CITY COUNCIL
STUDY SESSION AGENDA

October 10, 2019

6:00 P.M.

Medford Room, City Hall

411 West 8" Street, Medford, Oregon

1. Wood and Shake Shingles
2. Defensible Landscaping Space

3. Grant Priorities

Meeting locations are generally accessible to persons with disabilities. To request interpreters for hearing impaired or other
accommodations for persons with disabilities, please contact the ADA Coordinator at (541)774-2074 or
ada@cityofmedford.org at least three business days prior to the meeting to ensure availability. For TTY, dial 711 or
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MEDFORD

OREGON

MEMORANDUM
To: Mayor and Council
From: Greg Kleinberg/Deputy Chief-Fire Marshal
Study Session Date: October 10, 2019

Subject: Wood Shake and Wood Shingle Roofs

COUNCIL DIRECTION
Staff is providing information to the Mayor and Council about wood shake/shingle roofs
and seeking direction as to what action shall be taken regarding use of such materials.

PRESENTATION OUTLINE
* Presenter: Greg Kleinberg - Deputy Chief/Fire Marshal
« Sam Barnum - Building Official

PREVIOUS STUDY SESSIONS AND G-3 MEETINGS ON THE TOPIC
*  None

BACKGROUND

* Deputy Chief Greg Kleinberg addressed concerns about the combustibility of wood
shake and wood shingle roofs in a staff report (dated April 19, 2019) to the Planning
Department regarding MMC Chapter 10 proposed code changes to the Historic Building
provisions (DCA-19-022). Further discussion occurred at the Planning Commission
Meeting on July 25, 2019. This topic was brought up at the August 1, 2019 Council
meeting, specifically the concern of allowing combustible roofing on any building in the
city limits. DC Kleinberg answered questions and spoke to the issue. At the conclusion
of the agenda item, a motion was passed by Council to direct staff to research wood
shake and wood shingle roofing materials and bring information back to the Council via
a study session.

EXHIBITS

* Exhibit #1: Outline of Presentation

* Exhibit #2: Wood Roof Guidelines - Los Angeles Fire Department

* Exhibit #3: Pathways for Building Fire Spread at the Wildland Urban Interface, March
2015, The Fire Protection Research Foundation

Thank you,
Greg Kleinberg
Deputy Chief-Fire Marshal
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Wood Shake and Wood Shingle Roofs

Council Study Session Outline 10-10-2019

1. Introduction
2. Shingles vs. shakes
e The difference
e Quality differences
3. Weathering of wood
e How exposure degrades wood
4. lgnition threat to combustible roofing
e How fires start
e The threat of ember (firebrand) ignition to roofs
5. Class A fire-rated roofing
e Characteristics and common materials
6. Class B, C fire-rated and unrated roofing
e Characteristics and common materials
7. Fire-resistant rating basis
e Tests used to evaluate fire-resistance
8. Fire-retardant wood shakes and wood shingles
e Current code requirements and fire-rated wood shakes/shingles
9. Los Angeles Fire Department findings
e Summary of why Los Angeles upholds ban on all wood shake/shingle roofs
10.2015 Fire Protection Research Foundation Report
e Conclusions of research report
11.Medford wildfire hazard
e The threat to Medford
12.Council options to consider
e No change to roofing requirements
o Direct staff to prepare an ordinance that requires minimum Class A or Class B
rated roofs
o Direct staff to prepare an ordinance that bans all wood shake and wood
shingle roofs

Medford Fire-Rescue 200 S. vy St. #180, Medford, OR 97501 l 541-774-2300 medfordfirerescue.org
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Wood Shake/Wood Shingle Roofs

The Los Angeles Municipal Code (91.1504.1) excludes wood shakes and shingles from the list of
approved roofing materials that can be used in the City of Los Angeles. L.A. City Roofing Ordinance
#165047 effective August 25, 1989, restricted wood shake and shingle roofs for new construction and
replacement over 10% of the roof surface. The ordinance restricted all wood roofs and did not
differentiate between untreated or fire retardant pressure treated wood shakes and shingles since they
both support combustion.

The City recognized that wood roofs were one of the major factors responsible for spreading fires not
only to adjacent properties but structures considerable distances away.

In the Chemco FTX Five Year Natural Weathering Test, the shingles ignited three minutes into the test
and burned for an additional 23 minutes and 30 seconds after the burner flame was turned off. The
results of that test and the Los Angeles Fire

Department’s Standard No. 43 Test for Determining the Flammability of Solid Materials demonstrated
that the fire retardant pressure treated wood shakes and shingles support combustion.

The five-year test proved that treated wood shakes and shingles ignite and continue to burn long after
flame exposure. It is our experience that a material that exhibits that type of burning characteristics
combined with our local climactic conditions (high wind velocities, low humidity, and high temperatures)
has the potential for spreading fire downwind in the form of flying burning brands.

The UBC 32-7 Roof is nationally recognized, however, the testing criteria are not representative of the
actual conditions in the City of Los Angeles. The wind velocity used in the testing during flame exposure
is 12 miles per hour. The moisture content of the roof test deck must be within the range of 8% to 12%
just prior to the test while in actual conditions the fine fuel moisture content may be at least 4%. The
temperature of the testing facility must be maintained between 50-90 degrees F. while in actual
conditions the temperature may far exceed 100 degrees F. The natural weathering test does not exceed
10 year while in reality the life of a wood roof in the City often exceeds 20 years. The impact of the
destructive effect of UV light, rain and moisture, and temperature changes on the fire retardancy beyond
10 years is not evaluated. There are no assurances that the treated roof will perform as tested since the
actual conditions are much more severe than the test criteria.

The City has for many years been proactive in reducing the risk of another conflagration. Extending the
brush clearance zone around structures to 200 feet and prohibiting the installation of wood roofs are two
of the major preventative measures taken.

https://www.lafd.org/fire-prevention/fire-development-services/wood-roof-guidelines

Medford Fire-Rescue 200 S. Ivy St. #180, Medforl’:gj, OR 9Z]-501 541-774-2300 medfordfirerescue.org
age
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Pathways to Fire Spread in the WUI

FOREWORD

Fires in the WUI communities are a rapidly growing problem in the US. The last 15 years
contains six of this century’s top ten most damaging U.S. single fire events; all of these events
occurred in WUI communities. Over 46 million homes in 70,000 communities are at risk of
WUI fires (Bailey, 2013). Since 2000, over 38,000 homes have been lost to WUI fires in the
U.s.

There are many potential pathways for wildland fires to ignite buildings within the WUIL. These
pathways (including both fire and ember exposure) depend on the characteristics of the wildland
(e.g., fuels, terrain, weather, etc.), the characteristics of the community (e.g., construction
materials, building designs, housing density, landscaping, etc.), and the characteristics of the
interface (e.g., separation distance, physical barriers, extent of perimeter, etc.).

NFPA Standard 1144, Standard for Reducing Structure Ignition Hazards from Wildland Fire,
and NFPA 1141, Standard for Fire Protection Infrastructure for Land Development in Wildland,
Rural, and Suburban Areas, address hazards to structures at the wildland interface and
appropriate mitigation measures (NFPA, 2013; 2012). Understanding the pathways above and
their contribution to fire risk will help inform future editions of these NFPA standards.

The goal of this project is to identify pathways for fire spread at the wildland urban interface and
identify gaps in information to inform prevention and protection strategies.

The Research Foundation expresses gratitude to the report author Michael Gollner and his
research team at the University of Maryland. Likewise, appreciation is expressed to the Project
Technical Panelists and all others who contributed to this research effort for their on-going
guidance. Special thanks are expressed to the National Fire Protection Association (NFPA) for
providing the funding for this project.

The content, opinions and conclusions contained in this report are solely those of the authors.
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Pathways to Fire Spread in the WUI

EXECUTIVE SUMMARY

While the Wildland-Urban Interface (WUI) is not a new concept, fires in WUI communities have
rapidly expanded in frequency and severity over the past few decades. The number of structures
lost per year has increased significantly, from around 900 per year in the 1990’s to almost 3000
per year in the 2000’s (Bailey, 2013; NIFC, 2014). This trend is the result of many factors,
including increased development in rural areas, fuel management policies, and climate change,

all of which are projected to increase in the future (Krawchuk et al., 2009).

Responsibility for the protection of these buildings falls between both wildland and urban fire
authorities, with mixed guidance available for homeowners, code officials, etc. (IBHS, 2014;
ICC, 2012; CBC, 2009; Fire Adapted Communities, 2015). The NFPA has begun to address this
problem by instituting several standards, including NFPA 1141, 1142, 1143 and 1144, which aim
to reduce structural ignitions and provide adequate firefighting infrastructure in WUI
communities. A necessity for improvement of these standards and others is technical knowledge
which can be used to understand pathways for fire spread and their statistical and/or quantitative
contribution to fire risk. While the general pathways for fire spread in the WUI (flame, radiative
and ember exposure) are known, the exposure conditions generated by surrounding wildland
fuels, nearby structures or other system-wide factors and the subsequent response of WUI
structures and communities are not well known or well understood. Several key pathways into
structures, such as eaves, vents, windows, roofs and decking have received attention and limited
study, but no effort has been made to compile all available data quantitatively for use in an

applied, risk-informed framework.

A thorough literature review of multiple pathways to ignition and their requisite exposure
conditions in WUI communities has been performed, along with a gap analysis to identify data
needed to inform prevention and protection strategies. Information has been compiled from a
wide array of resources, including archival publications, conference papers, research reports
from academia and federal agencies, case studies and investigative reports from WUI fire
incidents, existing codes and standards, and interviews with leading incident commanders and

fire researchers. These studies have been compiled from local (US) resources, as well as
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international sources in North America, Europe, Asia and Australia who have amassed a wide

variety of experience on these topics.

After reviewing the available literature, many areas related to pathways for fire spread in the
WUI were found to still be in need of additional research. As part of a gap analysis, these areas
were broken down into those related to quantification of risk and hazard and more practical and
specific issues. Areas necessary to inform quantification of risk and hazard included pre- and
post-fire data collection, improved testing of firebrands, understanding of ember and wildland
fire fundamentals, and improved understanding of structural ignition mechanisms. There are also
many other practical issues, which relate to specific areas of code and standard development and
WUI community protection or firefighting that are in need of rapid research and development.
These included understanding fuel management, defensible space, community planning,
development of test standards, design of ignition-resistant materials, assessing the effectiveness
of mitigation strategies, understanding the impact of wildland fires on health and the

environment, improving firefighting techniques and identification of educational needs.

These categories represent a wide spectrum of subjects within possible WUI research. One of the
most important gaps identified through this review is that most work to date has not quantified
effects in a repeatable manner. While it is useful to identify vulnerabilities and best practices,
protection of WUI communities cannot evolve without more quantitative analyses to optimize
protection schemes, standards and risk and hazard analyses. Improved dissemination of
literature, especially through more peer-reviewed studies will also enhance the technical

credibility and wide dissemination of work on the field.
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Pathways to Fire Spread in the WUI

PART I: LITERATURE REVIEW

Introduction

Three fundamental pathways have been identified for the spread of fire into and within WUI
communities. First, radiant exposure may occur where large flames are close to exposed
structural elements. The effect of radiation can often be minimized or eliminated through proper
vegetation selection, location and management and defensible space around structures (the
home-ignition zone, HIZ); however, the influence of other nearby structures and their impact on
radiant exposure must be taken into account (e.g. conflagrations where fires spread from home to
home within a community) (Calkin et al., 2014). Second, direct flame contact exposure, which
occurs between flames from smaller fires and adjacent structural elements, such as litter or wood
piles, can be mitigated by creating a similar defensible space around structures, entirely clear of
combustible material. Third, fires may spread into and within a WUI community via the
transport of firebrands (also called burning embers or brands!) generated either by the main fire
front, nearby flammable material (e.g. vegetation) or nearby burning structures (e.g.
conflagrations) (Pellegrino et al., 2013). Protection of structures must therefore incorporate all of
these potential sources of ignition, as well as incorporate the cumulative effects of fires on
nearby surrounding structures within the community contributing to overall fire spread. This
framework has been utilized in this literature review. Part I of this report breaks down these
potential pathways into research and knowledge on potential exposures to structures and the
response of structures to these exposures. They deserve equal importance, particularly because
recent data indicates that at least 50% of ignitions, if not more, occur due to indirect exposure,

i.e. firebrands (Mell et al., 2010).

