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FOREWORD

Fires in the WUl communities are a rapidly growing lpeon in the US. The last 15 years
contains six of this centuryodés top ten most
occurred in WUI communities. Over 46 million homes in 70,000 communities are at risk of
WUI fires (Bailey, 2013) Since 200, over 38,000 homes have been lost to WUI fires in the
u.sS.

There are many potential pathways for wildland fires to ignite buildings within the WUI. 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, extpstimeter, etc.).

NFPA Standard 11445tandard for Reducing Structure Ignition Hazards from Wildland,Fire
and NFPA 1141Standard for Fire Protection Infrastructure for Land Development in Wildland,
Rural, and Suburban Areasaddress hazards to sttwes at the wildland interface and
appropriate mitigation measur@FPA, 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 tdentify 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 Mithtael Gollner and his
research team at the Unigay of Maryland. Likewise, @preciation is expressed to the Project
Technical Panelists and all others who contributed to this research effort for thgingn
guidance. Special thanks are expressed to the National Fire Protection Association (NiFPA) f
providing the fundindor this project.

The content, opinions and conclusions contained in this repodolely those of the authors.
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EXECUTIVE SUMMARY

While the WildlandUrban Interface (WUI) is not a new concept, $itre WUI communities have

rapidly expanded in frequency and severity over the past few deddmesumber of structures

lost per year has increassignificantly, f r om around 900 per year i
per year i (Bailey, A0&3 N2FC,0201@).sThis 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 fufiiawchuk et al., 2009)

Responsibility for the protgion of thesebuildings falls between both wildland and urban fire
authorities with mixed guidance available for homeowners, code officials, @BHS, 2014;

ICC, 2012;CBC, 2009 Fire Adapted Communities, 2019 he NFPA has begun to address this
problem by institutingseveraktandardsincludingNFPA 1141, 1142, 1143 and 114#hich aim

to reduce structural ignitions and provide adequate firefighting infrastructure in WUI
communities. A necessity for improvement of these standard®therss techncal 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 exposoralitions generated by surrounding wildland
fuels, nearby structures or other systeide factors and the subsequent response of WUI
structures and communities are not well knawrnwell understoodSeveral key pathways into
structures, such asaves verts, windows, roofsand decking have received attention and limited
study, but no effort has been made to compile all available data quantitatively for use in an

applied, riskinformed framework.

A thorough literature review of multiple pathways to ignitiand 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 resourcesncluding archial publications, conference papers, research reports
from academia and federal agenciease studies and investigative reports from Wicd
incidents, existing codes and standards, and interviews with leading incident commanders and

fire researchers. The 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 areasteeldo pathwaydgor fire spread in the

WUI were found to still be in need of additional reseafehpart of a gap analysis, these areas
were broken down into those related to quantification of risk and hazard and more practical and
specific issues. Areasecessary to informugntification ofrisk and hazard included prand
postfire data collection, improved testing of firebrands, understanding of ember and wildland
fire fundamentalsand improved understanding of structural ignition mechanisms. Thesdsar
many other practical issueshich relate to specific area$ @de and standard development and
WUI community protection or firefighting that are in need of rapid research and development.
These included understandingief management,defensible space community planning
development of test standards, desigigaoftion-resistantmaterials, assessing the effectiveness
of mitigation strategies, understanding the impact of wildland fires on health and the

environment, improving firefighting technigei@nd identification of educational needs.

These categories represent a wide spectrum of subjects within possible WUI r&3earchthe

most important gaps identified through this review is that most work to date hgeamtified
effects in a repedtde 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 haaasedyses Improved dissemination of
literature, especially through more peeviewed studies will alsenhancethe technical

