequently Asked Questions 

A few common scenarios are presented in a question-and-answer format to provide examples 
of the thought process behind applying the HMM to each case. Questions are posed as if they 
are from homeowners with an interest in personal and community mitigation. 
 
Q: I live in a high-density community. What can I do to prevent my structure from 
burning during a WUI fire? 
 
A: There are three steps that you can take to increase the likelihood of your home surviving a 
WUI fire: 

1. Apply the methodology in this report to your home and parcel. You will need to 
harden your home against embers and evaluate and address any potential fire 
exposures within your parcel. This may require you to reduce, relocate, replace, and 
possibly remove some auxiliary parcel-level fuels.  

2. Work with your neighbors and get them to engage and follow the same practices. 

3. In your high-density community you will want to get as many residents as possible to 
follow the hazard mitigation methodology. To accomplish this, you could engage your 
community (via a homeowner’s association (HOA), if present) as well as your local 
and county representatives (e.g., FireSafe Councils, Firewise USA, and local 
town/city/county jurisdictions) about implementing community-wide tools for hazard 
reduction. Whether the tools are mandatory or voluntary, complete community 
participation is essential. 

 
Q: I have a shed on my 2-acre lot that is far from any other fuels on my property. Can I 
keep that shed where it is? 
 
A: There are two parts to this answer: 

1. Consider clearing the zone within 5 ft of your shed to minimize the chance of a surface 
fire or embers directly igniting the shed. You can always work on hardening the 
exterior building materials of the shed to make it more ignition resistant; however, 
these actions may not be necessary if the shed itself is an acceptable loss. 

2. You should also consider how your shed may impact neighboring properties. What 
you want to avoid is your shed posing a significant exposure to your neighbor’s 
residence. If your shed is close to a neighboring residence, consider moving your shed 
elsewhere on your property. If that is not possible, consider hardening the exterior 
building materials of the shed to make it more ignition resistant. You can apply the 
methodology to harden your shed against embers and increase the likelihood that your 
shed will not ignite. By preventing the ignition of your shed, you are contributing to 
preventing the ignition of your neighbor’s residence. Fire does not care about property 
lines, and WUI fire mitigation is a community-level effort. You want to work with 
your neighbors to protect their home, as you may need their help to protect your own 
home. 
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Q: I have a half-acre lot and my neighbors are 60 feet away. My home is older and does 
not have a hardened wall cladding (siding). Do I need to replace my wall cladding 
(siding)? 
 
A: There are three parts to this answer: 

1. First make sure that your residence is hardened for ember exposures. You should 
address all 40 vulnerabilities identified in this methodology. 

2. Look at your parcel and make sure you do not have any parcel-level pathways that 
can bring fire to your residence. Address any potential fire spread pathways (e.g., 
fence to house, fence to vehicle to house) by reducing, relocating, replacing, and 
possibly removing, auxiliary parcel-level fuels.  

3. The exposure from your neighboring structure is beyond the special limit outlined in 
the Hazard Mitigation Methodology. However, if your cladding is old and you are 
concerned that local conditions may cause significant fire exposures, you can 
consider replacing the cladding only in the direction (side) that is facing your 
neighbor’s residence. This will reduce the overall mitigation expense. 
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7. Comparison of this Hazard Mitigation Methodology with National and International 
WUI Codes 

None of the current codes/best practices implement the breadth of mitigation components 
considered in the HMM, and none of them harden as extensively as the HMM requires. 
 
Table A includes 40 items with a total of 57 options to specifically address structure 
hardening for ember exposures. The list encompasses all currently identified vulnerabilities; 
however, some structures may not have all of the vulnerabilities identified, and 
vulnerabilities to embers not currently identified in the HMM may also exist. All of the 
ember ignition vulnerabilities present on each individual structure need to be addressed to 
significantly enhance ignition resistance. An additional 10 structure ignition vulnerabilities 
are identified in Table D to harden for fire exposures identified in Table B and Table C.  
 
Table 6 below summarizes the number of options completely included in each of the selected 
WUI building codes for both fire and ember vulnerabilities. While a lot of ember and fire 
hardening information is included in the compared codes, the exact requirements outlined in 
HMM are only identified in the existing codes in limited numbers. Fire progression and 
structure hardening at the component and assembly level requires very detailed and exact 
guidance. The detailed information presented in this document is based on the latest science 
and field observation data. Appendix B contains a tabulated list of detailed comparisons of 
primary solutions listed in the analyzed building codes, in Table E. 
 
The differences between the compared codes and best practices and HMM may be due to 
different goals and objectives. Some codes may emphasize defensible space and explicitly 
rely on first responders to save structures, while other best practices may focus on engaging 
residents, providing education, and/or starting community participation. The purpose of the 
HMM is to present implementable guidance to significantly increase the likelihood of 
structure survival without external intervention in the form of defensive actions. This was set 
as the structure protection criteria because the predominance of large WUI events and fire 
storms in the last twenty years point to that need.  
 
 
Table 6. HMM items completely included in selected existing WUI building codes. 

WUI Code 

Number of 
ember items 

from Table A 
(out of 57) 

% of ember 
items 

Number of  
fire items from 

Table D  
(out of 10) 

% of fire 
items 

7A/1140/IWUIC 5 to 13 9 to 23 0 to 5 0 to 50 

All 3 codes 3 5 0 0 

None 42 74 5 50 
 
  

Page 98 of 119



 
 

48 

T
h
is

 p
u

b
lic

a
tio

n
 is

 a
v
a
ila

b
le

 fre
e
 o

f c
h
a
rg

e
 fro

m
: h

ttp
s
://d

o
i.o

rg
/1

0
.6

0
2
8

/N
IS

T
.T

N
.2

2
0
5

 

8. Summary 

WUI fires have grown in intensity, frequency, and devastation in the past twenty years. 
NIST, CAL FIRE, and IBHS have developed the Hazard Mitigation Methodology detailed in 
this report. The goal of HMM is to reduce the vulnerability of structures and parcels in a 
cost-efficient and implementable way. The HMM was conceived to allow structures in the 
WUI to “stand alone” and survive fire and ember exposures without contributions from first 
responders. This was deemed necessary as field data has demonstrated that wildfire 
progression can quickly outpace the efforts of first responders during large and/or concurrent 
WUI fires. NIST WUI reconstruction data has also shown the efficient and effective structure 
protection actions by first responders; very little or no meaningful improvement can be 
achieved in this area. The emphasis must be shifted to making structures stand alone. 
 
This HMM has outlined a detailed structure hardening strategy to resist ignitions from ember 
exposures. The 40 identified structure ignition vulnerabilities illustrate how detailed structure 
hardening must be for a structure to stand alone. Structures in the WUI need to be protected 
against ember exposures independent of WUI Type and housing density. This list goes 
significantly beyond what is outlined in many best practice documents currently available to 
WUI residents. The spatial analysis used in the HMM was developed specifically to address 
fire (radiation and convection) exposures within and across parcels. The latest science and 
expert knowledge combining decades of field observations were used to develop the spatial 
relationships outlined in the HMM. Discussions with the building industry were necessary to 
clarify and improve different implementation solutions. 
 