IThe terms brand, firebrand, flaming brand, flying brand, burning brand, ember, flying ember, or burning ember are
used synonymously in the literature to denote small pieces of burning vegetation or structures (whether smoldering
or flaming) lofted into the fire plume and transported ahead of the fire front. The terms firebrand or burning ember
are therefore used synonymously throughout this report. Similarly, an ember “storm” or firebrand “shower” denotes
a large flux of small burning particles lofted through the air, whether produced by a fire front or artificially in a
laboratory.

15
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While the underlying ethos of fire spread is known, quantitative knowledge of the effectiveness
of specific approaches for risk mitigation and prevention within WUI communities, especially
coupled to relevant exposure conditions and homeowner maintenance, is not well known.
Spearheaded by the California fire season of 1985, a joint initiative by the NFPA and the USDA
Forest Service (USFS) highlighted the WUI problem and generated initial research into the
problem (NFPA, 2014; Firewise, 2015). As a result, several research projects on the radiative
exposure of building assemblies to large wildland fires were begun, with large-scale testing
performed during the International Crown Fire Modelling Experiments from 1997-2001 (Cohen,
2004a). From these experiments, it was determined that when a clear, defensible space of 120
feet (36 m) was maintained around a structural facade, radiative exposure was insufficient to
ignite wooden exterior walls from experimental crown fires, meaning that only firebrands or
local combustible material (e.g. mulch) could ignite a structure. Recent analysis of the Angora
fire (2007) has shown that fuel treatments that reduced the fire intensity beyond the HIZ were not
effective in reducing WUI losses (Murphy et al., 2007; Safford et al., 2009). Therefore particular
attention must be paid to more local, low intensity fires and the source of local ignitions (from
firebrands) (Calkin et al., 2014). While different frameworks for wildfire risk assessments are
available (Cohen, 2004a; Maranghides and Mell, 2013), the existing framework only allows
qualitative predictions of radiative exposure. Significant assumptions are made when using many
of these tools, such as ignoring firebrands and assuming that fires will occur under ordinary fuel
and weather conditions, when realistically it is only the most extreme fires (high winds and low

humidity) that challenge current methods of fire control (Calkin et al., 2014).

More recent efforts by the National Institute of Standards and Technology (NIST), USFS and the
Insurance Institute for Business & Home Safety (IBHS) have identified clear vulnerabilities of
WUI structures to low intensity fires and firebrands, including roofing components, eaves, vents,
wood piles, mulch, fences, decks, etc. (Calkin et al., 2014; Mell and Maranghides, 2009;
Pellegrino et al., 2013a; Quarles et al., 2012). While a significant body of work exists on the
transport of embers or firebrands (Tarifa et al., 1965; Woycheese et al., 1999), limited
knowledge exists on quantitative ember exposure, ignition properties or vulnerabilities of
structures to embers (Hadden et al., 2010; Manzello et al. 2006a,b). The development of a testing
platform, the NIST Dragon (Manzello et al., 2012a), and several detailed investigations (Cohen,
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2000a; Cohen and Stratton, 2008; Maranghides et al., 2013; Mell and Maranghides, 2009;
Quarles et al., 2012) have been particularly significant in developing an understanding of large-
scale ember ignition. The arrangement of homes and layout of communities (land-use planning)
also greatly affects the probability of ignition in WUI communities (Syphard et al., 2012). Some
gaps in knowledge are being studied, so recent progress is reviewed here; these gaps include the
rate of generation of embers from natural fuels and structures, the effectiveness of local fuel
treatments on reducing fire intensity and, in particular, homeowner maintenance of their home
and property, including the impact of community education. Many more gaps will be identified,
as the effectiveness of strategies to minimize the impact of WUI fires, such as new regulations in

California, have yet to be documented.

While this report will focus on fire spread in the WUI, there is no way to constrain such a review
to physical factors alone. For example, appropriate planning and continued maintenance of fuel
treatments on both public and private land is essential for some of these mitigation strategies to
remain viable. Available knowledge on the maintenance of these efforts, specifically of
defensible space by homeowners will be addressed, as will the impacts of community efforts,

such as Firewise, Fire Adapted Communities, Ready Set Go!, etc.
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WILDLAND-URBAN INTERFACE PROBLEM

Even though the term “wildland-urban interface” generates the perception of a problem that is
determined primarily by geographic location, the WUI problem can be more simply envisioned
as a structure ignition problem (Cohen, 2004b). If structures are safeguarded against ignition
sources, property loss and costs incurred (not to mention potential loss of life) can be avoided.
Changes in the location of a structure (specifically surrounding fuel and topography) can
certainly affect the exposure conditions which impact any structure; however, if the pathways to
ignition are fundamentally prevented via hardening structures, communities and surrounding
wildland, then the WUI problem can be greatly reduced. This report will detail many of the
pathways that fires can spread into and within a WUI community with the aim of preventing
future WUI tragedies via informed decisions in codes, standards, future structure and component

design, remodel/renovation of existing buildings and community planning.

The definition of what community areas are WUI and not often encompasses a comparison of the
housing density and location of surrounding wildland (Cohen, 2008). The WUI can be defined as
encompassing both interface and intermix communities, where vegetation is continuous in the
intermix, except where structures are located, and less contiguous within the interface. Many
studies have worked to define this interface boundary and map it (e.g. Figure 1); however, this
will not be a focus of this report and can be found elsewhere (Lampin-Maillet et al., 2010,
Radeloff et al., 2005; Stewart and Radeloff, 2007).
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Figure 1: Map of the wildland-urban interface in 2010 (Radeloff et al., 2005 and Radeloff, 2014).

Fires in the WUI are not a new problem, but perhaps just a problem that has been more recently
forgotten. During the same week as the Great Chicago Fire in 1871, the Peshtigo Fire killed
between 1500 to 2500 people and burned somewhere around 1.5 million acres, completely
destroying twelve communities (Brown, 2004). Comparing that to the Great Chicago Fire, which
killed about 300 people and burned down only 3.3 square miles, shows the extent by which these
events differed. Despite the tragic toll of the Peshtigo fire, it is rarely mentioned, while the
anniversary of the Great Chicago Fire is still used as a catalyst for NFPA’s Fire Prevention Week
every year (NFPA, 2014a). The Peshtigo Fire and subsequent fires between 1896-1910 served as
catalysts for the “fire exclusion” movement — a push for fire control and suppression of wildfires

largely led by the USFS (Pyne, 2008).
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Despite this long history of fire suppression in the United States, the frequency and severity of
wildland fires has continued to increase, especially recently. Large WUI conflagrations such as
the 1991 Oakland Hills Fire, the 2012 Waldo Canyon Fire and the 2003, 2007 and 2014 San
Diego Firestorms have served as constant reminders of the threat large wildland fires pose in the
WUI Recent data show that 3% of the wildland fires in the United States are now responsible for
97% of the area burned (Short, 2014). Following decades of intense wildfire suppression
policies, large areas of unburned fuels have built up in the wildland and contribute to the
growing size and intensity of wildland fires. Known as the fire paradox, wildfire suppression
meant to eliminate large and damaging wildfires has in turn ensured the inevitable occurrence of
these fires (Arno and Allison-Bunnell, 2002). According to some studies, over 73 million acres
of national forest land meet high priority for treatment of fuel buildup in WUI areas (Service &
Bosworth, 2004). On top of this, a mass movement from urban residences to rural communities
has increased the size of the WUI, where natural or modified wildland fuels meet traditional
structures including residences, businesses and other community structures. This transition has
increased the number of at-risk risk homes significantly. In 2000, WUI development was
estimated to cover 465,614 km?, an expansion of 50% from 1970 (Theobald and Romme, 2007).
In the western United States, 50% of future housing development is estimated to occur in the
WUI (Gude et al., 2008), highlighting a massive increase in future WUI lands. With only 14% of
the interface developed, firefighting costs are now between $630 million and $1.2 billion/year. It
is projected that if 50% of the interface is developed, the cost would range from $2.3 billion to
$4.3 billion/year. These costs could make up nearly the entire annual budget ($4.5 billion in
2008) of the USFS, so improved land-use planning is critical (Gude et al., 2008). An illustration
of this problem is presented in Figure 2, which shows a map of structures lost to wildfire in the
United States from 1999-2011.
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Structures Lost to Wildfire 1999-2011
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Figure 2: Map of structures lost to wildfire in the United States between 1999-2011. Data are limited to
burned structures reported through the National Interagency Coordination Center database. Data
source(s): Situation Report (SIT/209). Compiled and mapped by the Fire Modeling Institute, Fire, Fuel,
and Smoke Program, U.S. Forest Service, Rocky Mountain Research Station, Missoula, MT, April 2012
(NIFC, 2015).

With the advent of more extreme fires becoming the norm (Figure 3), a different thought process
must be taken in comparison to traditional structural firefighting techniques and risk assessments
(Figure 4). In structural firefighting, the assumption for most occupancies is that the structural
design of the building, passive fire protection systems and automatic fire protection systems will
provide sufficient protection for the occupants to escape and for the fire department to enter the
building to provide full extinguishment. In large WUI fires, many buildings burn down tens of
hours after the main fire line passes through a community due to firebrand ignition. Firebrands
and other smoldering debris slowly transition to flaming from innocuous sources that are
difficult to identify, while the main fire front threatens new homes and communities miles away.
These firebrands can also be transported several kilometers ahead of the front depending on
atmospheric conditions; therefore, a large area is affected over which no firefighting crew has
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sufficient resources to cover (Koo et al., 2010). A different theory or approach to firefighting and
structure protection must be envisioned to prevent future large scale losses. Current strategies for
exterior fire protection in the WUI (e.g. homeowner checklists, mesh coverings for vents, etc.)
pale in comparison to those developed for use within buildings (e.g. fire sprinklers, smoke
detectors, fire retardant materials, etc.). One concept is to limit the pathways by which firebrands

or other fire sources can penetrate a property or community and destroy a structure, a problem
this report will shed further light on.
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Figure 3: Average annual acres burned, by decade. Rising firefighter effectiveness and other factors
steadily lowered the number of acres burned until the 1990s, when a slight rise was followed by a sharp
increase in the 2000s due to fuel buildups and worsening fire weather conditions (USFS, 2013).
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Severe Wildfire Conditions

Extreme Fire Behavior

Pathways to Fire Spread in the WUI

Residential Fires

Fuel, weather, High fire intensities High ignitability produces
and topography given and growth rates given many home ignitions
ignition homes
Fire Protection Resources Fire Protection Effectiveness WUI Fire Disaster
Buming homes Reduced Potentially hundreds of
overwhelming or nonexistent destroyed homes

Figure 4: The WUI fire disaster context depends on exposure of vulnerable homes to uncontrollable,
extreme fire behavior. If the number of burning and vulnerable homes overwhelms the fire protection
capability, fire protection effectiveness is reduced, and many homes are left without protection. If homes
are ignition-resistant then many homes do not ignite and fire protection is not overwhelmed by the
ignitions that do occur. Thus, an extreme wildfire can occur without a WUI fire disaster (Cohen, 2008).