credibility andwide dissemination of work on the field



Pathways to Fire Spread in the WUI

TABLE OF CONTENTS

EXECULIVE SUMIMAKY. .. . iiiiii e i eee et eeet ettt mmmr e e et e e e e et s s e s smme s e s e e e as 3
TaDIE Of CONTENTS. ... .ttt ettt e e e e e e e e e e e e e e e e e e s immne e e e e e e e s e s s annnes 10
TabIe Of FIQUIES ... .ot e e e e e e e e e e e e s ammmr e s e e e e e aeeeeeaeeeeeees 13
Part I LItErature REVIEWL......uuuiiiiiiiiiiiiiiis ettt rmme e e e e e e e e e e e e nnne s e 15
Introduction. . . . . . . . L L L e s e e e e e e e 15.
Wildland-Urban Interface Problem..............ueeeiiii e 18
EXPOSUIE CONAIINS......eeeeeieiiiiieie et ee e eeensseb bbb e e e e e e 26
Radiant Exposure . 2T .
Direct Flame Contact . 2.9.
T =TT 0= AV [ O PUPUPSP 29
Firebrands . Coe .32 .
T Tg=T o] =T To I ed o To {1 ox 1 o) 1SR 34
Firebrand TranSPOIL........cccuuiiiiiiiiiii et smnnee e AL
Firebrand Ignition of FUBL..........ooo e 44
Response of Components and SYStEMS........cooevveiiiiiiecciiieeeeeeeeeeeeeeee e A7
Roofing. .47
GUIters . . . . . . e e e e e e e e e e e 52
Mulch and Debris . 53 .
Eaves and Vents . 5.7
Fences . 6.0.
Decks, Porchesand Patios . . . . . . . . . . . . . . .. ... 6.1. . . .
Sidings, Windows and @zing. .6.2
Community Planning and Adjacent Structure Interactions. 65
Case Studies and INVESHIGAtIONS.............uuuuuiiiiicreeeee s e e e eererse s e e e e e e e e e e e e e eeeeaeens 67
Santa Barbara Paint Fire (1990) . . . 6 9.
Oakland Hills/Tunnel Fire (1991). . . . .6.9.
Cerro Grande Fire2000). . . . 6 9
Grass Valley Fire (2007) . . . . . . . . . . . . .o e e e e 70.
Witch Creek and Guejito Fires (20Q7). . . . A
Waldo Canyon Fire (2012). . . . T 2.



Pathways to Fire Spread in the WUI

[T P Lo g I (= 1T o | L= J RPN 72
Codesand Standards. . . . . . . . . . . . ..o e e e e e 7.3. .
Vegetation, Separation, Defensible Space and Fuel Treatments. . . . . . . . .76 .

ZONE CONCEPL.....coiiiiiiiiiriiiiiis i e e e e smens s s s e e e e e e s eesneensannnssseeeessesseeennnnnid [
DefenSIDIE SPACE.......cooi i a e 80
FUEBT TrEAIMENTS. ... ittt e et eeeea e s e e e e e e e e e e e e eeeeeesetnnnneeeeeeeeeeeeeened 80
Benefits Of TreAtMENL... ...ttt et e e e e e e e e e e e e e s s smme e e e e e 84

Homeowner Educationahd Outreach Programs. . . . . . . . . . . . . . . . 8.5.

12T ] TR POPPPP 86
Fire Adapted COMMUNITIES..........cooiiiiiiiieieeee et e e e e e e emas 90
Social Interaction and RESPONSE. ........oovvviviiiiiiiimmeeeeeeeee s e 92

Risk Assessment Methodologies includingMapping. . . . . . . . . . . . .. 94.
Y= Vo] o 11 o PRSP 94
RISK ASSESSMENT TOQIS......ciiiiiiiiiiii i e e bbb e e e e anereeeees 95

Wetting/CoveringAgents. . . . . . . . . . . . . . . . . ... ... ...98.

Fire Service Intervention. . . . . . . . . . . . . . L. 000 s s 1.0.0. . .
Part 11 Gap ANAIYSIS. ....uuuieiiiiie ettt ettt eeee e e e e e e e e e e et e e et et —————eeeeaararnna 103
Summary. . ... L e e e e e e e e e e e e e 1.0.3. . . ..

Quantification of RiskandHazard. . . . . . . . . . ... ... ......104 .
Pre and PosfFire Data Collection . . . . . . . . ... . ... ... ....10.6.
Testingof Firebrands . . . . . . . . ... ... ... ..........1¢0
Understanding Firebrand Fundamentals . . . . . . . . . . . .. . . ... .10.
Understanding of Wildland Fire Fundamentals . . . . . . . . . . . . ... .10
Structural Ignition . . . . . . . L L L L Lo L L Lo e 10
Fuel Management, Defensible Space and Community Planning . . . . . . . . 1.1
Test Standards and Design of WUl Materials . . . . . . . . . . . . . . .. .11
Identification of EducationalNeeds. . . . . . . . . . . ... ... .....11
Impact of Wildland Fires on Health and Environment . . . . . . . . . . . .. 11
Firefighting Techniques . . . . . . . . . . . . . .. .. ... ......11

N o oM DN O © 00 NN

Effectiveness of Mitigation Strategies. . . . . . . . . . . . .. ... ... .11
ACKNOWIEUGEIMENTS. ... .ottt e e e e e et et e e e e e e et e e e e e eesbs s e e e eeensanns 119
] (=] €= o =P 120



Pathways to Fire Spread in the WUI

Y o] o 1= T [ PP 145

Homeowner Educational Resources and Programs on the Internet. . . . . . . 145.
Fire Hazard Checklists. . . . . . . . . . . . . .. ... .........148.