Full community participation will be critical to hardening existing high-density communities. 
This document has outlined a technical path forward to accomplish this. The methodology 
was also developed specifically to reduce the overall financial burden of mitigation. The 
preferential/partial use of this methodology is undesirable and provides only very limited 
actual structure ignition resistance. 
 
HMM was developed based on how fire spreads between and across parcels, as fire behavior 
does not respect parcel boundaries. HMM was developed utilizing the principles of fuel 
reduction, relocation, and removal. By implementing the HMM, residents and communities 
can significantly reduce structural losses from future WUI fires. 
 
NIST and IBHS are non-regulatory entities, while CAL FIRE has regulatory authority in the 
state of California. This HMM was developed to provide AHJs and homeowners with the 
latest comprehensive understanding of fire behavior and structure response in the WUI. This 
report has demonstrated the benefits of using HMM as it is designed and presented here, as 
well as the limitations of partial implementation. Regulatory agencies and homeowners will 
choose where to implement any or all of the components presented in the HMM. Future 
hazard mitigation research (including laboratory and field observations) will be incorporated 
into the methodology to further enhance its effectiveness. 
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Summary of Key Technical Principles 
This section contains two types of technical principles. The first is a list of specific principles 
followed by two lists of generalized relationships between exposures, structure hardening, 
and community survivability.  
 
In the WUI, structures can experience two distinct fire exposure problems/hazards—embers 
and fire. Following are three sets of technical principles specific to fire, embers, and 
parcel/community hazard mitigation implementation. 
 
Embers 

1. Ember exposures to the residence/parcel to be protected can originate from adjacent 
and/or far field parcels and are beyond the control of the owner of the parcel being 
protected. 

2. Increased ignition resistance of features and specific combustion considerations can 
decrease ember generation. 

3. Large surface area combustibles (e.g., combustible roof) contribute significantly to 
the ember ignition hazard. 

4. Large ember exposures can be generated and observed in WUI fire incidents. Ember 
exposures can vary significantly in space and time. 

5. The potential for high ember exposures drives the need to harden structures against 
ember exposures completely. 

6. Partial structure hardening for embers does not relate linearly to hazard reduction. 
90 % ember hardening does not translate to 90 % risk reduction.  

7. In high ember exposures, complete ember hardening (100 % compliance) is necessary 
to significantly reduce the structure ignition potential from embers. 

 
Fire 

8. Fire represents a direct and indirect exposure hazard to residences, commercial 
structures, and infrastructure in the WUI. Direct exposures occur when a source (item 
burning) directly impacts a target, in this case a residence or commercial structure. 
Indirect exposures occur when a source ignites a secondary fuel, impacting the target. 

9. Fire exposure increases via fuels agglomeration. Increased fire exposures can then 
potentially impact the residence/commercial structure. Increased exposure also 
negatively impacts defensible space, making it more hazardous for first responders to 
conduct firefighting and rescue operations.  

10. A property owner can control and reduce fire exposures to their residence/commercial 
structure by managing their parcel-level combustibles.  

11. A property owner may not be able to control fire exposures from adjacent parcels.  
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Parcel/Community 
12. The parcel size and placement of structure(s) will determine structure-to-structure 

exposures within the parcel and to adjacent parcels. 

13. Structure separation distances have significant impact on fire propagation in the WUI. 

14. Fuel relocation, reduction, and/or removal should be considered when addressing 
parcel hardening independent of WUI housing density.  

15. Even if certain parcel-level combustible features are seen as expendable/disposable in 
the context of parcel hardening, the impact of these features must be considered in the 
context of fuels agglomeration and exposures to structures and other nearby 
combustibles. 

16. In high-density WUI communities, fuel removal may be necessary to comply with the 
HMM and reduce structural losses. 

 
The following lists contain information intended to capture the relationships between 
exposures, parcel and structure hardening, and community structural losses. The relationships 
illustrated here are intended to provide relative performances and highlight trends and critical 
thresholds. Actual conditions, including construction, parcel sizes and fuel loading, structure 
separation distances, parcel and structure hardening, local weather, ignition sequencing, and 
defensive actions, will impact actual fire spread and community resilience. 
 
General Relationships between Exposure and Hardening 

1. Low fire exposures are relatively easy to address by hardening the structure. 

2. High fire exposures (direct flame impingement from large sources such as a burning 
residence) are very difficult to address by hardening the structure. This is because 
both the cladding (siding and roofing) material and the assembly need to be hardened 
not only to withstand the exposure but also to withstand it for the entire exposure 
duration, therefore potentially propagating energy into the assembly past the external 
cladding component. 

3. Fire exposures from a fully involved single family residence will result in fire 
propagation that will be very difficult to stop in the presence of wind in high density 
communities. 

4. High fire exposures can readily cause direct ignition of exposed combustibles. 

5. The ember hardening and structure survivability relationship is not linear. Hardening 
80 % of the vulnerabilities will not necessarily result in 80 % decrease in structure 
ignition potential. While the actual values will vary based on local conditions and 
specifics of hardening, the relationship will apply to almost all scenarios. 

6. In situations where a potential fuel source is located near a residential/commercial 
structure and when fuel reduction, relocation, or removal cannot alleviate severe fire 
exposures to that structure, hardening the structure for fire may frequently add limited 
value. In these situations, ignition prevention of the fuel source will be the critical 
path to reducing the ignition of the residential/commercial structure. 
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General Relationships between Structure/Parcel Hardening Compliance and Community 
Survivability 

1. Partial community compliance, in the form of incomplete structure and parcel 
hardening, has limited impact beyond the partially hardened properties in a low-
density community. 

2. Partial community compliance, in the form of incomplete structure and parcel 
hardening, has moderate impacts beyond the partially hardened properties in a 
moderate-density community. 

3. Partial community compliance, in the form of incomplete structure and parcel 
hardening, has very significant impacts across the entire community in high- density 
communities. Just a few partially hardened properties can jeopardize an entire high-
density community. 
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Appendix A. Home Hardening Requirements 

The following tables identify the various potential structure and parcel ignition 
vulnerabilities and their associated mitigation options. 
 
Table A specifically addresses hardening against ember exposures. Table B and Table C list 
hazards from adjacent parcels and hazards from within the parcel containing the residence 
being protected. These tables are linked spatially to Table D, which contains structure 
hardening requirements for exposures from fire (flames and radiation). 
 
Table A is divided into 8 major categories (e.g., roof, walls, vents, etc.) listing specific 
structural components or assemblies. The table contains columns listing the hardening action, 
the performance goal of the action, and the applicable conditions associated with each 
component. Also included are any brief notes, and a column estimating relative cost of each 
action. The final column indicates which of the selected existing WUI building codes (CA 
Building Code Chapter 7A, NFPA 1140, and ICC IWUIC) address the specific hazard to the 
necessary detail. 
 