A higher occurrence rate of extreme fires also means that it will become important to assess
incident fire severity based upon the most extreme weather conditions where high wind speed,
low moisture content, etc. create challenging fire scenarios. This means that relying on historical
fire and weather data will only be useful if some sense of the ecological fire regimes and drought

patterns are taken into account.
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Structures Burned in Wildfires
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Figure 5. Historical data on structures burned in wildfires (from https://fam.nwcg.gov).

There are many means for improvement beyond direct structure protection. State laws addressing
defensible space, ingress, egress, and water supply can create a safer environment for
firefighters, resulting in more structures being saved (Gude et al., 2008). Many of these issues
are already covered in NFPA 1141 and 1144; however, they could be improved with further
knowledge including case studies and research. Data needed for quantitative risk analysis, such
as wildfire exposure conditions or the reaction of components to these conditions, is severely
lacking (Maranghides and Mell, 2013). Policies that address existing and future development in

the WUI should be coupled with national, state, and local policies that address wildland fuel
management (Gude et al., 2008).

As protection of property in the WUI has now become an increasing firefighting priority,
firefighters are constantly endangered while striving to protect structures. In 2013, 97 firefighters
died while on-duty. Of these, 28 of the deaths occurred at 10 separate wildland fires. An average
of four wildland firefighters have died annually at wildland fires or prescribed burns in the years
2002-2012. In the most recent incident, the Yarnell Hill Fire killed nineteen members of a

Hotshot wildland firefighting crew and huge media attention was focused toward the problem of
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safe WUI firefighting (Leblanc et al., 2014). This event was the largest single loss of life for
firefighters since the September 11, 2001 terrorist attacks on the World Trade Center in New
York (Manzello, 2014). Thought and planning for firefighter safety, including access to safety

zones, adequate egress, etc. needs to be built into community planning (Butler, 2014).

While there still exists a large void in knowledge as to how future climate change might alter
global wildland fire activity, most estimates suggest that severely altered fire regimes may
increase fire activity in some regions, but reduce it in others (Krawchuk et al., 2009). Fire
management policies may have to shift in the future as climate, rather than human intervention,
plays a stronger role in driving fire trends than it has over the past two centuries (Pechony and
Shindell, 2010). In the western U.S. in particular, a significant increasing trend in the number
and size of wildland fires has been found between 1984-2011, with fires increasing by a rate of
seven fires per year and 355 km? burned per year. These changes were most significant for
southern or mountain ecoregions, with drought is a significant source of increased fire severity.
(Dennison et al., 2014). While climate change may be a significant driver in making the wildland
fire problem worse in some regions, proper forest management practices, such as prescribed
burning, may actually help to combat the problem by both reducing the intensity of eventual fires
and limiting net carbon emissions. Wiedinmyer and Hurteau (2010) estimated carbon
sequestration by forest ecosystems from wildfires vs. prescribed burning, finding that 18-25%
reductions in CO2 emissions are possible in the western U.S. — with as much as 60% in specific

ecosystems — by proper prescribed fire use and management practices.
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EXPOSURE CONDITIONS

Fundamentally, ignition is the process by which a sustained combustion reaction is initiated. In
WUI fires, a solid element is typically heated until the solid fuel releases enough flammable
vapors to ignite with or without a spark (piloted or auto-ignition), releasing sufficient heat to
sustain the flow of flammable pyrolysis vapors from the solid. Many times there are enough
flaming sources in the vicinity of a large wildland fire to assume that piloted ignition will occur
for worst-case hazard analyses. Exposure conditions are often studied to assess what thermal
insult they can impart to building materials to cause them to ignite. Typically this thermal
exposure is described in terms of a heat flux (rate of heat transfer, kW/m?) and time to ignition,

assuming sustained exposure to a certain heat flux.

Three primary categories can be used to describe the types of fire exposure typically imparted on
structures in the WUI The first is radiant exposure. Unlike convection heat transfer, which
requires a moving fluid medium, radiation can travel relatively undeterred until impeded by a
solid object, typically thought of here as the exterior of a home which may potentially ignite. As
the separation distance from the home to the fire increases, the radiant exposure significantly
decreases (proportional to one over the distance squared), eventually making it impossible at
some distance to ignite. This analysis is often used for assessment of safe separation distances

between structures and potential fuels.

Convective or conductive heating can become significant in WUI applications when heating
from direct flame contact occurs. While flames of smaller sizes typically do not emit enough
radiation for sufficient duration to ignite surrounding structural elements, they can cause ignition
if they are close enough to impact a component for a significant duration. Due to the fact that
most homes have some separation between the primary structure and a traveling fire front, direct
flame contact typically occurs via secondary ignitions of smaller flammable vegetation, mulch,
wood piles, forest litter, decks, plastic furniture or other flammable materials nearby or on the

structure itself.

Finally, burning embers produced from vegetation or burned structures can contribute to home

ignition through a variety of pathways. They can directly travel into buildings via openings such
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as vents, or they can ignite nearby flammable materials which proceed to ignite a home via direct

flame contact or radiant exposure.
Radiant Exposure

Exposure of structural elements to radiant heating is probably the most-studied exposure
condition from wildland fires. A significant body of literature is available on means of
calculating radiant exposure from a fire (de Ris, 1979, 2000), and radiant ignition of a solid fuel
has been understood theoretically (Lifian and Williams, 1972) and practically (Drysdale, 2011;
Quintiere, 2006) for some time. Most early research on WUI therefore focused on radiant

exposure to structures.

Before several initial studies in the 1980°s, there was little data to support quantitative findings
on the amount of radiant exposure possible from an approaching wildland fire. Initial studies
utilized simplified models to determine the radiant exposure possible between an approaching
wildland fire and a simulated wooden siding of a home (Cohen and Saveland, 1997; Cohen,
2004b, 1995; Cohen and Butler, 1998; Cohen, 2000b; Tran et al., 1992). Initial computational
models were created to assess a worst-case separation distance, over-estimating the radiant heat
flux that would come from an approaching crown fire (assumed to be a worst-case scenario) to
incident wood panels (Tran et al., 1992); however, laboratory experiments showed that the model
did not underestimate this distance (Cohen, 1995). These calculations estimated that approaching
fires with very long flame lengths (e.g. crown fires) could ignite homes at most up to 40 m (130
ft) away. Beyond this distance, radiant ignition was deemed not possible, even from the most
intense crown fire. More recent models of ignition of thermally-thick materials have also been
performed, incorporating the movement of the flame front toward an exposed area over time

(Reszka et al., 2012).

Later testing as part of the International Crown Fire Modeling Experiments between 1997-2000
(Stocks et al., 2004) exposed wooden wall segments to full-scale, active spreading crown fires
with deep flame zones. The wall segments experienced both radiative and convective heating, as
well as short-range ignitions from firebrands (Cohen, 2004b). The derived flux-time correlation

identified two primary ignition criteria for wood: a minimum critical heat flux of 13 kW/m? and
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a critical heating dosage level which accumulates over time (Cohen, 2004b). Interestingly, actual
crown fires did not transfer heat sufficiently to ignite these wood panels at distances beyond 10
m. This finding was significant, as no panels at 20 m (65 ft) or beyond ever ignited, and only half
of the panels at 10 m (32 ft) from the edge of the fire ignited. High radiant heat fluxes were
observed at panels 10 m from the fire (as high as 150 kW/m? for mere seconds); however, for
panels 20 m or farther away from the fire, these fluxes never reached above 20 kW/m?, often a
limiting heat flux for ignition of wood (though still enough to cause severe burns to human skin
(Stoll and Chianta, 1971; Cohen, 2004b). Some of the factors contributing to this low heat flux
were that the tree canopy attenuated some flame radiation and that flames were not continuous at
their peak, but rather intermittent and exhibited multiple gaps in the flaming front which reduced
the ultimate radiant exposure (Cohen and Butler, 1998). Although the experimental conditions
were not those that are presented in extreme wildfires due to differences in weather, fuels, and
topography, these experimental fires were fully-involved crown fires with significant flame
lengths and radiation. In essence, this experiment signaled that unless flames or firebrands ignite

close to a structure, the structure is not likely to ignite (Cohen, 2000b).

As the fires tested by Cohen et al. were under a limited set of relatively mild conditions,
continuing work is being done to instrument more wildland fires in order to measure heat fluxes
and imposed conditions during a fire. NIST has developed deployable instrument packages and
tested them with a small shed-like structure placed within a wooded area (NJ Pine Barrens) for a
prescribed fire, measuring heat fluxes of up to 100 kW/m? (Manzello et al., 2010b). Many other
studies, primarily conducted by the USFS in large wildland fires, both prescribed and
uncontrolled, have used instrument packages to measure radiant heat fluxes, among other

quantities (Frankman, 2013).

For fires of many sizes, flame lengths and fire intensity can be determined using standard fire
behavior modeling tools from the wildland fire community (e.g. Rothermel and Forest, 1972).
These tools can be used in similar ways to studies by Cohen to determine radiant heat fluxes for
different exposure conditions of fuel, topography, weather, humidity, etc. and different
separation distances (Tran et al., 1992). These calculations often offer the farthest distance
flammable vegetation should be located near the home. More information on material available

to estimate these will be covered under direct flame contact, fire behavior.
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Direct Flame Contact

Very little work is available in the literature about direct flame contact specifically applied to the
WUI, however, there is a broad base of traditional wildland fire literature which describes flame
lengths of vegetative fuels under various ambient conditions®. Direct flame contact would not
typically be considered a direct source of ignition of a structure when brush and other wildland
fuels are cleared away; however, it can be a secondary source from nearby burning material,
including vegetation and non-vegetative combustible materials (mulch, wood pile, etc.). Heat
fluxes by direct flame contact can be as high as 50-70 kW/m? for laminar flames (Ito and
Kashiwagi, 1988) or 20-40 kW/m? (Quintiere et al., 1986) for turbulent flames, sufficient to
ignite some components of a structure (Quintiere, 2006). While these heat fluxes are very high
and can produce short ignition times, flames must directly contact building or structural materials
long enough to cause ignition. Typically direct flame contact does not occur from the main fire
front unless extreme conditions are present; rather ignition of combustible materials on or near a

structure cause the structure to ignite and burn.
Fire Behavior

The steady rate of spread (ROS) is an especially relevant parameter for WUI purposes, both
because it signals the rate at which a fire will spread toward a community through wildland fuels,
and also because the ROS can be related to the fireline intensity and flame length of the fire at
the moment of arrival. The fireline intensity (kW/m), comparable to the heat-release rate per unit
length used in fire protection engineering, can be determined from the steady ROS via Byram’s
correlation. This quantity is simply derived by multiplying the ROS by the heat content of the
fuel and the fuel load consumed in the flaming front (Byram, 1959). This quantity can then be
related to the flame length via correlations by Byram for surface fuels (Byram, 1959) and
Thomas for crown fuels (Thomas, 1963). Flame lengths can be useful in estimation of radiant
heat fluxes from approaching fires to ignite structural components (Cohen, 1995). It should be
noted that it is difficult to interpret flame length values for deep fuel beds.

2 Some codes and standards, such as the California State Fire Marshal standards associated with the California

Building code Chapter 7A, have a flame contact exposure component (CBC, 2009).
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Several numerical modeling tools are also available to calculate these parameters. Based upon
these same quantities, BEHAVE Plus can calculate one dimensional fire properties such as ROS,
fireline intensity and flame length (Andrews et al., 2003). FLAMMARP is available to spatially
calculate these values over a geolocated map (Finney, 2006b). FarSITE can then calculate these
parameters temporally to provide predictions of fire spread (Finney, 2004). All of these tools are

available through the USFS at http://www.firelab.org/.