A. ICC IWUIC Fire Hazard Severity FOMML...........ooviiiiiiiiiiemmneeeeeeeeiiiiiiiee s eeeeees 148
B. NFPA 1141 Structure Assessment Rating FOrm...............oooooiiimneeeciciiiiie, 149
C. Firewise Home Ignition Zone Assessment Mitigation Guide..............ccccocveeeeenee. 151
D. IBHS Wildfire Home and Property ChecKIiSt............ccooeeiiiiiiieeeiie e 154

12



Pathways to Fire Spread in the WUI

TABLE OF FIGURES

Figure 1: Map of the wildlandrban interface in 2010..............cooviiiiiiiccciieeee 19
Figure 2: Map of structures lost to wildfire in the United States between 2099............... 21
Figure 3: Average annual acres burned, by decade...............cccoiiiicceeeieiiiiiiiiiee e 22

Figure 4: The WUI fire disaster context depends on exposure of vulnerable homes to

uncontollable, extreme fire DehaVIQr.............ooooi e 23
Figure 5: Historical data on structures burmedildfires (from https://fam.nwcg.govj......... 24
Figure 6: A destroyed home following fire spread from the Angora fire.......................... 33

Figure 7:A small spot fire produced by firebrands next to a burning house during the Angora

Fire from (Murphy €t al., 2007) ... ...coieiiie e e eman 33
Figure 8: Digital photographs showing samples of the firebrands callasta function of tree
Siz€ and MOISTUIE CONTEIML........cciiiiiiiiei e b e ennnnne 34
Figure 9: The mass distribution of collected firebrands................cccccoomniiiiiiiiiiiiiiee 35

Figure 10: A cmparison of the mass distributions of firebrands from Vodvarka versus two
collection distances from Suzuki etahdYoshioka et al...........cccccoeeeeeiiiiiiieeeii e, 37

Figure 11: Correlation between the projected arealéated firebrands versus the mass of the
brands under controlled laboratory conditions from a burning Structure...............ccc..eee.. 38

Figure 12: Firebrand size distributions from a structure in aeegitrolled wind tunnel......... 38

Figure 13: Distributions of the area burned measured from holes in a trampoline following the
Angora fire from (Foote et al., 2011).........ouuruumiiiiiii e ereer e e e e e e e 39

Figure 14: A typical experi ment with t.h0e NI ST
Figure 15: Ember storm produced in the IBHS research facility (IBHS, 2014)................ 41

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)...........cuieiieiieecrnnnnnnns 46

Figure 17: Comparison of influence of roofing material on destruction of structure following the
Wittch and Gueijto fires (Maranghides et al., 2013)............cooieiiiiiiicciie e 48

Figure 18: Ignition of pine needles in a gutter after transitioning to flame spread from (Manzello
L= A= L2 010 1 ) U PPURRURR 52

Figure 19: The relative flammability of dried mulches tested in Quani@ésSaith (2004)......55
13



Pathways to Fire Spread in the WUI

Figure 20: Mulch bed tests from Beyler et (@012) showing ¥4, ¥2 and fedize Class C brand
ignition sources from the ASTM-EO8 tESt.......cccoiiiiiiieiiiiiiieieeee e 56

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.....57

Figure 22: lllustration of a soffit vent and airflow pattern to ventilate an attic space
(http://www.canerhardware.com/howto/ht076.html)..........ccccooeeiiiiiiiicee e 58

Figure 23: Firebrand penetration ratio as a function of mesh opening size from (Manzello et al.,

Figure 24: Highexposure time photograph showing firebrand accumulation in front of an
obstacle from (Manzello et al., 2012a)..............ooeemiiiiiiireeeeeeee s 63

Figure 25: These homes near Lake Arrowhé&zalifornia, were destroyed on October 22, 2007,
as part of the Grass Valley Fire, and serve as a WUI fire disaster example.................... 70

Figure 26: Different scales at which mitigation strategies eaadplied from Duerkson et al.