Table B addresses parcel fire exposures to the primary residence from far-field fuels 
included in adjacent parcels. For each fire-emanating source (e.g., neighboring structure, 
wildland fuels) a minimum required fuel separation distance (MFSD) or fuel separation range 
(FSR) is provided. If the hazard is located closer than the listed MFSD, or within the listed 
FSR, structure hardening must be addressed via Table D. If the fuel is further than the listed 
distances, no hardening action is required for fire exposures. If the fuel is closer to the 
structure being protected than the listed FSR, hardening for fire will have limited impact due 
to the expected severity of the exposure, and is therefore not required in the HMM for cost 
savings. AHJs or homeowners may choose to add an additional level of protection by 
hardening in these situations. 
 
Table C addresses parcel hazard mitigation and lists 9 separate types of vulnerabilities. The 
table contains columns on hardening actions, goals, and the applicable conditions. Similar to 
Table A, notes and expected relative cost are included. As in Table B, MFSDs are provided, 
and links to Table D when spatial conditions require mitigating action.  
 
Table D lists 10 separate structure components requiring hardening for fire exposures. The 
use of Table D is driven by the spatial requirements identified in Table B and Table C. 
Similar to the other tables, columns are included for hardening action, the performance goal, 
and the applicable conditions of the component/assembly. Columns for notes and expected 
relative cost are also provided. As in Table A, comparison to selected existing codes is also 
included. 
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Table A. Structure and attached combustible hardening against ignition from embers. 

Item 
# 

Structure Component, Assembly, or 
Attached Combustible Hardening Action Performance Goal Applicable Condition(s) Notes 

Expected 
Cost Range 
($, $$, $$$) 

Matched in 
Existing 

Code 
Roof 

1 Skylights 

Replace plastic skylight with 
multipaned glass with tempered glass 
outer pane. If skylight opens, install 
metal screen on the inside. If screen is 
non-metal replace with metal. 

Minimize embers with enough energy to 
cause ignitions 

Plastic skylight pane, nonmetal screen, 
no screen  

Screen is needed only on openable 
skylights $ 

Chapter 7A 
NFPA 1140 
ICC IWUIC 

2 Roof to skylight flashing 
Check for standard metal flashing and 
that no exposed wood is present, repair 
as necessary.  

Prevent ignition of combustible skylight 
framing Lack of metal flashing around skylight n/a $ None 

3 Roof assembly details (i.e., dormer 
and other roof-to-wall intersections) 

Metal flashing at roof-to-wall 
Prevent ignition of roof from burning 
debris accumulation 

Combustible siding at roof-to-wall 
intersection 

Alternative option: Add the 6 inch "tall" 
flashing over the existing siding or 
remove the siding and put flashing on. 

$ None 

Replace with noncombustible siding in 
that area only (e.g., dormer or split-
level residence) 

Preferred option: remove combustible 
siding and replace with noncombustible 
siding. 

$$ None 

4 Solar panels Minimize debris accumulation under 
and next to solar panels 

Prevent ignition of debris, solar panels, and 
roof Solar panels on roof 

No additional baffles or screening should 
be installed as they may impact PV 
cooling 

$ None 

5 Roof covering – old wood shake 
Replace with Class A (with 
noncombustible birdstopping, if 
needed) 

Prevent ignition of roof material Non-fire retardant treated wood shake 
roof n/a $$$ 

Chapter 7A 
NFPA 1140 
ICC IWUIC 

6 
Roof covering – Class B 

Replace with Class A when needed Prevent ignition of roof material 

Degraded or end of life Class B roof 
and needs replacement n/a $$$ Chapter 7A 

Roof covering – Class C Degraded or end of life Class C roof 
and needs replacement 

7 Roof covering with openings between 
roof covering and edge or ridge 

Close/plug with noncombustible 
material  

Prevent accumulation of debris between 
roof covering and roof deck 

Style of roof (tile or metal) that 
creates openings n/a $-$$ 

Chapter 7A 
NFPA 1140 
ICC IWUIC 

8 Gutters 

Noncombustible gutter cover a 
Limit accumulation of ignitable debris in 
gutters 

Combustible gutter cover or no gutter 
cover 

If metal cover cannot be installed on 
plastic gutter, then replace gutter with 
metal gutter and noncombustible cover 

$-$$ ICC IWUIC 
NFPA 1140 

Metal drip edge Prevent ignition from embers, protect facia 
and sheathing from flames 

Certain gutters already have drip edge as 
part of the gutter $ None 

No-gutter  Prevent ignition from embers Very expensive solution, less expensive 
options are available $$$ None 

9 No gutter Add metal flashing if fascia does not 
cover roof sheathing 

Prevent accumulation of embers at fascia-
sheathing intersection 

Exposed sheathing (i.e., not covered 
by fascia) 

May require subsurface-surface drainage 
such as ICC 11.01.6  $ None 

Cladding (Siding) 

10 Height of wall assembly from the 
ground 

Replace exterior wall covering with 
noncombustible material for the bottom 
2 ft (from ground); add metal flashing 
to protect bottom edge of sheathing 

Prevent windblown debris and local fuels 
from igniting the wall All siding within 2 ft of ground Metal flashing is required for all 

claddings, including noncombustible $$ None 

Ventsb 

11 Ridge vent 
Add metal baffle  Minimize embers with enough energy to 

cause ignitions 

Plastic ridge vent AND installable 
metal baffle  Metal flashing $ None 

Replace ridge vent w/ metal ridge vent Plastic ridge vent AND non-installable 
metal baffle  n/a $$ None 
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Item 
# 

Structure Component, Assembly, or 
Attached Combustible Hardening Action Performance Goal Applicable Condition(s) Notes 

Expected 
Cost Range 
($, $$, $$$) 

Matched in 
Existing 

Code 

12 Off -ridge vent Replace with ember and flame-resistant 
vent 

Minimize embers with enough energy to 
cause ignitions Non-ember/flame resistant vent n/a $$ Chapter 7A 

13 Gable vent  
Remove gable vent  Minimize embers with enough energy to 

cause ignitions 
Combustible screen and/or mesh 
greater than 1/8 inch n/a 

$$ None 
Replace with ember and flame-resistant 
vent $ Chapter 7A 

14 
Under eave and any vents in the 
under-eave area on the rake (gable) 
end of the building 

Replace with ember and flame-resistant 
vent, add fire caulking around all 
blocking  Minimize embers with enough energy to 

cause ignitions 

Non-ember/flame resistant vent and/or 
uncaulked eaves blocking n/a $-$$ Chapter 7A 

Create a soffited eave (horizontal) or 
enclose eave (angled) using 
noncombustible material 

Non-ember/flame resistant vent and/or 
open eave 

1. All sides of the residence 
2. Angled implies following the roof line $-$$ None 

15 Crawl space vents 

Replace with ember and flame-resistant 
vent 

Minimize embers with enough energy to 
cause ignitions Non-ember/flame resistant vent 

n/a $-$$ Chapter 7A 

Replace with ember and flame-resistant 
vent and add moisture barrier 

Can use plastic ground cover to reduce 
venting requirement; addition of moisture 
barrier reduces required vent area by 10x 

$-$$ 
CA 

Building 
Code 

Convert to unvented crawl space Energy benefit, very expensive solution, 
less expensive options are available $$$ None 

16 Dryer vents Metal flapper (closed unless in use) Limit ignition of lint and ducting No metal flapper in place n/a $ None 

17 Makeup air intake Replace with ember and flame-resistant 
vent 

Minimize embers with enough energy to 
cause ignitions 

Combustible screen and/or mesh 
greater than 1/8 inch 

Needed in rooms within occupied portion 
of residence where gas appliances are 
located 

$ None 

18 

Other penetrations (electrical, water) 
to roof and walls 

Close with fire caulking and inspect 
during routine maintenance and close 
gaps as needed 

Minimize embers with enough energy to 
cause ignitions 

Gaps around siding penetrations 
greater than 1/8 inch n/a $ None 

Close up open space under residence 
Install noncombustible skirting on all 
sides. Add vents as required. Vents 
must be ember and flame resistant. 