Other tools are available in other countries. In Canada, most models utilize the Canadian Forest
Fire Danger Rating System (CFFDRS) (Stocks et al., 1989), which is based on significant
fundamental work by Van Wagner (Van Wagner, 1977). In Australia, models are based on
McArthur (1966a,b) for grasslands and McArthur (1967) for eucalypt forests in their fire rating
danger system. These models mainly consist of purely empirical correlations of observed fire
behavior at field scale, with data augmented by well documented wildfires. Cheney and Sullivan
more recently replaced MacArthur grassland FDRS as the preferred tool for grassland fires
(Cheney and Sullivan, 2008). Reviews of available models worldwide, including physical and
quasi-physical models (Sullivan, 2009a), empirical and quasi-empirical models (Sullivan, 2009b)

and simulation tools (Sullivan, 2009¢) have been prepared.

When performing predictions of future fire behavior, it is important to follow proper protocols
when estimating the extreme wind and weather conditions that could be expected, as well as the
fuel loads around structures and communities. Fuel loading and terrain features are especially
important for predicting fire behavior and explaining post-fire effects for any fuels treatment
meant to decrease fire severity (Hood and Wu, 2006). A how-to guide for using models in the
United States is available (Scott, 2012).

While the rate at which a fire spreads is generally determined from correlations, a special effect
in steep terrain with canyon walls, sometimes called eruptive fire behavior, has also been
documented in the literature (Viegas and Simeoni, 2010). This effect, similar to the trench effect
found in urban fires (particularly the 1987 King’s Cross fire in London), can extend flame
lengths significantly, cause flames to attach to the surface and drastically increase rates of flame
spread. While several models are available to describe this effect (Viegas, 2004), these models
are designed for firefighter safety, rather than WUI design. Nonetheless community designers
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should keep this effect in mind when designing placement of structures or escapes, as large
inclined canyons with significant fuel loads could cause enhanced flame lengths and rates of
spread that are not properly accounted for in other models. This situation could not only

endanger structures and occupants, but also be a safety hazard for responding firefighters.

Despite a wide availability of literature on the fire behavior of traditional vegetation under a
range of conditions, these models are almost all semi- or fully-empirical approximations of
observed phenomena fitted to specific fire conditions. Without a firm physical basis of
fundamental heat transfer and combustion processes that drive spread, these models may break
down under untested conditions, in particular under extreme fire conditions (Finney et al., 2013).
For safety reasons, these extreme conditions cannot be tested during large experiments, such as
prescribed burns, despite the fact that extreme fires (high winds, high fuel loads and low
moisture contents) are responsible for the majority of devastating wildland and WUI fires.
Models also seem to be unable to predict thresholds of fire spread, such as the initiation,
acceleration or cessation of fire spread (Finney et al., 2010), which becomes significant when
modeling potential effects of firebreaks. Spyphard et al. has indicated it would be useful to have
a fire model which accurately determines effectiveness or size of needed fuel break, but such
models are unavailable (Syphard et al., 2011a). Finney and co-workers have highlighted these
and many other problems with current models (Finney et al., 2013) and recently implemented
some work toward resolving these discrepancies (Finney et al., 2010; Finney et al., 2013;
Gorham et al., 2014); however, until the results of this and other work are finished, current
models should be used with the understanding that their results are not 100% accurate, but
provide the best estimates of fire behavior available today. It is important to also remember that
these models have been developed for steadily-spreading wildland fires, not for fires spreading
through WUI communities. In WUI communities, there are various structures that contribute to
the fuel load and may affect spread parameters, although investigation by NIST has indicated
that rates of spread in the WUI are lower than in surrounding vegetative fuels (Maranghides et
al., 2013).
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Firebrands

Firebrands, also called burning embers, are now thought to be one of the primary sources of
ignition in the wildland-urban interface. They present hazards because they can either directly
ignite components of vulnerable structures or can ignite nearby vegetation and other
combustibles which can subsequently ignite the structure via radiant heating or direct flame
contact (Quarles, 2012). There does not appear to be a consensus on the percentage of ignitions
caused by embers, primarily because it is difficult to determine after-the-fact what caused each
individual home or structure to burn down during a fire. There are “hints” though in structures
that burned down. IBHS suggests that the majority of buildings in WUI fires are ignited through
embers (IBHS, 2014). In many fires, such as the Witch Creek and Guejito fires, firebrands are a
major threat to homes; ignition from these firebrands may depend upon the conditions of the fire.
Examples of clear ember ignition of homes during the Angora fire are shown in Figure 6 and
Figure 7, where spot fires independent of the main fire front were observed to ignite a home and
small vegetation fire, respectively. Later sections of the report will review specific vulnerabilities
of structures to firebrand ignition, but existing knowledge on the generation, transport and

physical mechanisms of transition to flaming will be reviewed here.

There are questions as to how much detailed knowledge of firebrand production, transport and
ignition will assist future prevention efforts. Model building, perhaps statistically, is a prominent
idea. In the end, worst-case scenarios must become the focus of all risk modeling efforts as the
most extreme fires are the ones causing WUI problems. Characterizing this worst case firebrand
flux—how far embers can travel and their likelihood of igniting different materials — is needed

to inform these risk modeling efforts.

Firebrands by firebrands is most often a chance event, making it difficult to represent using
traditional fire models. Still, a probabilistic approach to the problem is possible. Reviews by
Babrauskas (Babrauskas, 2003), Koo (Koo et al., 2010) and Manzello (Manzello, 2014) should

be referenced for further information beyond relevant details provided here.
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Figure 6: A destroyed home following fire spread from the Angora fire. Note the intact, unburned
vegetation surrounding the structure. Murphy et al. notes that this house was ignited by wind-blown
firebrands, not by surface fire spread or radiant heating (Murphy et al., 2007).

Figure 7: A small spot fire produced by firebrands next to a burning house during the Angora Fire from
(Murphy et al., 2007).
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Firebrand Production

It is important to understand the size, distribution and flux of firebrands to burning buildings, in
order to potentially help in the prediction of spotting or home ignition distances. In models of
firebrand transport, there is often an assumption of the size and shape of burning brands, which

might not be representative to the type of firebrands actually experienced/received.

Waterman was among the first to study firebrand generation, focusing on generation by burning
roof constructions on complete homes (Waterman, 1969). Brands were collected via a screen
trap and quenching pools under conditions which varied the wind and heights of buildings. The
firebrands collected tended to primarily be disc-shaped, a shape later used in several studies of

firebrand transport (Pagni, 1999).

Figure 8: Digital photographs showing samples of the firebrands collected as a function of tree size and
moisture content. (left) Douglas-fir with tree height 5.2 m, moisture content 20%. From (Manzello et al.,
2007). (right) 4 m Korean Pine with moisture content 13% (Manzello et al., 2009).

For vegetative fuels, laboratory tests have been performed to collect firebrands off 2.6 to 5.2 m
tall Douglas-fir trees at NIST. The average firebrand size for the 2.6 m Douglas-fir trees was 3
mm in diameter and 40 mm in length. The average size for the 5.2 m tree was 4 mm in diameter
with a length of 53 mm. Firebrands with masses up to 3.5 to 3.7 g were observed for the 5.2 m

tall tree. The trees did not produce firebrands without wind if the moisture content was greater
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than 30%. All firebrands were cylindrical in shape and the surface area was directly related to the

mass of the brands, as shown in Figure 8 (Manzello et al., 2007).
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Figure 9: The mass distribution of collected firebrands from (a) 4 m tall Korean pine trees (Manzello et
al., 2009) and (b) 2.6 m tall Douglas-fir and (c) 5.2 m Douglas-fir trees from (Manzello et al., 2007).

Later experiments performed by Manzello et al. (2009) at the Building Research Institute (BRI)
in Japan investigated Korean Pine under varying wind and moisture conditionsTrees were all 4 m
tall and moisture content was varied between 10 to 100% on a dry-mass basis. Collected

firebrands were cylindrical in shape, similar to experiments on Douglas-fir (Manzello et al.,
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2007). The average firebrand size was 5 mm in diameter and 40 mm in length. A summary of the

mass data collected is provided in Manzello et al. (2007) and Figure 9.

Experiments have been performed to measure the mass and size distribution of firebrands
produced downwind from a burning structure as well. It is thought that structures may contribute
firebrands of different mass and size distributions than burning vegetation. The earliest
documented studies are by Vodvarka, who measured firebrand size and transport distances
following five full-scale experimental building fires (Vodvarka, 1970, 1969). Similar to more
recent studies, small firebrands dominated the distribution with 89% of the firebrands smaller
than 0.23 cm?. In two of the building fires, a majority of the firebrands deposited were located at
a single location downstream, with one sheet used to measure the firebrand distribution receiving

over 97% of all deposited brands.

Yoshioka et al. performed experiments in a large wind tunnel where a crib fire ignited a burning
house and firebrands from the two fires were collected at the outlet of the wind tunnel in trays
with and without water (Yoshioka et al., 2004). A later test was performed by Suzuki et al.
(2012) on a controlled burn of a structure in California. They found that the majority of
firebrands were produced from the structure during burning, not during application of water to
the structure. In this test, 95% of the firebrands were collected about 18 m from the structure and
96% of those collected from about 4 m from the structure had less than a 10 cm? projected area®.
The results from Suzuki et al. (2012) are compared to previous studies by Vodvarka (1970,
1969) and Yoshioka et al. (2004) in Figure 10.

3 The results of Suzkuki et al. (2012) does not provide explicit description of the “hose stream” applied to the house
during burning, however it appears from photographs in the article that straight stream was applied over the house so

as to wet it but not directly impact the structure.
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Figure 10: A comparison of the mass distributions of firebrands from (left) Vodvarka (Vodvarka, 1970)
versus two collection distances from Suzuki et al. (Suzuki et al., 2012) and (right) mass distributions from
Yoshioka et al. (Yoshioka et al., 2004) vs. two collection distances from Suzuki et al (Suzuki et al., 2012).

In a more recent study, Suzuki et al. burned full-scale structures at the Building Research
Institute’s (BRI) Fire Research Wind Tunnel Facility (FRWTF) in Japan with a 6 m/s wind
(Suzuki et al., 2014). More than 90% of the generated firebrands weighed less than 1 g and 56%
weighed less than 0.1 g. The mass distribution was similar to previous studies; however,
different firebrand collection strategies were shown to induce some small differences between
this study and previous studies, as shown in Figure 12. The relationship between a firebrand’s
projected area and mass was also very well supported in this laboratory study (Figure 11),
confirming previous observations form burning vegetation and structures. Another study by
Suzuki et al. also tested the ability of isolated building sidings both perpendicular to imposed
wind and in a re-entrant corner configuration to produce firebrands, developing mass distribution

results very similar to full-scale structure experiments (Suzuki et al., 2013).
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Figure 11: Correlation between the projected area of collected firebrands versus the mass of the brands
under controlled laboratory conditions from a burning structure from (Suzuki et al., 2014).

Bl Firebrands from the structure in this study

¥ Firebrands from 'wet’ pan in Yoshioka's study [24]

B Firebrands from 'dry’ pan in Yoshioka's study [24]
Firebrands from 18 m from the real-scale structure [25}
Firebrands from 4 m from the real-scale structure [25]

100 Firebrands from the wall assembly with a 6m/s wind [26]
#  Firebrands from the comer assembly with a 6m/s wind [26]
B Firebrands from th er assembly with a 8n
BO L.
I 60 -
o
o
§
5
& 40 -
- |
g
&8
20 g
=
0 mg

0-0.25 0.25-1 10-20 2.04.
Projected Area [cm?)

o
g
o]

Figure 12: Firebrand size distributions from a structure in a well-controlled wind tunnel from (Suzuki et
al., 2014) compared to previous studies by others (Suzuki et al., 2013, 2012; Yoshioka et al., 2004).