20 1t T PPPPPRRT 73
Figure 27: Diagram of three zones recommended by Firewise (Firewise, 2015h)........... 7
Figure28: Recommended spacing between tree crowns from NFPA.1141..................... 79

Figure 29: Percent structure destroyed with and without wildland vegetation for Firewise zones 1
through 4 following the Witch f@ek and Guejito Fires from Maranghides et al. (2013)....79

Figure 30: This telling photo from (Murphy et al., 2007) shows one fuel treatment area which
met the full force of a crowning headfjt®rching trees along the southern edge of the uni3

Figure 31: Firewise checklist treatments from Maranghides et al. (2013) used to assess treatment
effectiveness following the 2007 Witc€Creek and Guejito fires............ooevvvvvvvviiicceeeeennnnns 87

Figure 32: Fire Adapted Communities collaborative framework (Fire Adapted Communities,
Figure 33: Conceptual model highlighting the major fundamental objectives (level 1),-means
based objectives (levels 2 and 3), and actions for reducing the risk of home loss as a result of
L7101 1= 96

Figure 34:WUI disaster sequendeom (Calkin et al., 2014)........cccoovviiiiiiiiiiiiiieee el 97

Figure 35: Capturing exposure from wildland fuels from Maranghides and Mell (2013)106

14



Pathways to Fire Spread in the WUI

PART I|: LITERATURE REVIEW

Introduction

Three fundamental pathways have beenniifeed for the spread of fire into and within WUI
communities. Firstradiant exposuranay occur wherdarge flames are close to exposed
structural elementd he effect ofradiationcan often be minimized or eliminated through proper
vegetation selectionlocation and managememind defensible space around structures (the
homeignition zone, HIZ) however the influence of other nearby structures and their impact
radiant exposurenust be taken into account (e.g. conflagragiovhere fires spread fromineto

home within a communityjCalkin et al., 2014)Seconddirect flame contact exposyrehich
occurs between flames from smaller fissgladjacent structural elemenssich as litter or wood

piles, can be mitigated by creating a similar defensibdee@round structuresntirely clear of
combustible material Third, fires may spread into and within a WUl community via the
transport of firebrandgalso called burning embers or bral)dgenerated either by the main fire
front, nearby flammable mateliale.g. vegetatiof or nearby burning structures (e.g.
conflagrations)Pellegrino et al., 20)3Protection of structures must therefore incorpoaitef

these potential sources of ignitioas well as incorporate the cumulative effects of fires on
neaby surrounding structures within the community contributing to overall fire spread. This
framework has been utilized in this literature review. Part | of this report breaks down these
potential pathways into research and knowledge on potential exposusasidinires and the
response of structures to these exposures. They deserve equal importance, particularly because
recent data indicasethatat least 50% of ignitions, if not mqreccur due to indirect exposure,

i.e. firebrandgMell et al., 2010)

The 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) loted into the fire plume and transported ahead of the fire front. The terms firebrand or burning ember
are therefore used synonymously throughout this report
a large flux of small burning particldsfted 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 WUl communities, especially
coupled to relevant exposure conditions and homeowner maintenanoet 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, 201h As a resultseveal research projects ahe radiative
exposure of building assemblies to large wildland finese begunwith largescale testing
performed during the International Crown Fire Modelling Experiments from-2007 (Cohen,
2004a) From these experiments,was determined that when a clear, defensible spad20

feet (36 m) was maintained around a structlifacade radiative exposurgvas insufficient to

ignite wooden exterior walls from experimental crown fires, meaning that only firebrands or
local combustible material (e.g. mulchgould ignite a structure. Recent analysis of the Angora
fire (2007)has shown that fuel treatmetistreduedthefire intensiy beyond the HIZ were not
effective in reducing WUI lossg#urphy et al., 2007; Safford et al.0@9). Therefore particular
attention must be paid to more local, low intensity fires and the source of local ignitmms (
firebrands)(Calkin et al., 2014)While different frameworls for wildfire risk assessmengre
available (Cohen, 2004aMaranghide and Mell, 2018 the existing framework only allows
gualitativepredictions ofradiative exposure. Significant assumptions are mddn usingnany

of these toolssuch as ignoring firebrands and assuming that fires will occur under ortlieary

and weégher conditions, when realistically it is only the most extreme firegh winds and low
humidity) that challenge current methods of fire con{@alkin et al., 2014)