Limit ignitions under structure Open space under residence (e.g., pier 
and post foundation) n/a $$ None 

19 Other attachments to mobile homes 
(portico/car port) 

6 inches of metal flashing at the wall 
intersection Limit mobile home ignition Mobile home with attachment(s) n/a $$ Chapter 7A 

NFPA 1140 

20 Other penetrations Seal around penetrations with fire 
caulking Limit ember intrusion and accumulation Penetrations  n/a $ None 

Windows 

21 Window screens Add metal screen Minimize embers with enough energy to 
cause ignitions Opening window n/a $ None 

22 Exposed wooden frame single pane 
Replace with noncombustible frame 
and double pane tempered glass 
window 

Prevent ignition of combustible frame Exposed wooden frame single pane Moisture removal benefits, energy benefit 
- seek cost sharing $$ None 

23 Exposed wooden frame double pane 
Replace with noncombustible frame 
and double pane tempered glass 
window 

Prevent ignition of combustible frame Exposed wooden frame double pane n/a $$ None 

Doors 

24 Exterior door (non-sliding) 

Install metal door jamb kit and metal 
threshold; add metal kick plate, and 
metal door bottom Limit ember ignition of door and frame Wood door frame and/or wooden door 

and/or wooden threshold n/a 
$-$$ None 

Replace with metal door with metal 
frame and threshold $$ None 
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Item 
# 

Structure Component, Assembly, or 
Attached Combustible Hardening Action Performance Goal Applicable Condition(s) Notes 

Expected 
Cost Range 
($, $$, $$$) 

Matched in 
Existing 

Code 

Exterior Door (sliding) 
Replace with non-wood containing 
slider with dual pane tempered glass 
and with a metal screen 

Limit ember ignition of door and frame Wood sliding door n/a $$ None 

25 Wood-frame screen door Replace wooden screen door with metal 
door and frame 

Limit ember ignition of screen door and 
frame Wooden screen door Primary door hardening option that does 

not require primary door replacement $$ None 

26 Plastic screen in screen door Replace with metal screen (1/16 inch) Prevent ignition from embers 

If screen door and frame are metal, 
replace screen or entire system 
(whichever is more cost effective). If 
screen door or frame is wood, replace 
entire screen door (see line above) 

n/a $-$$ None 

27 Garage door 

If garage door is not metal, go over 
with metal flashing around the bottom 
of the door (both inside and outside for 
first 6 inches (using a metal "C" 
channel) 

Prevent ignition from embers Wooden garage door  n/a $-$$ None 

Add metal flashing at base of framing 
for first 6 inches [go as close to the 
ground as possible (< 1/4 inch desired), 
raise wood and extend flushing to 
lower than bottom of wood] 

Prevent ignition from embers Wood garage door frame n/a $-$$ None 

Add gasketing  Prevent ember intrusion and ignition from 
embers No gasketing n/a $ Chapter 7A 

Attachments to Residence 

28 Decks, stairs, and landings attached to 
residence 

Replace walking surface deck boards 
with noncombustible deck board for 
first 1 ft away from residence Prevent ignition of deck and limit spread of 

fire to residence 
Combustible deck, stairs and landings 
attached to residence 

1. Area under the deck footprint must be 
maintained with no combustibles, 
addressed through defensible space 
requirement  

2. Replacing boards that are not parallel 
to the residence may require 
additional deck framing  

$-$$ None 

Replace entire deck with 
noncombustible option (metal or other 
option) 

n/a $$$ NFPA 1140 
ICC IWUIC 

29 Deck-to-wall intersection 

Replace bottom 2 ft of combustible 
siding with noncombustible (e.g., fiber 
cement) and add metal flashing to 
protect exposed sheathing 

Limit ignition of wall on residence Combustible siding   n/a $$ None 

30 Combustible decks with combustibles 
present in 0 ft to 5 ft zone around deck 

Remove combustibles in 0 ft to 5 ft 
zone around deck c 

Prevent flames from adjacent fuels from 
igniting the deck 

Combustibles in 0 ft to 5 ft zone 
around deck n/a $ None 

31 Fence to residence Replace with noncombustible option 
(metal or other option), minimum 8 ft Prevent ignition of combustible fence Combustible fence This applies only to single fences; see 

Table B Item #10 for double fences $-$$ None 

32 Steps connected to residence 

Introduce noncombustible 
barrier/section between steps and 
house, minimum 1 ft 

Limit spread of fire to house 

Combustible steps This addressed top of deck ember ignited 
scenario (not fire under steps/deck) $ None 

Introduce noncombustible 
barrier/section between handrails and 
residence or replace with 
noncombustible handrail, minimum 1 ft 

Combustible handrails n/a $-$$ None 
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Item 
# 

Structure Component, Assembly, or 
Attached Combustible Hardening Action Performance Goal Applicable Condition(s) Notes 

Expected 
Cost Range 
($, $$, $$$) 

Matched in 
Existing 

Code 

33 Other attachments 

Introduce noncombustible 
barrier/section between combustible 
attachment and residence or replace 
with noncombustible, minimum 1 ft 

Limit spread of fire to house Combustible attachment n/a $-$$ None 

34 Attached retaining walls 
Replace retaining wall length equal to 
two times retaining wall height with 
noncombustible components 

Prevent flames from retaining wall from 
igniting residence 

Combustible retaining wall within two 
times the retaining wall height from 
the residence  

Structural requirements of the retaining 
wall must be maintained (must meet code)  $$ None 

35 Combustible furniture 

Replace furniture with noncombustible 
framing materials or move away 5 ft 
(place cushions inside residence before 
egress) 

Prevent flames from combustible furniture 
from igniting residence Combustible furniture on deck Homeowner action item, required action $ None 

36 Pergola/trellis 
Remove vegetation, detached from 
residence, and have a 2 ft open 
space/separation from residence  

Prevent ignition of pergola/trellis from 
igniting residence Attached combustible pergola/trellis Structural integrity of pergola/trellis must 

be maintained $$ None 

Mobile Home Skirting/Crawl Spaces 

37 Skirting Install mobile home noncombustible 
skirting on all sides 

Prevent embers from igniting underside of 
mobile home and prevent accumulation of 
flammable (windblown) debris 

Mobile home without skirting or 
without noncombustible skirting n/a $$ None 

38 
Crawl space access hinged door with 
clasp (door construction consistent 
with cladding) 

Install crawl space access ember 
intrusion protection 

Prevent embers from igniting materials in 
crawl space and prevent accumulation of 
flammable (windblown) debris 

Access to crawl space n/a $-$$ None 

39 Crawl space vents Install ember and flame-resistant vents 
if venting is required  

Minimize embers with enough energy to 
cause ignitions 

New skirting with vents if needed n/a 
$-$$ Chapter 7A Non-ember- and flame-resistant vents 

installed n/a 

Optional Work 

40 Between deck boards Insert metal flashing between deck 
boards at joists Limit ignition of deck Combustible deck and joists n/a $-$$ None 

a If noncombustible gutter cover cannot be installed on combustible gutter, gutter must be replaced with a noncombustible material and fitted with noncombustible cover. (Item # 8) 
b Vents need to account for reduction in air flow. If a vent is not fire and ember resistant it should be replaced with one that is. 
c Well-irrigated lawn may be allowed in the 0 ft to 5 ft around deck. (Item # 30) 
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Table B. Surrounding parcel hazard mitigation – hardening structure and attached combustibles against ignition from fire (radiation, convection). 