Foote et al. (2011) examined the size distribution of firebrands during the Angora Fire, a severe

WUI fire in California in 2007 (Foote et al., 2011). Nearby fuel mostly consisted of White Fir
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and Jeffrey Pine with a heavy understory surface fuel loading*. Some shaded fuel breaks were
present nearby collection locations. In the study, a trampoline, which was exposed to wind-
driven firebrands during the fire, experienced melted “burn holes” from firebrands and served as
a representative source for observation of firebrand size and density over an area throughout
passage of the fire. The trampoline had an area of 1.5 m? with over 1800 burn holes analyzed by
digital photographs. The largest hole in the trampoline had a 10.3 cm? burned area, while more
than 85% of the burned areas were from firebrands less than 0.5 cm? and more than 95% were
from firebrands with an area of less than 1.0 cm? In addition to the trampoline data, burn
patterns were observed on building materials and plastic outdoor furniture at 212 individual
locations on or near numerous Angora Fire buildings. A large majority of these firebrand

indicators were less than 0.40 cm?, with the largest being 2.02 cm?.
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Figure 13: Distributions of the area burned measured from holes in a trampoline following the Angora
fire from (Foote et al., 2011).

Limited data is available on the production of firebrands from structures within real wildland
fires. Firebrands were observed coming off of a test structure during experiments by NIST and
the USFS at a prescribed burn in the New Jersey Pine Barrens, but no quantitative measurements

were made (they were observed to be produced via video) (Manzello et al., 2010b). Future tests

4 See Murphy et al. (2007) for more information on fuel loading.
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in the Pine Barrens by groups at the USFS and the University of Edinburgh are ongoing and
should be released in the future, but have not been made publicly available yet (Simeoni et al.,
2014).

The NIST Firebrand Generator (NIST Dragon) has been instrumental in the testing of many
building components, as it is able to continuously produce constant size distributions of wind-
driven firebrand showers consistent with previous studies reviewed above (Manzello and Foote,
2014; Manzello et al., 2009; Manzello et al., 2007). The majority of firebrands produced in the
apparatus are less than 0.5 cm?, in close correlation to results from vegetative and building
firebrand studies (Manzello and Foote, 2014; Manzello et al., 2009; Manzello et al., 2007). The
NIST firebrand generator has been used in Japan at the BRI FRWTF, where experiments can be
performed with wind speeds up to 10 m/s in a wind tunnel with a cross section of 4 m by 5 m and
a test section length of 15 m (Manzello, 2014). Versions of this apparatus have been produced at
IBHS, Underwriters Laboratories (UL) in the United States and at Association for the
Development of Industrial Aerodynamic (ADAI) in Portugal.

Figure 14: A typical experiment with the NIST Dragon in BRI's FRWTF (Manzello, 2014).

In Richburg, SC, the IBHS research center uses a larger-scale, modified version of the apparatus.

Mulch burning equipment creates firebrands similar to the NIST Dragon but significantly scaled
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up in size. The combination of the large scale, higher winds and the ability to rotate a building
during testing make the facility unique in its ability to represent the characteristics of natural
winds and firebrands occurring during wildfire conditions. The firebrand generating equipment
developed for the IBHS Research Center has been used in several tests which will be presented
within this report (IBHS, 2014).

011 Insurance Instituie for Business & Home Safety

Figure 15: Ember storm produced in the IBHS research facility (IBHS, 2014).

Firebrand Transport

A large body of work is available in the literature on firebrand transport. While it is well known
that brands can be transported some distance and ignite new spot fires or structures in WUI
communities, it can be surprising just how far these brands can transport. In a NIST report on a
community outside San Diego affected by the 2007 Witch Creek and Guejito, firebrands were
found to arrive one hour before the flame front, traveling up to 9 km (Maranghides et al., 2013).
These firebrands subsequently ignited properties over the following 9 hours.

Tarifa et al. were among the first to study burning brands of woody fuels, examining their

burning properties, flight paths, and lifetimes through an innovative wind-tunnel apparatus
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(Tarifa et al., 1965b). They studied cylindrical and spherical samples of pine, oak, aspen, spruce,
and balsa wood with initial spherical diameters ranging from 10 to 50 mm, and initial cylindrical
dimensions ranging from 6 to 15 mm and 18 to 36 mm in diameter and length, respectively.
Wind was used as a variable from 0 to 40 m/s, and it was found that brands did not drastically
change their shape during burning, nor did moisture content of the brand exert much influence on
the brand flight path (Tarifa et al., 1965b).

A variety of models for firebrand transport were later developed based on Albini’s 1979 model
for the distance a spot fire could ignite from a single burning tree (Albini, 1979). Albini’s
predictive model calculated the maximum spot fire distance when firebrands are lofted by the
burning of tree crowns. Variables included were the quantity and surface/volume ratio of foliage
in the burning tree(s), height of the tree(s), the wind field that transports the firebrands, and the
firebrand burning rate. No validation data is available; however, later work (Albini, 1983, 1981,
1983; Chase, 1981; Morris, 1987) has incorporated Albini’s model into multiple numerical
simulations, including FarSITE (Finney, 2004) and HIGRAD/FIRETEC (Koo et al., 2012).

Pagni and Woycheese (2000) significantly expanded on Tarifa’s work to develop several models
of brand propagation, lofting and burning. Information was found through a series of tests and by
utilizing brand momentum conservation with spherical wooden, artificial brands lofted above a
symmetric pool fire in a constant horizontal wind. Variations to these conditions were not
considered. The dimensionless regression rate of brands depends inversely on both the
dimensionless burning parameter and the dimensionless diameter. It was found that the diameter
decreases faster in larger brands than the smaller diameter brands. It was also found that for

sufficiently large brands, the acceleration during lofting was dominated by the drag and gravity
(Woycheese, 1999).

Pagni and Woycheese also expanded their work to study combustion of brands of spherical,
cylindrical and disk shapes (Pagni and Woycheese, 2000). Their experiments identified two
stages to combustion of brands: flaming combustion and surface (glowing) combustion. It was
found that denser wood samples (oak and Douglas-fir) produced flaming combustion for a longer
duration than other fuels, but were less likely to transition to glowing surface combustion.

Complete combustion of any brand rarely occurred without significant, persistent surface

42

Page 46



Pathways to Fire Spread in the WUI

combustion on the upwind face of the brand. Wood with a lower density, such as cedar and
balsa wood, more readily transitioned from flaming to surface glowing combustion, with flaming
combustion ending relatively early in the brand’s lifetime. Also noted throughout the
examination of the results is the effect of the wood grain orientation; they found that an end grain

faced the end velocity vector (Pagni and Woycheese, 2000).

Pagni later reviewed eight combustion models for burning brands, including an averaged
stagnation-point burning model via the use of wood's chemical properties (Pagni, 1999). A Baum
and McCaffrey model (Baum and McCaffrey, 1989) was used for the plume and a constant
horizontal velocity, driving downwind propagation was approximated. Pagni and Woycheese
then applied their own combustion model to determine the maximum propagation distance for
disk-shaped brands, which they found to be most common in their studies. Analytic equations for
brand thickness and propagation height lofted from large, single fire plumes were determined as
a function of time for different heat release rates, wind speeds, and brand properties (Woycheese
et al., 1999; Woycheese, 1999). Using their model, they found that brands released from greater
heights will typically be smaller in size and thus completely combust in air, whereas brands
released from lower elevations will typically be larger, but will result in shorter propagation

distances (Pagni, 1999).

Other models, such as those by Wang, have integrated previous models and observations for
brand production, lofting and ignition into a statistical form which can be used when modeling
(Wang, 2009). Baum and Atreya also recently developed a new model for firebrand combustion,
used to determine the duration of burning and thus the ultimate transport distance during lofting.
They considered several different shapes and determined an analytical solution for quasi-steady

burning (Baum and Atreya, 2014).

Numerical studies of the distribution of firebrands from burning line fires (Sardoy et al., 2008)
and burning trees (Sardoy et al., 2007) have also been performed. In the numerical study of line
fires, several correlations for the distribution of firebrands were found based upon firebrand
initial conditions and the wind. There was also a dual distribution of embers found, with most

embers falling close to the fire still in a state of flaming combustion and those further away in a
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glowing state of combustion. Nondimensional correlations for these distances are presented in

both works.

Firebrand Ignition of Fuel

Many variables contribute to the process of target fuel ignition, including the physical
dimensions of the firebrand, properties of the material and ambient weather conditions, making
firebrand ignition one of the most difficult aspects of the recipient fuel ignition process to
describe (Babrauskas, 2003; Pagni, 1999b). Depending on these variables, an ignited recipient
fuel may start glowing combustion and then die out, just smolder or transition from smoldering
to flaming and grow into a larger fire. Understanding the effects of each of the above variables

on the ignition process is important in order to develop a physical model for firebrand ignition.

Because most firebrands cease flaming combustion before landing on recipient fuels (Manzello
et al., 2006a; Tarifa et al., 1965), they often land in a state of smoldering combustion (sustained
glowing combustion). Modeling, therefore, must incorporate a hot object landing with some
initial thermal inertia onto a bed of flammable material. As firebrands are often still smoldering
upon landing, they continue to generate heat through chemical reactions while resting on the
recipient fuel surface. It has been suggested that the summation of energy stored in a brand
(including stored heat or both stored heat and chemical energy for a smoldering brand) is a
possible means of correlating and/or modeling the phenomena of ignition (Stokes, 1990). Recent
work with heated particles (Hadden et al., 2010) though has found a poor correlation between
particle thermal energy (joules) and time to ignition. A possible approach to modeling the
problem is that of a “hot spot” ignition theory such as that proposed by Gol’dshleger et al.
(Gol’dshleger et al., 1973; Thomas, 1964). This theory neglects the energy of the fuel particle
but takes into account a 1-step Arrhenius reaction of the recipient fuel. This approach may be
useful because it can take into account the different sizes of heated particles. Qualitative
agreement between this approach and ignition of a cellulose-powder fuel bed by hot particles has
been achieved (Hadden et al., 2010), illustrating the connection between spherical particle
diameters and ignition, not thermal energy. The theory has some limitations, as it does not take
into account ongoing reactions in firebrands, the moisture content of fuels, radiative feedback,

external radiation, etc., and the theory is still quantitatively different from experimental
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observations. Continued improvement of theories is ongoing, and includes ideas such as taking
into account different thermal properties of materials into Gol’dshleger’s original theory (Jones,

1995).

Viegas et al. (2012) has also studied firebrand ignition of fuel beds of varying vegetative
materials under different moisture contents with no wind. The results of this study showed that
fuel bed properties were more influential in the ignition process than brand characteristics. Spot
fires are typically divided into three phases: formations, propagation and ignition; however,
Viegas et al. divided them into five different phases : firebrand release, transport of firebrand by
fire plume and ambient winds, firebrand combustion, firebrands landing in a fuel bed, and
consequent ignition of a new fuel bed. Ignition was much more likely in a fuel bed that received
a glowing firebrand with airflow, confirming results from previous studies. Manzello et al.
(2006b) has also performed significant work producing realistic firebrands and firebrand showers
and using them to ignite fuel beds and building components. One significant insight from this
work is that multiple firebrands must contact a fuel source (mulch or building component) for

ignition to occur, as no single glowing fire brands could ignite most tested fuel beds.

Weir looked at data from several prescribed fires performed in Oklahoma to observe the
probability of spotting downwind of the main fire front as a function of moisture content (Weir,
2004) and found a strong correlation (Figure 16). Whether this threshold has anything to do with
ignition on materials in a home is unknown, but maintaining a high moisture content on any

vegetation nearby a home will ensure it is less likely to ignite.

Manzello et al. (2009) also performed experiments on common building materials to determine
the range of conditions under which glowing firebrands might ignite these materials. Materials
tested included oriented strand board (OSB) and plywood, which were oriented in a v-shaped
pattern at varying angles to determine how angle, wind speed and number of firebrands would
influence the material’s contact with glowing firebrands and its subsequent ignition. It was found
that single firebrands were unable to ignite the materials used, even after applying various
airflows; however, multiple firebrands were able to ignite some materials. It was concluded that

the critical angle of interest for ignition was between 60° and 135° for any tested airflow. No
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ignitions were found below 1.3 m/s for any conditions, signaling that the combined effect of a

mass of glowing firebrands and sufficient incident wind are necessary for ignition.
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Figure 16: The probability of spot fires as a function of relative humidity, based on 99 prescribed fires
conducted across Oklahoma from 1996 to 2002 (Weir, 2004).