More recent efforts bthe National Institutef Standards and TechnologyIET), USFS and the
Insurancelnstitute for Businesg& Home Safety (IBHS) have identified clear vulnerabilities of
WUI structures to low intensity fires and firebrands, including roofing comporesss vents,
wood piles, mulch, fences, decks, ef€alkin et al, 2014; Mell andMaranghides,2009
Pellegrino et al., 2013a; Quarles et @D12. While a significant body of work exists on the
transport of embers or firebrand3arifa et al., 1965; Woycheese et al., 199Bnited
knowledge exists on quantitative lbem exposure, ignition properties or vulnerabilitiek
structures to embe(sladden et al., 2010; Manzel al. 2006¢). The development of a testing
platform, the NIST DragofManzello et al., 2012aand several detailed investigatioi@3ohen,

16
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2000, Cohen and Stratton, 2008; Maranghides et al., 2013; Mell and Madaagl@009;
Quarles et al., 2013)ave been particularly significamt developing an understanding of large
scale ember ignitianThe arrangement of homes and layout of communities-(laedplanning)

also greatlyaffectsthe probability of ignition in WUI communitieSyphard et al., 201250me
gapsin knowledge are being studied, so recent progress is reviewed here; these gapshieclude
rate of generation of embers from natural fumhsl structures, the effectiveness of local fuel
treatments on reducing fire intensity ama particular homeowner maintenance of their home
and property, including the impact of community education. Many more gaps will be identified,
as the effectivenesof strategieto minimize the impact of WUI firessuch as new regulations in

California, have yet to be documented.

While thisreport will focus on fire spread in the WUI, there is no way to constrain such a review
to physical factors aloné&or exampé, 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
defensiblespace by homeowners will be addresselwill the impacts of community efforts,

such as Firewise, Fire Adapted CommunitRResady Set Goktc.

17
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WILDLAND-URBAN INTERFACE PROBLEM

Even though t hue btaer m nit wirIf dilcaerdd g epreblem thatss t h e
determined primarily by geographic location, the WUI problem can be more simply envisioned
as astructure ignition problen{Cohen, 2004b)If structures are safeguarded against ignition
sources, property loss ardstsincurred (not to metion potential loss of life) can be avoided.
Changes in the location of a structure (specifically surrounding dadltopography) can
certainly affect the exposure conditions which impact any structure; however, if the pathways to
ignition are fundamenliy prevented via hardening structures, communities and surrounding
wildland, then the WUI problem can be greatly reduced. This report will detail many of the
pathwaysthat fires can spread into and within a WUI community with the aim of preventing
future WUI tragedies via informed decisions in codes, standards, future straoai®mponent

design remodel/renovation of existing buildingad community planning.

The definition of what community areas are WUI and not often encompasses a comparison of the
housing density and location of surrounding wildlg@@hen, 2008)The WUI can be defined as
encompassing both interface and intermix communities, where vegetation is continuous in the
intermix, except where structures are locatadd less contiguous with the interface. Many
studies have worked to define this interface boundary and map iE{euge 1); however, this

will not be a focus of this repoand can be found elsewhefleampin-Maillet et al.,201Q
Radeloff et al., 205; Stewart and Radeloff, 2007)

18
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2010 Wildland Urban Interface
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Figure 1: Map of the wildlandurban interface irR010(Radeloff et al.2005and Radeloff, 2004

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 Chi¢agoin 1871, the Peshtigo Fire killed

between 1500 to 2500 people and burned esainere around 1.5 million acres, completely

destroying twelve communitigBrown, 2004) Comparing that to the Great Chicago Fire, which

killed about 300 people and burned down only 3.3 square,rsiles/s the extent by which these

events differed. Despitthe tragic toll of the Peshtigo fire, it is rarely mentionedhile the
anniversary of th&r eat Chi cago Fire is stildl used
every yea(NFPA, 2014a)The Peshtigo Firand subsequeffiites between 1894910saved as

catal ysts for t he ifafpush ferfire gootlolarsdisuppressiomaof wiklfires n t

largely led by th&JSFS(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 wildammb&e in the

WUI. Recent data show that 3% of the wildland fires in the United States are now responsible for
97% of the area burne(Short, 2014) Following decades of intense wildfire suppression
policies, large areas of unburned fuels have built uphe wildland and contribute to the
growing size and intensity of wildland fires. Known as the fire paraddgfisg suppression
meantto eliminate large and damaging wildfireas in turn ensureithe inevtable occurrence of

these firefArno and AllisonBunnell, 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 structurdganiitisnhas
increased the number of-iagk risk homes significantly. In 2000VUI development was
estimated to cover 465,614 knan expansion of 50% from 1970heobald and Romme, 2007)