Item 
# 

Structure Separation Distance (SSD) or 
Neighboring Parcel Exposure Distance 
(NPED)a 

Slope and location of 
structure on the terrain 
(low, mid, high slope) 

Hardening Action 
(on neighboring parcel)b Notes 

Minimum Required 
Fuel Separation 
Distance (MFSD) (ft) 

Fuel Separation 
Range (FSR) (ft) 

Hardening Structure and Attached 
Combustibles Against Ignition from 
Flames (radiation, convection) 

1 Proximity of closest neighboring primary 
residence(s) – SSD 

  
Hardening Structure is required 
only if neighboring structure 
falls within Fuel Separation 
Range 

 25 to 50 Required (in Table D) if 25<SSD<50 

2 Proximity to untreated wildland fuels – 
NPED 

Slope of concern is between 
wildland fuel and structure (not 
absolute slope of wildland fuel) 

 
https://www.fire.ca.gov/progra
ms/communications/defensible-
space-prc-4291/ 

100, 150, 200  Required (in Table D) if 
NPED<MFSD 

3 Proximity to treated wildland fuelsc – 
NPED 

Assumes that slope has been 
factored in the fuel treatment  

https://www.fire.ca.gov/media/
umkhhdbs/fuels-reduction-
guide-final-2021-print.pdf  

100  Required (in Table D) if 
NPED<MFSD 

4 
Proximity to auxiliary buildings > 120 ft2 
in size (primary or neighboring parcel) – 
SSD 

 

Aux. building hardening will need to 
be treated as primary structure to 
prevent ignition from fire (radiation) 
and embers 

  25 to 50 Required (in Table D) if 25<SSD<50 

5 
Proximity to auxiliary buildings 64 ft2 to 
120 ft2 (primary or neighboring parcel) – 
SSD 

 

Aux. building hardening will need to 
be treated as primary structure to 
prevent ignition from fire (radiation) 
and embers 

  20 to 40 Required (in Table D) if 20<SSD<40 

6 
Proximity to auxiliary buildings <64 ft2 in 
size (primary or neighboring parcel) – 
SSD 

 

Aux. building hardening will need to 
be treated as primary structure to 
prevent ignition from fire (radiation) 
and embers 

  15 to 30 Required (in Table D) if 15<SSD<30 

7 
Proximity to vegetative fuels not 
compliant with defensive spaced – NPED 

   100  Required (in Table D) if 
NPED<MFSD 

8 
Proximity of large auxiliary structures 
and fuels (e.g., gazebo, RVs, boats) – 
NPED 

   50  Required (in Table D) if 
NPED<MFSD 

9 Proximity of small combustible auxiliary 
structures (e.g., single fence) – NPED 

   10  Required (in Table D) if 
NPED<MFSD 

10 
Proximity of small combustible auxiliary 
structures (e.g., double combustible 
fences) – NPED 

   20  Required (in Table D) if 
NPED<MFSD 

11 Proximity of detached retaining wall – 
NPED  

 
Retaining wall hardening will need 
to be treated as primary structure to 
prevent ignition from fire (radiation) 
and embers 

 10  Required (in Table D) if 
NPED<MFSD 

a From the edge of the house closest to the exposure. 
b If neighboring parcel is not part of the program, certain hardening actions may not be implementable and structure hardening may be necessary. 
c Wildland fuel treatment must have occurred within 3 years; must meet local, state, or federal guidance/standard. 
d Refers to vegetative fuels on adjacent properties. 

 
  

Page 113 of 119



 
 

 63 

T
h
is

 p
u

b
lic

a
tio

n
 is

 a
v
a
ila

b
le

 fre
e
 o

f c
h
a
rg

e
 fro

m
: h

ttp
s
://d

o
i.o

rg
/1

0
.6

0
2
8

/N
IS

T
.T

N
.2

2
0
5

 

Table C. Primary parcel hazard mitigation – hardening structure and attached combustibles against ignition from fire (radiation, convection). 

Item 
# 

Parcel Feature – 
Exposure Distance (ED) or 
Structure Separation Distance 
(SSD) Hardening Action Performance Goal Applicable Condition(s) Notes 

Expected 
Cost Range 
($, $$, $$$) 

Minimum 
Required Fuel 
Separation 
Distancea 
(MFSD) (ft) 

Hardening Structure 
and Attached 
Combustibles 
Against Ignition from 
Flames (radiation, 
convection) 

1 Firewood – ED 

Replace firewood with other heating 
source, displace firewood 30 ft away from 
main residence and other Table C features, 
or store in a noncombustible enclosure 15 ft 
from Table C features  

Prevent firewood from 
directly (flames) igniting 
residence or other Table C 
items 

If closer than recommended 
separation distance 

Defensible space expanded to 
account for all other Table C items $ 30 Required (in Table D) 

if ED<MFSD 

2 Vegetative fuels not compliant 
with defensible space – ED Treat vegetation  Defensible space 

compliance 
Not in compliance with defensible 
space 

If vegetative fuels reduction is not 
possible, and ED is less than 
distance specified in Table B for 
untreated wildland fuels, residence 
hardening will be required 

$-$$ 100 
(See Table B) 

Required (in Table D) 
if ED<MFSD 

3 Auxiliary buildings (> 120 ft2) – 
SSD 

Remove or separate 50 ft from main 
residence and other Table C features or 
harden the auxiliary building construction 
in Table C and incorporate a 0 ft to 5 ft 
ember-resistant zone. 