Large-scale testing of ignition of building features by firebrand showers has been conducted at
the IBHS Research Center (Quarles, 2012; IBHS, 2014). Tests have looked at ignition
characteristics of roof gutters, debris on the roof, bark mulch, vegetation on the ground., siding,

etc.
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RESPONSE OF COMPONENTS AND SYSTEMS

As a structure in the WUI is exposed to radiation, flame contact and firebrands, specific
components on the structure will first smolder, then ignite. This section reviews many different
components found to be vulnerable to these exposure conditions. This breakdown follows the
framework suggested by NIST (Maranghides and Mell, 2013), where information available in
each area is reviewed below and reference to quantifiable information for risk-informed planning

cited.
Roofing

Flammable roofing on WUI-exposed structures, especially wooden shingles, has been found in
several studies to be the most susceptible building component to firebrand attack and ultimately
the single most effective predictor of a home burning down. In a study of the 1990 Santa Barbara
Paint Fire, 70% of houses with nonflammable roofs survived, while only 19% of houses with
flammable roofs survived (Foote, 1994). Later, in an investigation of the 2007 Witch Creek and
Guejito fires, it was found that all houses with wood shake roofs were destroyed while only 33%
of structures with an approved roof type (Class A) were destroyed or damaged (Maranghides et
al., 2013). Of roofs with exposed Spanish tile, 24% were destroyed (Figure 17). In an
investigation of the 2012 Waldo Canyon fire it was also found that wood shake roofs and other
roof designs that were vulnerable to firebrand accumulation greatly enhanced the chance of

home destruction (Quarles et al., 2012).

Fire ratings of roofs are typically governed by the American Society for Testing and Materials
(ASTM) Standard E-108 (ASTM, 2011), Underwriters Laboratory (UL) Standard 790 (UL,
2014) and the National Fire Protection Association (NFPA) Standard 276 (NFPA, 2011). These
tests are essentially the same test and are designed to evaluate three fire-related characteristics of
a roof assembly: its ability to resist the spread of fire into the attic, resist flame spread onto the
roof covering, and finally to resist generating burning firebrands. Roofs are ranked into three
classes, Class A, B and C, where Class A is considered effective against severe fire testing

exposures. Tests include an air flow over an inclined roof which is subjected both to flames and
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burning “brands”, a wood crib made of Douglas-fir sticks. If flames resulting from the burning
“brands” penetrate the roofing assembly, the sample has “failed” the test and will not gain a
Class A rating. Codes such as Chapter 7A of the California Building Code require a Class A
rated roof in very high fire severity zones® (CBC, 2009).

De 7
saroyed Destroyed
Structures
{ Sample B Structures . .
. Wood . Typical Comparisons
| Population Spanish
Shake .
‘ Tile Roofs
{ i Roofs
Typical (only | 74 12 37
destroyed
homes)
Complete 242 12 154
(all
structures
within fire
line)
Technically
Valid
Comparisons

Figure 17: Comparison of influence of roofing material on destruction of structure following the Wttch
and Gueijto fires (Maranghides et al., 2013).

Although the current standards include a test of roofing decks exposed to firebrands, it is argued
that placing a wood crib on top of the assembly with an applied airflow does not correctly
simulate the dynamic process of numerous firebrands landing under roofing tiles or gaps
(Manzello, 2014). Embers generated by the “brand” are blown off the roof and therefore do not
serve as a realistic simulation of firebrand attack because they cannot accumulate. Recent full-
scale research performed at the IBHS Research Center showed ignition to occur both in the field
of the roof (i.e., away from the roof edge or roof to wall intersection) for untreated wood shake

roofs and at the roof-to-siding intersection via wind-blown firebrand ignition of accumulated

% Note that Class C brands are made from non-resinous white pine.
6 Note that the California Building Code, Chapter 7A defers to Chapter 15 of the International Building Code for fire

rating requirements.
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vegetative debris, even when roofs were properly rated’ (Quarles, 2012).Tile roofing assemblies
have also been found to be vulnerable to firebrand attack (Manzello et al., 2010a). Experiments
by Manzello et al. were performed using the NIST Firebrand Generator (6 minute duration) in a
wind tunnel with a constant velocity of 9 m/s. Tiles were installed with and without tar paper (to
simulate “weathering” or other worst-case damage that may occur over time, e.g degradation of
the tar paper layer), with and without bird stops, and finally perfectly aligned and slightly off-
aligned to simulate gaps that may form with aged roofs. When bird stops were not installed at
the base of tiles without tar paper, firebrands collected within the exposed space, first smoldering
and finally transitioning to flaming ignition through the oriented strand board (OSB), which
could eventually involve a structure (Manzello et al., 2010a). Some smoldering ignitions as a
result of firebrand penetration between the tile and bird stops were also found when bird stops
were properly installed, but none transitioned to flaming. The presence of needles and dead
leaves placed in gaps when bird stops were not installed enhanced the ignitability of roof
assemblies with tiles so that all configurations tested transitioned to flaming under firebrand

exposure.

Manzello (2013) later extended these roofing studies by investigating the response of concrete
and terracotta tiled roof assemblies to wind-driven firebrand showers with an average mass flux
of 10 g/m?s under a 9 m/s constant wind. It was found that concrete tile roofing assemblies (both
flat and profiled), as well as terracotta tile (flat and profiled), could allow firebrand penetration
through the tile assembly and melting of the underlayment or sarking (sheathing material in the
form of a layer of aluminum foil laminate bonded with a fire retardant adhesive to a polymer
fabric). The flat tile terracotta roofing assembly performed best, most likely due to its
interlocking design. Firebrands were observed to become trapped within the interlocking sections
of the tiles and, as a result, the firebrands did not penetrate past the tiles towards the sarking
material. Manzello (2013) indicated a potential cost-effective mitigation strategy would be to use
a continuous underlayment of firebrand-resistant sarking. The effect of roof slope angle on

ignition under wind-driven firebrand attack was also studied by Manzello et al. (2012a). They

7 Specifically, a Class A fire rated asphalt fiberglass composition shingle roof covering (Quarles, 2012). Note that a
smoldering front penetrated through the untreated wood shingle assembly to potentially ignite the attic, but not fully
through the Class A rated asphalt composition (fiberglass roof covering).
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studied angled crevices made of asphalt shingle roofing assemblies (oriented strand board
(OSB), tar paper and asphalt shingles) and OSB alone, which might be exposed if other layers
are removed through weathering or damage®. Firebrands were able to ignite the inclined samples
with only OSB exposed with flaming ignition at a 60° crevice inclination and with smoldering
ignition at 90°. As the angle was increased to 135°, ignition no longer occurred. For asphalt
shingle roofing assemblies firebrands were seen to accumulate at the seams of shingles, at 60°

and 90°; however, they only melted some of the roofing shingles and did not ignite the roof

(Manzello et al., 2012a).

Some building codes require wooden roof shingles to be pressure-impregnated with fire
retardants to pass test standards, however wood exposed to the elements will weather extensively
and may affect fire performance. Several studies on the effectiveness of fire retardants after
significant weathering have been conducted by the Forest Products Laboratory (FPL) in
Madison, Wisconsin. The first set of studies by Holmes (1971) evaluated various fire retardant
treatment systems for western red cedar wood shingles and shakes for their fire performance and
durability. An 8-foot tunnel test (ASTM E286-69), a modified Schlyter Test simulating vertical
flame spread (Holmes 1973) and a modified class C burning-brand test ASTM E-108-58) were
used. Accelerated weathering was simulated with a 28-day exposure with daily water spray and
natural rainfall totaling 30 inches, followed by sunlamp radiation at 150°F (65°C). They were
then re-tested with the Schlyter and burning brand methods. Four vacuum-pressure
impregnations were seen to be viable as Class-C rated woods (ASTM E-108-58). A fire retardant
paint was also somewhat successful, but failed the Schlyter test indicating it was lacking in

resistance to flaming ignition®.

Studies were then continued and updated at 2 and 5-years of outdoor exposure Holmes and
Knispel (1981) and finally after 10 years of exposure (LeVan and Holmes, 1986). After ten years
of exposure, the authors found that, of all treatments evaluated, the commercial treatment NCX
(a commercial formulation by Koppers) performed best in fire tests. UDPF (urea-dicyandiamide-

formaldehyde-phosphoric acid) and DP (dicyandiamide-phosphoric acid) performed well in the

8 However removal of these layers would result in significant leakage that may be observable.

9 Note CBC Chapter 7A specifically includes coatings, such as this.
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burning brand test after exposure, but unacceptably in the modified Schlyter flame spread test.
They also correlated the accelerated weathering test of 1,000 hours of light coupled with daily
water spray to approximately 2 years of outdoor exposure. Even though the equivalent of 34
years of average rainfall were applied, there was probably not enough UV light exposure.
Photodegredation by UV light, resulting in erosion of wood fibers and associated fire retardant
chemical and biological degradation was thought to be just as important in maintaining
retardancy in treated shingles. Copious amounts of water-repellant re-sealers provided some
promise in extended leach resistance, however they would have to be applied periodically and no

general results were presented.

Based on past research, untreated wood shakes and shingles are known to be readily ignited by
firebrands and pose a significant threat, however some pressure impregnated wood shakes and
shingles have a higher fire resistance (LeVan and Holmes, 1986). Still, their rating of Class B or
C fire resistance (ASTM E108) rather than Class A remains a worrying factor in their use. Some
tests described above have demonstrated the potential for Class-A rated roofs populated with
typical debris (pine needles, etc.) to achieve smoldering ignition'® under wind-driven firebrand
attack, therefore without further research indicating pressure-treated wood’s ability to resist
ignition by firebrands our opinion is that they should not be used on vulnerable buildings.
Whether this applies to wood products other than shingles, such as those used on fences or decks

is not known either.

More recent research on wood fire retardants by Marney et al. (2008) have incorporated wood
fire retardants with wood preservatives that, when tested under a radiant cone heater (cone
calorimeter) reduced the rate of fire growth (heat-release rate) by 40%. Its effectiveness after
weathering or firebrand exposure was not tested. Marney and Russell (2008) also reviewed the
literature on impregnation of wood with chemical systems for resistance to both fire and
degradation for outdoor uses. They found that typically boron-based compounds are still used.

The review highlighted a lack of consistency in terms of fire performance and wood preservation

10 Although during limited testing, smoldering ignition was observed only on flammable members of the assembly,

not penetrating into the attic area.
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testing. The recommend a more uniform approach using the same fire and preservative testing

regime between different studies.
Gutters

Gutters can be significant sources of ignition of a home, primarily because debris collected in the
gutter can be ignited by firebrands. Pine litter collected in gutters was found to be a significant
cause of ignitions in the Grass Valley Fire near Lake Arrowhead, California (Cohen and Stratton,
2008).

Flat roofing assemblies were tested with a polyvinyl chloride (PVC) gutter attached to the front
(Mangzello et al., 2008). When flammable materials, such as pine needles, were placed in the
gutter, the firebrands deposited in the gutter produced smoldering ignition which transitioned
into flaming. The asphalt shingles then melted but did not fully ignite under the conditions
tested.

Figure 18: Ignition of pine needles in a gutter after transitioning to flame spread from (Manzello et al.,
2008). This fire did not actually ignite the roof assembly, but there is potential for ignition of the roof
assembly depending on the gutter, roof and flammable material inside the gutter.