In the western United StatesQ% of future housing development is estimated to occur in the
WUI (Gude et al., 2008highlighting a massive incase in future WUI lands. With only 14% of

the interface developed, firefighting costs are now between IH880n and $1.2 billion/year. It

is projected that if 50% of the interface is developed, the cost would range fromilf@r3to

$4.3 billion/year These costgould makeup nearly the entire annual budget ($4.5 billion

2008 of theUSFS so improved landise planning is criticalGude et al., 2008)An illustration

of this problem is presented kgure 2, which shows a map ofstructures lost to wildfire in the
United States from 1992011.
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Structures Lost to Wildfire 1999-2011
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Figure 2: Map of structures lost to wildfiran the United States betwe#899 2011. Data are limited to
burned structures reported through the Nationalehagency Coordination Center database. Data
source(¥: Situation Report (SIT/209Compiled 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 advenbf more extreme fires becoming the norfag(re3), adifferent thought process
must be takeim comparisorto traditional structural firefightingechniqguesind risk assessments
(Figure 4). In structural firefighting, the assumption for most occupancies is that the structural
design of the buildingpassive fire protection systems andomatic fire protection systems will
provide sufficient protection for the occupatdsescapendfor the fire department to enter the
building to provide full extinguishment. In large WUI fires, malwildings burn down tens of
hours after the main fire line passes through a commdogyto firebrand ignitionFirebrands

and other smolkting debris slowly transition to flaming from innocuous sourtted 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 fronindepend
atmospheric conditiongherefore a large area is affected over which no firefighting créas
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sufficient resources to cov@oo et al., 201Q)A different theory or approach to firefighting and
structure protection must be envisioned to prefeiutre large scale loss&Surrent 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 rairdant materials, etcdne concept is to limit the pathways by which firebrands

or other fire sources can penetrat@roperty or communitgnd destroy a structura problem

this reportwill shed further light on.
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Figure 3: Awerage 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 &ether conditiongUSFS, 2018
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Burning homes

Extreme Fire Behavior

Reduced
or nonexistent

Pathways to Fire Spread in the WUI

Residential Fires

Potentially hundreds of
destroyed homes

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
— — >

overwhelming

Figure 4. The WUI fire disaster context depends on exposure of vulnerable homes to uncontrollable,
extreme fire behavior. If the number of burniagd vulnerable homes overwhelms the fire protectio
capability, fire protection effectiveness is reduced, and many homes are left without protebtiomes

are ignitionresistant then many homes do not ignite and fire protection is not overwhelmed by the
ignitions that do occurThus, an extreme wildé can occur without a WUI fire disast@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 htjengind speed

low moisture ontent, 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

(Data from ICS-2095, may notrepresent true structure losses)

NLLE

Figure5: Historical data on structures burned in wildfiréfisom https://fam.nwcg.ggv

T

There are many means for improvement beyond direct structure protection. State laws addressing
defensible space, ingress, egress, and water supply can create a safer envifonment
firefighters, resulting in more structures being sag@dde 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 mbitagive risk analysis, such

as wildfire exposure conditions or the reaction of components to these condgiseserely

lacking (Maranghides and Mell, 2013policies that address existing and future development in

the WUI should be coupled with natial, state, and local policies that address wildland fuel

managemeniGude 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 structnr2813, 97 firefighters

died while onduty. 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
20022012. In the most recent gident, the Yarnell Hill Fire killed nineteen members of a

Hotshot wildland firefighting crew and huge media attenti@s focusedoward the problem of
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safe WUI firefighting(Leblanc et al., 2014)This eventwas 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 pléButieg 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 regignisut reduce itin others(Krawchuk et al., 2009)Fire
management policies may have to shift in the future as climatteer than human intervention,
plays a stronger role in driving fire trenttean it hasover the past two centus¢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 -P884, with firesincreasing by a rate of
seven fires per year and 355 %iurned per year. Thesshangeswere most significanfor
southern or mountain ecoregions, with droughd significant source of increasére severity.
(Dennison et al., 2014While climate change may be a significant driver in making the wildland
fire problem worse in some regions, proper forest mamagt practicessuch 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 Hurt€¢a010) estimated carbon
sequestration by forest ecosystems fraittfires vs. prescribed burning, finding that-28%
reductions in C@emissions g possible in the western U.iSwith as much as 60% in specific
ecosystems by proper prescribed fire use and management practices
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EXPOSURE CONDITIONS

Fundamentally, igition 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 aigition), releasing sufcient 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 worstcase hazard analyses. Exposure conttiare often studied to assess what thermal
insult they can impart to building materiate causethem to ignite. Typically thighermal
exposures described in terms of a heat flux (rate of heat transfer, E\\and time to ignition
assuming sustained@osure 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 mediummadiation 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 increttmegadiant exposure significantly
decreases (proportional to one over the distance squared), eventually making it impossible at
some distance to ignitd@ his analysisis often used for assessment of safe separation distances
between structures and potential fuels.