Prevent auxiliary building 
from directly (flames) 
igniting residence or other 
Table C items 

If closer than recommended 
separation distance 

If building removal, displacement, 
or hardening of auxiliary structure 
is not possible, residence 
hardening will be required 

$$-$$$ 50 Required (in Table D) 
if SSD<MFSD 

4 Small (64 ft2 to 120 ft2) auxiliary 
buildings – SSD 

Remove, displace 40 ft from main 
residence, or harden the auxiliary building 
construction (between 5 ft to 40 ft) from 
residence and other items in Table C and 0 
ft to 5 ft ember-resistant zone 

Prevent auxiliary 
structures from directly 
(flames) igniting main 
residence and other Table 
C items 

If closer than recommended 
separation distance 

If building removal, displacement, 
or hardening of auxiliary structure 
is not possible, structure hardening 
will be required 

$-$$$ 40 Required (in Table D) 
if ED<MFSD 

5 Very small (< 64 ft2) auxiliary 
buildings – SSD 

Remove, displace 30 ft from main 
residence, or harden the auxiliary building 
construction (between 5 ft and 30 ft) from 
residence and other items in Table C and 0 
ft to 5 ft ember-resistant zone 

Prevent auxiliary 
structures from directly 
(flames) igniting main 
residence and other Table 
C items 

If closer than recommended 
separation distance 

If building removal, displacement, 
or hardening of auxiliary structure 
is not possible, structure hardening 
will be required 

$-$$$ 30 Required (in Table D) 
if ED<MFSD 

6 Other combustible structures  
(> 120 ft2) (e.g., gazebo) – SSD 

Remove, displace 50 ft from main 
residence and other Table C features, or 
harden the auxiliary building construction 
to noncombustible (If < 50 ft) from other 
items in Table C and incorporate 0 ft to 5 ft 
ember-resistant zone 

Prevent fuels from 
directly (flames) igniting 
other (combustible) items 

If closer than recommended 
separation distance and non-
hardened 

If building removal, displacement, 
or hardening of auxiliary structure 
is not possible; remove or displace 
the other Table C items or replace 
with a new structure made of 
noncombustible material. 

$$-$$$ 50 Required (in Table D) 
if SSD<MFSD 

7 Large vehicles (e.g., RVs, boats) 
– ED 

Remove, displace 50 ft from main structure 
and other Table C features, and create a 0 ft 
to 5 ft ember-resistant zone 

Prevent vehicles from 
directly (flames) igniting 
main residence and other 
Table C items 

If closer than recommended 
separation distance 

If vehicle removal or displacement 
(beyond 50 ft) is not possible, 
structure hardening will be 
required 

$ 50 Required (in Table D) 
if ED<MFSD 

8 Fences on property (see Table B 
for distances) – ED 

Replace with noncombustible/ignition-
resistant materials (See Table B for 
distances) 

Prevent fuels from 
directly (flames) igniting 
main residence and other 
Table C items 

If combustible and closer than 
recommended separation distance 

If replacement with 
noncombustible/ignition-resistant 
materials is not possible, structure 
hardening will be required 

$ 10 
(See Table B) 

Required (in Table D) 
if ED<MFSD 

9 
Small combustibles within 5 ft of 
residence (e.g., door mat, planter, 
garden hose) – ED 

Replace with noncombustible/ignition-
resistant materials or move away 5 ft 

Prevent fuels from 
directly (flames) igniting 
main residence and other 
Table C items 

If combustible and closer than 
recommended separation distance 

If replacement with 
noncombustible/ignition-resistant 
materials is not possible, structure 
hardening will be required 

$ 5 Required (in Table D) 
if ED<MFSD 

a MFSD must account for all exposed structure combustible appendages, such as decks. For example, MFSD is measured from the edge of the deck, not the wall of the structure it is attached to. 
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Table D. Structure hazard mitigation – hardening structure and attached combustibles against ignition from fire (radiation, convection). 

Item 
# 

Structure Component –  
Exposure Distance (ED) or Structure 
Separation Distance (SSD) Hardening Action Performance Goal Applicable Condition(s) Notes 

Expected 
Cost Range 
($, $$, $$$) 

Matched in 
Existing 

Code 

1 Roof covering and roof design (assembly) 
including dormer and bump out roofs 

Replace non-Class A roofs by assembly 
or by covering alone Prevent ignition of roof from flames Non-Class A roof n/a $$$ None 

2 Dormer side Replace all combustible siding with 
noncombustible options 

Prevent ignition of dormer from 
flames Combustible dormer siding  n/a $$ None 

3 Dormer under eave 
Replace all under eave construction with 
noncombustible options or cover with 
noncombustible material 

Prevent ignition of dormer from 
flames Combustible dormer eave  n/a $$ NFPA 1140 

4 Dormer window Replace with dual pane window with 
both being tempered Prevent complete window failurea Single pane or dual pane non-tempered n/a $$ NFPA 1140 

ICC IWUIC 

5 Exterior wall(s) including bump out(s)  
Add on top (of existing cladding) or 
replace with noncombustible cladding. 
Trim must be noncombustible     

Prevent siding ignition Combustible cladding facing exposures 
in Table B and/or Table C 

1. Add on top option is available only 
for residences with cladding that 
have a flat profile.  

2. Add moisture barrier under new 
cladding. 

$$$ None 

6 Bump out bottom (underside) 

If exposed framing, enclose with 
noncombustible material. If enclosed 
with combustible material, replace or 
cover with noncombustible material. 
Trim must be noncombustible and extend 
(vertically) to account for added material 

prevent ignition under bump out(s) Combustible bump out(s) underside 
material or exposed framing n/a $$ None 

7 Glazing in doors and glass sliding doors Double pane windows (both panes 
tempered) Prevent complete window failurea 

Single pane non-tempered, non-tempered 
double pane, or double pane with one 
tempered facing exposures in Table B 
and/or Table C 

Vinyl frames must have reinforcement 
to prevent panes from being dislodged 
because of frame deformation (due to 
heating) 

$$$ NFPA 1140 
ICC IWUIC 

8 Under eave(s) - overhanging eave and 
overhanging rake (gable end) 

Create a soffited eave (horizontal) or 
enclose eave (angled) using 
noncombustible material 

Prevent ignition in under eave area 
and entry of fire in residence 

Under eave(s) combustible construction 
facing exposures in Table B and/or Table 
C 

n/a $$ NFPA 1140 
ICC IWUIC 

9 Screens 

Screen over entire window(s) (even if 
window does not open) and other glazed 
surfaces. Framing for screens must be of 
noncombustible material 

Reduce radiative exposures to glass 
and possibly to parts of frame 

All glazed surfaces facing exposures in 
Table B and/or Table C n/a $$ None 

10 Windows Replace with dual pane window with 
both being tempered Prevent complete window failurea 

Single pane non-tempered, non-tempered 
double pane, or double pane with one 
tempered facing exposures in Table B 
and/or Table C 

Vinyl frames must have reinforcement 
to prevent panes from being dislodged 
because of frame deformation (due to 
heating) 

$$$ NFPA 1140 
ICC IWUIC 

Note: All sides of a structure must be hardened for fire and radiation unless a field inspection identifies more localized exposures that demonstrate directional hazard (with no fire exposure to other side(s)). 
a Complete glazing failure will open up residence and allow embers and fire to enter. 
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Appendix B. Comparison of Existing Codes and Standards 

This appendix contains a tabulated list (Table E) of detailed comparisons of primary 
solutions listed in three selected WUI building codes commonly used in the United States. 
The comparison is made with the most recent (2018 or 2019) editions of the International 
Wildland-Urban Interface Code, NFPA 1140/NFPA 1144,13 and the California Building 
Code Chapter 7A. Note that each of these listed codes are regularly revised and improved 
varying temporal cycles. 
 