IBHS also performed tests on full single-story homes with gutters and observed ignition of

gutters with flammable materials such as pine needles and other litter inside. When the debris in
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a vinyl gutter caught on fire, the gutters disconnected from the house and fell to the ground
(IBHS, 2013). In similar tests with a gutter made of metal, the debris can catch the house on
fire!!. Despite potential concerns with metal gutters, vinyl gutters are not necessarily
recommended because the roof could still ignite or the falling gutter could ignite debris on the
ground which could later ignite the siding of the home. In general, there is a significant body of

literature recommending removal of fuels from gutters but very little detailing quantifiable risks.
Mulch and Debris

Mulch, such as bark and rubber, woody vegetation, wood piles and other flammable debris are
not recommended to be stored or allowed to accumulate near a structure as a measure to
minimize the chance of ignition from subsequent radiant heat and flame exposure (Quarles et al.,
2012). Several experimental tests have been performed on mulch and other dead vegetative
debris that may be located near homes. Tests performed at the IBHS Research Center (IBHS,
2014), demonstrated that flammable debris on the ground ignited and caused rapid upward flame
spread on the side of the house (Quarles, 2012). More fundamental work that quantifies ignition
of debris and fuel beds in terms of moisture content and other variables in a statistical form

(reviewed under the Firebrands Section) may be useful in risk assessment methodologies (Zak et

al., 2014).

Mangzello et al. (2006b) performed experiments on several mulches including shredded hardwood
and pine straw, both commonly used in the USA, as well as dried cut grass. During experiments,
smoldering or flaming ignition were not observed in any of the fuel beds with only one single
glowing firebrand. With flaming firebrands, all fuel beds were observed to achieve either
glowing or flaming ignition with the exception of shredded hardwood mulch fuel beds held at
11% moisture content. Multiple glowing firebrands were also unable to ignite cut grass fuel beds
and shredded hardwood mulch fuel beds held at 11% moisture content. Under the mass flux of

embers used, the ability for fuel beds to ignite was increased when multiple glowing or flaming

! In these tests, the metal gutter remains in place, so that direct flame contact to the fascia and roof sheathing occurs
(IBHS, 2013).

53

Page 57



Pathways to Fire Spread in the WUI

firebrands were introduced, thereby stressing the importance of understanding the flux of

firebrands.

Steward (2003) performed experiments on 13 different mulches to measure their relative ease of
ignition. Plots were left to sit for 2 weeks before a lit cigarette, match or propane torch was
placed on the bed, and monitored for 20 minutes to see if it ignited. Ignition was found in the
tests to be a variable process, with ground, recycled pallets and composted yard waste igniting
every time when ignited by cigarettes, shredded pine park 3 out of 4 times, oat straw and
shredded cypress bark 2 out of 4 times, pine bark nuggets once during tests and decorative
ground rubber, pine straw needles, shredded hardwood bark, cocoa shells, bluegrass sod and
brick chips never igniting. When igniting with a torch, all mulches eventually ignited, but with
ground rubber and pine needles igniting significantly faster than other mulches. The results,
unfortunately did not include further quantitative measures on the flammability of these mulches

or their behavior under different environmental conditions.

Quarles and Smith (2004) measured some relative flammability properties for 8 mulches in 8
foot (2.5 m) diameter plots. Mulches were exposed to over two and a half months of hot, dry
weather exposure in Nevada, presenting normal conditions for Nevada. They were burned under
fan-produced winds of 10-15 miles per hour (4.5 - 6.7 m/s) and the resulting flame height, rate of
spread across the bed and temperatures above the bed were measured. With the exception of the
composted wood chips, all of the mulch demonstrated active flaming combustion. The
composted wood chips'? produced only incidental flaming with smoldering as the primary form
of combustion. It is not known if the performance of the composted wood chips was specific to
the brand and type purchased for their project, or if composted wood chips from other sources

would perform in a similar manner.

Based on the three combustion characteristics measured, shredded rubber, pine needles and
shredded western red cedar demonstrated the most hazardous fire behavior. The least hazardous
fire behavior was observed for composted wood chips and a single layer of Tahoe chips. The

shredded rubber mulch produced the highest temperatures above the bed and greatest flame

2Which had a relatively high ask content compared to other materials.
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heights for a prolonged period, with pine needles representing the second most-hazardous mulch
material based on combustion characteristics. A summary of results for the 8 mulches tested is
shown in Figure 19, where relative values of combustion characteristics were determined by
normalizing the shown quantities by the highest value in each category. It’s important to note
these experiments were repeated three times for each bed, producing useful relative information

but not quantitative results capable of being applied to WUI risk modeling.

Figure 19: The relative flammability of dried mulches tested in Quarles and Smith (2004). Flame height,
rate of spread and temperature shown for each mulch sample are normalized based upon the maximum
value measured.

Mangzello et al. (2014) performed later experiments exposing shredded hardwood mulch beds
with a moisture content of 0 — 25% to continuous firebrand showers using the NIST Dragon
apparatus. The mulch was placed at the base of a re-entrant corner, thought to be a worst-case
scenario due to a stagnation region, which contributed to a significant accumulation of
firebrands, and the fact that a corner fire represents the most rapid rate of fire growth upon
ignition (Drysdale, 2011). The mulch was shown to quickly achieve smoldering ignition and
later transition to flaming under both 6 and 8 m/s conditions. Full results of the experiments are

not available yet; however, design guidelines espousing all flammable materials staying at least 5
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feet away from structures appears to be a clear safety decision (IBHS, 2013). Several other
experiments are detailed in the Sidings, Windows and Glazing section below, all of which
demonstrate easy ignition of building siding from very little impetus on the side of structures.
Therefore it is vital to keep the fuel load directly next to structures (typically espoused to be ~5

ft) free of all flammable materials.

Figure 20: Mulch bed tests from Beyler et al. (2012) showing %, %2 and full-size Class C brand ignition
sources from the ASTM E-108 test.

Recently a test protocol has been proposed to more quantitatively evaluate ignition and flame
spread of different mulch beds (Beyler et al., 2014). This test method was based on the ASTM E-
108 test “brand” (essentially a wood crib) which was used to test its ability to ignite a 0.6 m
square mulch bed (ASTM, 2011). Characteristics such as mulch depth, moisture conditioning,
bed dimensions, ignition properties, slope and wind speed were varied during development to

provide a test protocol that is capable of ranking different mulches flammability properties.
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While the test is able to evaluate one mulch vs. another quantitatively, it does not intend to

provide worst-case conditions.
Eaves and Vents

Eaves and vents have been recognized to be significant sources of ignition for homes in the
WUL Vents provide an opening through which burning brands may penetrate the interior of a
structure, often the attics. Most homes have these vents both for thermal efficiency and to
minimize the chance of moisture buildup, shown schematically in Figure 21. Meshes used on
these vents were traditionally designed to stop entry of rodents, etc. into attic and crawl spaces;

therefore considerations of vent size for wildland fire is a recent addition.
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Figure 21: A schematic of vents used to ventilate an attic space from www.finehombuilding.com. It is
common to have at least one outlet vent type, for example gable, ridge or soffit.

As shown in Figure 21, three types of vents are typically used for household attic spaces: a soffit
vent placed under an eave, gable vents on the exterior wall of a house or ridge vents placed at the
top of a roof. The 2007 California Building Code of Regulations, Title 24, Part 2, Chapter 7A
first required building vents have a metal mesh of 6 mm placed on all vents to mitigate firebrand

penetration (CBC, 2009). Because these regulations were not based on any testing, Manzello et
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al. (2012a) used the firebrand generator to test the effectiveness of different gable vent opening

mesh sizes.

Figure 22: lIllustration of a soffit vent and airflow pattern to ventilate an attic space
(http://www.cornerhardware.com/howto/ht076.html).

Initial testing was performed on gable vents with mesh sizes of 6, 3 and 1.5 mm. The results of
the tests showed that firebrands were not quenched by the presence of the mesh, but rather would
continue to burn until small enough to pass through the mesh. All mesh sizes tested resulted in
ignition of shredded paper behind the vent; however, larger mesh sizes (6 mm) ignited the paper

more quickly.

Later investigations on six mesh sizes (5.72 mm to 1.04 mm), as well as using three different
types of ignitable materials (shredded paper, cotton and wood crevices) inside the structure, were
used to generate a database of firebrand behavior through a simulated gable vent (Manzello et
al., 2012a).

These tests confirmed the fact that firebrands were not quenched by the presence of the mesh and
would continue to burn until they were small enough to pass through the mesh, even with an
opening as small as 1.04 mm. Reduced mesh sizes were observed to reduce the ignition potential
in some configurations, such as small wood crevices, perhaps because the thermal inertia of the
smaller brands was reduced, making it harder to ignite denser material, as illustrated in Figure
23. It presented the penetration ratio, defined as the number of firebrands, leaving the mesh over

the number of firebrands arriving at the mesh during the sample period (Manzello et al., 2011).
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Figure 23: Firebrand penetration ratio as a function of mesh opening size from (Manzello et al., 2011).

A new standard has been developed by the ASTM E05.14 External Fire Exposure subcommittee:
ASTM E2886. ASTM E2886, the Standard Test Method for Evaluating the Ability of Exterior
Vents to Resist the Entry of Embers and Direct Flame Impingement, is designed to evaluate the
ability of exterior vents to resist the entry of burning embers and flame penetration (ASTM,
2014a). The test includes both an ember exclusion/intrusion test and a flame intrusion test. The
ember intrusion test is different than previous tests performed with the NIST Dragon, as it
produces embers which fall through a vertical shaft and through a vent onto a cotton target, while
the NIST Dragon tests were performed horizontally in a large-scale fire wind tunnel. Even
though the horizontal wind-driven test is more realistic, the vertical apparatus was considered to

be a worst-case scenario and is therefore used in the test standard (Manzello et al., 2010c).

Manzello et al. also used the NIST Dragon at BRI’s FRWTF to study open eave construction
(where the roof rafter tails extend beyond the exterior wall and are readily visible), as it is often
cited as the most severe eave configuration (Manzello et al., 2012b). They used a 61 cm eave
overhang with exposed OSB sheathing which was not dried, as the wall was meant to show
whether firebrands would accumulate. During tests at 7 and 9 m/s, no accumulation was found at

the open eave without vents; however, 11 and 28 firebrands were observed at the 7 and 9 m/s
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tests with open vents, respectively. These openings had 50 mm holes drilled into blocking
material with an 8 x 8 mesh (2.75 mm opening) installed as per the 2009 California WUI code
(CBC, 2009).

During the above eave and vent tests, a severe accumulation of firebrands was found at the base
of the wall. The 9 m/s firebrand shower exposure was sufficiently severe to cause the wall to
ignite from this accumulation. No other combustibles were present at the base of the wall
(Manzello et al., 2012b). The wall assembly tested was also modeled using the Fire Dynamics
Simulator (FDS) which showed the presence of a large stagnation zone that formed in front of
the wall assembly perpendicular to the flow direction and generally increased with increasing
airflows. Under the eave there was little to no flow velocity, which would be responsible for
driving firebrands into the joints between the eave and wall assembly, supporting conclusions
observed in the experiments. Manzello’s experiments show that eave vents have less
accumulation than gable or foundation vents at this scale, because the horizontal vent structure

created recirculating flow that does not carry firebrands as well.
Fences

In an investigation of the 2007 Witch Creek and Guejito fires, it was found that 45% of homes
with attached wood fences were destroyed (Maranghides et al., 2013). In most cases, there was
evidence that flames came dangerously close to homes by igniting entire wooden fences or
sections of them, the ignition of which led flames to surrounding houses. Wooden trellises and

other yard structures were also burned (IBHS, 2008).