Convective or conductey 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 elemérgyg,can cause igmin

if they are close enough to impactomponent for a significant duration. Duetle fact that

most homes hasome separation between the primary structure and a traveling fire front, direct
flame contact typically occurs via secondary ignitionsrofiker flammable vegetation, mulch,
wood piles, forest litterdecks, plastic furniturer other flammable materials nearby or on the

structure itself.

Finally, burning emberproduced from vegetation or burned structuas contribute to home

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

flame contact or radiant exposure.
Radiant Exposure

Exposure of struaral elements to radiant heating is probably the rststied exposure
condition from wildland fires. A significant body of literature is available on means of
calculating radiant exposure from a f{ge Ris, 19792000, and radiant ignition of a solidiél

has been understood theoreticdllyfian and Williams, 1972and practically(Drysdale, 2011,
Quintiere, 2006)for some time. Most early research on WUI therefore focused on radiant

exposure to structures.

Before sever al i ni thereamas litld datd o support quantitative findlikg8 0 6 s
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 hof@hen and Saveland, 1997; Cohen,
2004b, 1995; Cohen and Butler, 1998; Cohen, BOUBan et al., 1992)Initial computational
models were created to assess a wase separation distance, oestimating the radnt heat

flux that would come from an approaching crown fire (assumed to be aewsestscenario) to
incident wood panelélran et al., 1992however, laboratory experiments showed that the model
did not underestimate this distan&@ohen, 1995)These alculations 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 pgssiele from the most
intense crown fireMore recent models of ignition of thermaityrick materialshavealso 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 Experinbettgeen 1992000
(Stocks et al., 2004gxposedwooden wall segment® full-scale, active spreading crown fires
with deep flame zones. The wall segments experienceddudititve and convectie heating as
well as shorrange ignitions from firebrand€ohen, 2004b)The derived fluxime correlation

identified two primary ignition criteria for wood: a minimum critical heat flux of 13 kamd
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a critical heating dosage level which accumulates over ({Eoaen, 2004b)interestingly, actual
crown firesdid not transfer heat sufficiently to ignite these wood panels at distances beyond 10
m. This findingwas significantas 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. iragliant heat fluxes were
observed at panels 10 m from the fire (as high as 150 k\éimmere seconds); however, for
panels 20 m or farther awdsom the fire,these fluxes never reached above 20 k¥Viiten a
limiting heat flux for ignition of wood (thagh still enough to cause severe burns to human skin
(Stoll and Chianta, 197Lohen, 2004b)Some of the factors contributing to this low heat flux
were that the tree canopy attenuated some flame radiation and that flames werginobusat

their peakput rather intermittent and exhibited multiple gaps in the flaming front which réduce
the ultimate radiant exposu(€ohen and Butler, 1998Although the experimental conditions
were not those that are presented in extreme wildfires due to differenaesther, fuels, and
topography theseexperimental fireswvere fullyinvolved crown fires with significant flame
lengths and radiation. In essence, this experiment signaled that unless flames or firebrands ignite

close toa structurethe structures notlikely to ignite (Cohen, 2000).

As the fires tested by Cohen et al. were under a limited se¢lafively mild conditions,
continuing work is being done to instrument more wildland finesrderto measure heat fluxes

and imposed conditions during aefi NIST has developed deployable instrument packages and
tested them with a small shékle structure placed within a wooded area (NJ Pine Barrens) for a
prescribed fire, measuring heat fluxes of up to 100 k¥\(Xanzello et al., 2010bMany other
studies, primarily conducted by thdJSFS in large wildland fires,both prescribed and
uncontrolled, have usethstrument packages to measure radiant heat fluxes, among other
quantities(Frankman, 2013