There are multiple programs available to the public that can be used to reduce fuels and 
harden structures in the WUI [40]. Examples include NFPA’s Firewise14 and CAL FIRE’s 
Ready, Set, Go!15 programs which encourage defensible space and structure hardening. 
Depending on jurisdiction, these types of programs may be voluntary or mandatory and 
typically complement local, state, and national codes. 
 

 
13 NFPA codes are in transition to consolidate related codes. NFPA 1144 is a component of the new consolidated WUI code, NFPA 1140. 
14 https://www.nfpa.org/Public-Education/Fire-causes-and-risks/Wildfire/Firewise-USA  
15 https://www.readyforwildfire.org/prepare-for-wildfire/ready-set-go/  
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Table E. Comparison of selected existing WUI building codes. 

Building Component 2018 IWUIC (Ignition Resistant Construction Class 1) 2018 NFPA 1144 2019 California Building Code Chapter 7A 

Roof Specifies Class A fire rated covering (IR 2 specifies Class B, IR 3 
specifies Class C). Requirements for "bird-stopping" / "fire stopping", 
including 72-pound cap sheet alternate method specified in Chapter 7A, 
also applies here. Requirements for thickness of metal when used in a 
valley. Valley using metal flashing also requires use of 72-pound cap 
sheet underlayment. 

Roof covering assemblies tested and rated as Class A in accordance with 
ASTM E108 (or UL 790). Roof covering tested with all assembly 
components representing as-built condition (e.g., between panel joints 
must be present, and joints shall be in alignment with burning brand 
during test). When a roof profile provides for a gap between the roof 
covering and a combustible roof deck assembly shall include a 72-pound 
cap sheet that complies with ASTM D3909 (Asphalt Roll Roofing 
(Glass Felt) Surfaced with Mineral Granules). The cap sheet shall be 
rolled out over the entire roof deck. In lieu of the use of such a roll 
roofing product, fire-retardant treated plywood can be used. Such roof 
coverings shall also be blocked at eaves, ridges, and hips with a 
noncombustible material. A metal drip edge shall be installed at all rake 
and eave edges. 

Refers to Chapter 15 of the CBC. Chapter 15 specifies Class A covering 
in VHFHSZ, Class B in HFHSZ and Class C in MFHSZ. Specifies that 
any gaps between roof covering and roof deck be fire-stopped (e.g., bird-
stopped, fire-stopped). An alternate way to comply would be to install a 
minimum 72-pound cap sheet material over the decking. Specifies that 
(metal) valley flashing will be installed over a minimum 36-inch wide 
cap sheet that runs the full length of the valley.  

Under-Eave Eaves and soffits protected on exposed underside by one of four options, 
including 1) use of an Ignition Resistant Material or materials approved 
for a minimum one-hour fire-resistant-rated construction, 2) nominal 2-
inch lumber, or 1-inch nominal fire-retardant-treated lumber, or 3/4-inch 
nominal fire-retardant-treated plywood [fire-retardant materials rated for 
exterior use]. Open-eave or boxed in "ok", but both must comply with 
"underside" requirements. Fascia protected on backside by ignition 
resistant material or materials approved for one-hour fire-resistance-
rated construction or nominal 2-inch lumber 

Specifies that eaves be enclosed with either 1) exterior FRT wood or 
ignition resistant material, or 2) a noncombustible material, or 3) a 
material that, when tested to ASTM E2957 (under eave flame exposure 
test) complies with provisions provided in Section 5.3.4.1 (absence of 
flame penetration, absence of structural failure, absence of sustained 
combustion (flame or smoldering) after 40 minutes). 

Provisions are consistent with the provisions of the exterior wall 
requirements. Soffited eaves must be enclosed with either 1) 
noncombustible material, 2) ignition-resistant material, 3) use of 5/8-
inch Type X gypsum sheathing in the assembly, 4) the exterior portion 
of a one-hour fire resistive wall assembly, or 5) complies with SFM 
Standard 12-7A-3. States that traditional open-eave framing using 
nominal 2x dimension lumber is allowed (prescriptively).  

Underfloor Enclosure Where attached structure projects over a descending slope greater than 
10%, the area below the structure shall be enclosed to within 6-inches of 
the ground with materials that comply with exterior wall requirements. 

  

Gutters/Downspouts  Specifies gutter made of noncombustible materials (vinyl gutters not 
allowed). Gutters shall be provided with an approved means to prevent 
accumulation of debris (i.e., use of gutter cover device is required). 

Noncombustible material. Gutters covered by approved noncombustible 
means to minimize accumulation of debris.  

Specifies that gutters be provided with the means to "prevent" the 
accumulation of leaves and debris. This section has generally been 
interpreted to mean "install a gutter cover device." 

Vents Attic vent: Cannot be located in soffit, eave overhangs, between rafters, 
or in other overhang areas. Gable end and dormer located minimum 10-
feet from property lines. Foundation vents: located as close to grade as 
practical. Individual vent openings not to exceed 144 in2 and covered 
with corrosion resistant mesh not to exceed 1/4-inch or designed and 
approved to prevent flame and ember penetration. 

Vents screened with corrosion-resistant noncombustible wire mesh, 
mesh opening not to exceed 1/8-inch, or a vent that, when tested in 
accordance with ASTM E2886 comply with provisions found in Section 
5.3.3 (2). These are the same provisions provided in Chapter 7A. This 
information applies to all openings / penetrations, with the exception of 
dryer vents. 

General requirement for vents to "resist building ignition from the 
intrusion of burning embers and flame through ventilation openings." 
Specific requirements: 1) Tested in accordance with ASTM E2886 and 
with specified items (no flaming ignition of cotton [ember intrusion], no 
flaming ignition [flame intrusion], and maximum temperature on 
unexposed side of vent < 350 °C [662 °F]), or mesh openings between 
1/16-inch and 1/8-inch, noncombustible and corrosion resistant material. 
Vents not allowed on underside of eave unless 1) listed tested to ASTM 
E2886 and complying with stated provisions (above), or 2) AHJ permits 
vent as being resistant to flames and embers, or 3) attic is fully 
sprinklered or exterior cladding and underside of eave is noncombustible 
or approved IRM, and vent is more than 12 feet from ground or walking 
surface.  
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Building Component 2018 IWUIC (Ignition Resistant Construction Class 1) 2018 NFPA 1144 2019 California Building Code Chapter 7A 

Exterior Walls Exterior walls with one five methods, including 1) One-hour fire-
resistant-rated construction, 2) Approved noncombustible materials, 3) 
Heavy timber or log wall construction, 4) Fire-retardant-treated wood on 
exterior side (rated for exterior use), or 5) Ignition-resistant materials on 
exterior side. Materials must extend from top of foundation to underside 
of roof sheathing. 