Post-fire studies conducted by NIST on the Waldo Canyon Fire in Colorado that occurred in
2012 determined that wood fences were vulnerable to ignition from firebrand showers in WUI
fires but there has never been any experimental verification of this ignition mechanism
(Manzello, 2014). As a result of these observations, a series of experiments were conducted to
expose cedar and redwood fencing assemblies to wind-driven firebrand showers by NIST;

however, full results have not been released yet (Manzello, 2014).
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Decks, Porches and Patios

During the 2007 Witch Creek and Guejito fires, decks were observed to be one of the most
significant sources of ignition. Of 16 damaged homes, the ignition location was most often a
detached structure or decking (Mell and Maranghides, 2009). Similar observations were made
during the Waldo Canyon fire, where wooded slopes with overhanging decks created a large
hazard (Quarles et al., 2012). Most of these ignitions were thought to originate from firebrands or
local flame contact. One issue is that deck material is tested for flame spread properties and some
ignition potential from direct flame contact, but not firebrands or the potential radiant energy
production from the deck to ignite the adjacent structure (Wheeler, 2004; CBC 2012). Many
houses in the Angora fire had attached decks with combustible material stored under the deck. In
some cases, direct flame impingement from a low intensity surface fire ignited these
combustibles which eventually ignited the deck and, ultimately, the house. Aerial evidence
showed that most of the vegetation between homes did not burn or burned only with a low

intensity surface fire (Murphy et al., 2007).

Wheeler performed 6 (non-repeated) tests on various wood and Trex (a wood-plastic composite)
decking materials. First, hot embers were placed on the wood members to see if the decking
material ignited. Decking material smoldered, but did not transition to flaming. The lack of
transition to flaming is likely due to the fact that no wind was applied, because wind is often
necessary to initiate a transition to flaming (Manzello et al., 2006¢). In another test, a pile of pine
needles (debris) was lit underneath each deck and a 5-8 mph wind was applied. All decks
ignited; however, wood ignited last and self-extinguished. Composite materials ignited quickly
and produced large, severe fires. The slowest composite to ignite was Trex, which self-
extinguished once pine needle fuel was consumed by fire. The authors recommend keeping the

underside of decks clear of debris (Wheeler, 2004).

Manzello and Suzuki have performed tests on 1.2 x 1.2 m sections of wood decks in a reentrant
corner assembly exposed to a continuous firebrand shower from the NIST Dragon under a 6 m/s
wind. Decks were built out of western redcedar, douglas-fir and redwood, then exposed to a total
firebrand mass flux of 17.1 g/m?s. The deck boards were oriented perpendicularly to the airflow

direction. Firebrands accumulated on the deck surface and every assembly was observed to
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ignite by flaming ignition. Average times for ignition were 437 s for Cedar, 934 s for Douglas-fir
and 756 s for redwood. About 20% of the glowing firebrands ejected from the NIST Dragon
accumulated on the top of the decks. There appeared to be a correlation between the firebrand
mass required for sustained flaming ignition and the density of wood base boards; however,
more information will be required to confirm this relationship in the future. (Manzello and

Suzuki, 2014).
Sidings, Windows and Glazing

The ignition of materials on the exterior walls of structures is a major concern in WUI fires.
Siding materials often ignite due to either direct flame contact or radiant heat exposure. Without
proper clearance around the base of a structure, firebrand accumulation can lead to ignition of
nearby vegetation or other fuels (e.g. mulch, wood piles, etc.), which can in turn lead to direct
flame contact and radiant heat exposure on the exterior walls (IBHS, 2013). Under wind-driven
conditions, re-entrant corners lead to the formation of a small recirculation zone which can attach
the flame close to a wall (essentially mimicking a fire whirl) and lead to a higher vulnerability to
ignition. Since such a configuration is also the worst-case situation for upward flame spread due
to resulting air entrainment patterns (Drysdale, 2011) re-entrant corners are a significant hazard

that are now thought to be a worst-case scenario for siding ignitions.

Manzello et al. used the NIST Dragon at BRI’s FRWTF to study siding treatments (siding
material on top of a layer of housewrap and OSB) in a re-entrant corner configuration under
wind-driven conditions of 7 and 9 m/s (Manzello et al., 2012b). For experiments with vinyl
siding, firebrands were observed to melt through the siding material to the point where holes
were visibly observable through the material. Ignition of the OSB sheathing underneath the vinyl
and Tyvek was only observed for vinyl siding with 9 m/s of wind applied and OSB that was
oven-dried. During this ignition, the OSB burned through completely, eventually igniting the
structural wood members underneath. Although polypropylene vinyl siding melted, it did not
form holes and no ignition occurred. In an actual wildland fire, winds can be above 20 m/s, so
this representative test illustrates some potential hazards in this configuration (Manzello et al.,
2012b). A severe accumulation of firebrands was also found at the base of an OSB wall during

eave experiments which can quickly lead to ignition of a structure (Manzello et al., 2012b).
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Figure 24: High-exposure time photograph showing firebrand accumulation in front of an obstacle from
(Manzello et al., 2012a).

Firebrand accumulation around glazing assemblies surrounding windows has also been noted as
a possible mechanism for window breakage which can contribute to fire penetration into a
structure. Manzello et al. tested both horizontally and vertically sliding window assemblies. They
were both double hung, as it was thought that this configuration might present the worst-case
scenario for ember accumulation and ignition (Manzello et al., 2012b). Their experiments
showed that embers could accumulate in the framing of the assembly, more so in the vertical

wall assembly, but none sustained sufficient damage to break the glass or penetrate the structure.

Windows have also been tested for radiant exposure. In one test, a 50 by 63 inch (127 by 160
cm) panel with a radiant heat flux of 35 kw/m? was used to expose various window and wall
assemblies (previous 1997 International Crown Fire Modeling Experiments in Canada showed
that this heat flux is rarely achieved for more than 1 min) (Cohen, 2000b). These tests found that
glass is the most vulnerable part of window — if it breaks, embers can directly enter a house;
however, dual-pane tempered glass did not fail even with a 25 min exposure, showing that dual-
pane glass is unlikely to fail due to radiative heating in a wildfire scenario. This conclusion
supports code, such as NFPA 1144 5.7.2 which requires the use of tempered or other fire-
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resistant glass (NFPA, 2013). Screens were also shown in their tests to absorb radiant heat.
Painted siding generally ignited more quickly than windows broke with times for all siding
ignition ranging from 4 to 16 minutes. When vegetation is cleared at least 30 ft (9 m) from a
building it does not appear that radiant heat fluxes could ignite siding within the short times a
spreading vegetative fire will burn. A nearby detached garage, outbuilding or neighbor’s house,
however could provide a sustained source of radiation capable of igniting siding that should be
carefully considered (Quarles et al., 2012). Assessment of siding ignition times from the
preliminary results in the Northwest Territories proposed two story structures should be spaced
about 39 feet apart based on expected radiant heat fluxes (Cohen, 1995). It is important to note
these studies are based on a limited study, particularly, of siding materials and Quarles et al.

(2012) does not have published, peer-reviewed data available on the tests.

Maranghides and Johnsson (2008) performed large-scale experiments at NIST where they
compared a building clad with combustible materials against one with non-combustible
underlying materials (such as fire-rated gypsum wallboard) and measured the time for fire to
spread from one ignited assempy to another. They found that even with a 6-ft (1.8 m) separation
between buildings, fire spread could be slowed down with a 1-hour fire rated assembly that
incorporated gypsum wallboard. Flame spread resulting from penetrations at windows, whether
from flames exiting from burning structures or entering/heating broken windows on an unignited
assembly was most significant. Flames exiting the burning compartment contributed to total heat
fluxes measured on the recipient wall (6 ft (1.8 m) from the burning compartment) that peaked
between 60 - 110 kW/m? at the top of the wall. Around 20 kW/m? reached the window on the
recipient wall. As a result, a one-hour fire-rated wall could increase the protection for closely
spaced homes, but complete hardening of a home would require other protection methods
(Quarles et al., 2012). Window assemblies appropriately protected for a presumed fire expsoure,
such as double-paned windows with tempered glass, would also increase protection as a higher

heat flux is required to break them.

While some literature highlights skylights as a point of entry for wind-blown embers or flames to
penetrate a structure, no data seems to be available to back up the assessment (IBHS, 2013).
Ignition of roofing or siding near skylights does seem feasible as accumulation of debris on the

roof can cause glass to be broken by ignition around the window. Additionally, flammable
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plastic skylights can themselves ignite. Still no data in the literature shows them to be of

particular hazard in the past.
Community Planning and Adjacent Structure Interactions

The location and arrangement of homes contributes to the overall fire risk within a community.
For example, in the Waldo Canyon fire in Colorado, in areas where home-to-home ignition
occurred, spacing between homes was typically only 12 feet to 20 feet (3 to 6 m) (Quarles et al.,
2012). The spacing between homes — the housing density — and that interaction with
surrounding vegetation has been reviewed by several authors below that all point to a significant
impact on community-wide fire resilience simply by the arrangement and density of structures. A
study of the implementation of Firewise zones around homes was also conducted in a study of
the Witch Creek and Guejito fires which showed a clear correlation between the lack of
vegetation near a home and the resulting number of structures destroyed. Spread within the
community studied was primarily governed by structure-to-structure spread, the results of which

are presented under the mitigation strategies section (Maranghides et al., 2013).

Spyratos et al. used a simplistic percolation-theory based fire model along with housing and
vegetation data to show that fire risk can be strongly modified by the density and flammability of
homes within the WUI (Spyratos et al., 2007). In particular, they found that there was a sharp
increase in the probability of a greater fire size with the introduction of combustible housing into
their models; this probability also increased when the typical landscape vegetation flammability
found in most of the U.S. WUI was used. On the basis of their results, the authors suggest that
homes should be additionally hardened against ignition from wildland fires, that nearby
vegetation be similarly modified to reduce its flammability (i.e. landscape with lower
flammability plants) and that the density and spacing of housing be taken into account when

assessing fire risk in the WUI (Spyratos et al., 2007)

Syphard et al. (2012) has done a variety of work studying past fires and the effect of land use
planning in the Southern California area. They focused on communities in California by using
previous fire perimeter data compiled by the California Department of Forestry and Fire
Protection (CAL FIRE) Fire and Resource Assessment Program (FRAP). For the study, Syphard
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et al. created a continuous raster map representing the number of times an area had burned from
the beginning of record-keeping, 1878, until 2001. They focused on properties that had been lost
in two Southern California regions prone to wildfires. Their work found that structures in areas
with low to intermediate structure density in isolated clusters (with separation of 100 m or more
separating clusters) were more likely to burn, rather than the highest density housing. Structures
located at the edge of developments or in housing clusters on steep slopes, were also more
susceptible. This result suggests that the interaction of both densely populated structures and
wildland surrounding and within the community play a role in ignition and spread of fire
between structures in the WUIL Arrangement of structures and their location also strongly
affected their susceptibility to wildfire. The most important location-dependent variable found in
the Santa Monica Mountains was historical fire frequency, which corresponded with wind
corridors. Given that property surrounded by wildland vegetation, rather than urban areas were
also more likely to burn hints at potential exposure conditions being a very pertinent variable.
This relationship has impacts both for future housing planning and zoning as well as risk
mapping — identifying regions of certain densities where mitigation strategies such as hardening

structures may be most effective in reducing losses.
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Pathways to Fire Spread in the WUI

CASE STUDIES AND INVESTIGATIONS

Reviewed here are a series of WUI fire events (where post-fire reports are available) that have
contributed to our understanding or framing of the WUI problem within the United States. There
are many events not included in this listing; however, those events mentioned have shaped some
of the discussion within this report, summarized in Table 1. Existing mitigation strategies
deployed worldwide rely on both quantitative and anecdotal evidence of effectiveness, which in

many cases has been compiled as a result of the investigations covered here.

Post-fire investigation remains a significant challenge, as reports of all fires described below
reference deficiencies in available knowledge post-fire. Several workshops have been held to try
and fulfill this need, including one specifically devoted to the topic hosted by the USFS
(WFDRI, 2012) and a general NIST work<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>