An approved ignition resistant material, or exterior fire-retardant- treated 
wood, or noncombustible material, or be a wall assembly exhibiting a 
minimum 1-hour fire resistance rating (with tested to ASTM E119) and 
exhibiting a minimum Class B flame spread index (ASTM E84). 
Provisions allow for AHJ to require enhanced protection. --- 6-inch 
vertical noncombustible zone (i.e., foundation) 

Objective is to resist building ignition and/or safeguard against intrusion 
of flames resulting from embers or short-term direct flame contact 
exposure. Included in "exterior wall" is under-eave and other horizontal 
projections (with exception of attached deck). Exceptions include trim 
and fascia. Open eave construction also excepted as long as blocking and 
rafters have minimum dimension of nominal 2-inches [need to reconcile 
this statement with Sections 707A.4, 707A.5, 707A.6, 707A.7, 707A.8, 
707A.9]. Options for complying include: 1) noncombustible material, or 
2) ignition resistant material, or 3) "heavy timber" defined as smallest 
minimum nominal dimension of 4-inches (glu-lam ok), or 4) log wall 
construction assembly, or 5) test to ASTM E2707 or SFM Standard 12-
7A-1 and complying with specified provisions. Two deemed-to-comply 
prescriptive options are also available, including 1) incorporation of one-
layer 5/8-inch Type X gypsum board behind exterior cladding on 
exterior side of framing, or 2) exterior portion of 1-hour fire resistive 
exterior wall assembly. Assemblies listed in Gypsum Association Fire 
Resistance Design Manual are okay. 

Windows Exterior glazing (glass in windows) shall be, 1) tempered glass, 
multilayered glazed panels or 2) glass block, or 3) have a 20-minute fire-
resistance rating. These requirements also apply to skylights. 

Applies to exterior windows, windows within exterior doors and 
skylights. All shall be tempered glass, multilayered glazed panels, glass 
block or have at a minimum a 20-minute fire-resistance rating. Windows 
shall be screened using noncombustible material. 

Exterior windows and exterior glazed door assemblies and skylights 
shall comply with one of the following: 1) multipane glazing with a 
minimum of one tempered pane meeting requirements of Section 2406 
Safety Glazing, 2) glass block units, 3) fire resistance rating of not less 
than 20 minutes (NFPA 257 - using vertical furnace and time-
temperature curve also described in ASTM E 119) or 4) meeting 
performance requirements of SFM 12-7A-2. Skylights also need 
noncombustible screening with minimum 1/8-inch mesh. 

Doors Doors shall be 1) Noncombustible, 2) solid core wood (thickness of solid 
core wood not less than 1 3/4-inch), or 3) have at a minimum a 20-
minute fire rating. Vehicle access (garage) doors are excluded. 

Solid-core wood, > 1 3/4-inch thick, or be construction with 
noncombustible materials, or a "fire protection" rating of no less than 20 
minutes. 

Exterior doors shall comply with one of the following: 1 and 2) exterior 
surface shall be noncombustible or ignition-resistant material, or 3) 
construction of solid core wood, stiles and rails not less than 1 3/8-inch 
thick; raised panels not less than 1 ¼-inch thick except exterior perimeter 
of panel may taper to tongue not less than 3/8-inch thick, or 4) fire 
resistance rating on 20 minutes when tested in accordance to NFPA 252, 
or 4 and 5) comply with performance requirements of SFM 12-7A-1 / 
ASTM E2707. Provision in Section 708 A.4 for minimizing intrusion of 
embers via inclusion of weather stripping (complying flammability 
rating V-2 or better via UL 94, Standard for Tests for Flammability of 
Plastic Materials for Parts in Devices and Appliances. 
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Building Component 2018 IWUIC (Ignition Resistant Construction Class 1) 2018 NFPA 1144 2019 California Building Code Chapter 7A 

Appendages (Decks) Unenclosed accessory structures attached to buildings with habitable 
spaces and projections shall have 1) One-hour fire resistant-rated 
construction, or 2) heavy timber, or either a) noncombustible material, b) 
exterior rated fire-retardant treated wood, c) ignition resistant building 
materials. When an attached structure (such as a deck) extends over a 
descending slope greater than 10%, the area below the structure must be 
enclosed to within 6-inches of the ground. Enclosing materials 
complying with "exterior walls" requirements. 

Including all projections (exterior balconies, carports, decks, patio 
covers, unenclosed roofs and floors) shall be constructed of heavy 
timber, or noncombustible materials, or fire retardant treated wood, 
ignition resistant materials or be an assembly with a 1-hour fire 
resistance rating (ASTM E119).  

This section only applies to the walking surface of the deck (porch, 
balcony, stairs, landings, included). Specifies that decking material 
comply with one of the following: 1) Materials that are tested in 
accordance with both ASTM E2632 (underdeck flame) and ASTM 
E2726 (top of deck brand) and comply with provisions found in Section 
709.4, or 2) qualifies as Ignition Resistant Material (extended ASTM 
E84), or 3) complies with provisions of both SFM Standard 12-7A4 and 
12-7A-5 (similar to 1 above), or 4) exterior fire retardant treated wood, 
or 5) noncombustible material, or 6 and 7) complies with provisions in 
12-7A-4A (underdeck flame, minimum PHRR only), or tested to ASTM 
E2632 with acceptance criteria provided in Section 709A.5), with 
exception that Class B flame spread allows siding that complies with 7A 
to be used. Allowable PHRR is 25 kW/ft2 (~276 kW/m2). 

Projections 1) Enclosed to ground ["exterior wall" requirements], or 2) "one-hour 
construction, or heavy timber, or exterior rated FRT wood. 

When projections are attached to an exterior wall, the construction of the 
projection will be built to maintain the "fire-resistive" integrity of the 
vertical wall. 

Provisions given for general case in Section 707A.2. Specific provisions 
are included for exterior porch ceilings, floor projections, underfloor 
projections, and the underside of appendages. Requirement options for 
these components include 1) noncombustible material, 2) ignition-
resistant material, 3) one layer of Type X gypsum sheathing applied 
behind an exterior covering, 4) the exterior portion of an approved 1-
hour fire resistive exterior wall assembly or 5) complying with 
performance criteria of SFM 12-7A-3. When used in underfloor 
projections and appendages, heavy timber columns and beams do not 
require additional protection. When used in porch ceilings and floor 
projections, architectural trim boards do not need to comply. The 
minimum size to be considered heavy timber depends on the component.  

Detached Accessory 
Structures 

If located less than 50 ft from primary building, exterior wall of building 
to conform to "exterior walls" section. "Topography" language applies 
here (i.e., if portion of structure projects over descending slope). 
Enclosure not required if underside of exposed floors and exposed 
structural members protected by one-hour fire rating, heavy timber, or 
exterior rated FRT lumber. 

Constructed according to provisions outlined in this standard, or 
separated from primary building by at least 30 ft. 

No requirements for buildings more than 50 ft from applicable building. 
Specifies that attached accessory structures shall comply with this 
section (states that structures shall be constructed of noncombustible or 
ignition-resistant materials); detached accessory structures within 50 ft 
of the "applicable" building shall comply when required by the AHJ. 

Unaddressed Issues that 
Need Resolution 

1) Fence / fencing; 2) Clarification between "projections" "detached accessory structures" and "appendages"; 3) where to include small area out-buildings, such as a tool shed, that is located close to the primary building; 4) 
make sure the feature of being "attached" is addressed (structural or non-structural not so much an issue - proximity is the issue)"; 5) how much into "defensible space" issues do codes reach (e.g., providing requirements for 
noncombustible retaining walls in down-slope areas) and other features that can enhance protection of the primary building of interest. 
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