For fires of many sizes, flame lengths and fire intensily be determined using standard fire
behavior modeling tools from the wildland fire community (é&gthermel and Fores1972.
Thesetoolscan be used in similar ways to studies by Cohen to determine radiant heat fluxes for
different exposure condition®f fuel, topography, weather, humidity, etand different
separation distance@ran et al., 1992)These calculations often offer the farthest distance
flammable vegetation should be located near the home. More information on material available

to estinate 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 wildlarsl literature which describes flame
lengths of vegetative fuels under various ambient condftiddisect flame contact would not
typically be considered a direct source of ignition of a structure when brush and other wildland
fuels are cleared away; howay it can be a secondary source from nearby burning material
including vegetation and neregetative combustible materials (mulch, wood pile, etdeat
fluxes by direct flame contact can be as high a¥®&W/n? for laminar flames(lto and
Kashiwagi, 1988) or 2040 kW/n? (Quintiere et al., 1986jor turbulent flamessufficient to

ignite some components of a struct{@uintiere, 2006) While these heat fluxes are very high
and can produce short ignition times, flames must directly contact buildstguotural materials

long enough to cause ignition. Typicatlyrect flame contaatloes not occur from the main fire
front unless extreme conditions are presgtherignition of combustiblanaterials on or near a

structurecausethe structure tagnite and burn.
Fire Behavior

The steadyrate of spreadROS is an especially relevant parameter for WUI purppbedth
because it signals the rate at which a fire will spread toward a community through wildland fuels,
andalso becausthe ROScan be relatedotthe fireline intensity and flame length of the fae

the moment of arrivalThe fireline intensity (kWw/m), comparable to the hesd¢ase rate per unit

| ength used in fire protection engineering,
correltion. This quantity is simply derived by multiplying the ROS by the heat content of the
fuel andthe fuel load consumed in the flaming frof@yram, 1959) This quantity can then be
related to the flame length via correlations by Byram for surface f{iBlsam, 1959)and
Thomas for crown fuel§Thomas, 1963)Flame lengths can be useful in estimation of radiant
heat fluxes from approaching fires to ignite structural compor{@ubken, 1995) It should be

noted that it is difficult to interpret flame letgtalues for deep fuel beds.

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

Building code Chapter 7A, have a flame contact exposure compdrRat 2009.
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Several numerical modeling tools are also available to calculate these parameters. Based upon
these samguantities BEHAVE Plus can calculate one dimensional fire properties such as ROS,
fireline intensity and flame lengtfAndrews et al., 2003)FLAMMAP is available to spatially
calculate these values over a geolocated (Ramey, 2006). FarSITE can then calculate these
parameters temporally to provide predictions of fire sp(€athey, 2004) All of these bols are

available through the USF&t http://www.firelab.org/

Other tools are available in other countries. In Canada, most models utilize the Canadian Forest
Fire Danger Rating System (CFFDRE&tocks et al., 1989)which is bas& on significant
fundamental work by Van Wagn€Wan Wagner, 1977) In Australia, modelsare based on
McArthur (1966a,b) for grasslands and McArth§i967) for eucalyptforests in their fire rating
danger system. These models mainly consistupélp empircal correlations of observed fire
behaviorat field scale with dataaugmented by well documented wildfires. Cheney and Sullivan
more recentlyreplaced MacArthur grassland FDRS the preferred tool for grasslanfires
(Cheney and Sullivan, 20Q8Rreviews of available models worldwide, including physical and
guastphysical modelgSullivan, 2009g)empirical and quasmpirical modelgSullivan, 2009b)

and simulation tool§Sullivan, 2009chave been prepared

When performing predictions of future fire Hmior, it is important to follow proper protocols
whenestimating 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 pedicting fire behavior and explaining pdse effects for any fuels treatment
meant to decrease fire sever{tyood and Wu, 2006)A how-to guide for using models in the
United States is availab(&cott, 2012)

While the rate at which a fire spreadgyenerally determined from correlations, a special effect

in steep terrain with canyon walls, sometimes called eruptive fire behdndsralso been
documented in the literatu(¥iegas and Simeoni, 2010)his effect, similar to the trench effect

found inur ban fires (particularly the 1987 Kingbo
lengths significantly, cause flames to attach to the surface and drastically increase rates of flame
spread. While several models are availablelescribe this effeqViegas, 2004) thesemodels

are designed for firefighter safetsather than WUI desigrNonetheless community designers
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should keep this effect in mind when designing placement of structures or escapes, as large
inclined canyons wittsignificant fuel loads cald 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 availabilityf literature on the fire behavior of traditional vegetation under a
range of conditions, these models are almost all -semfully-empirical approximations of
observed phenomena fitted to specific fire conditions. Without a firm physical basis of
fundanental heat transfer and combustion processes that drive spread, these models may break
down under untested conditions, in particuladerextreme fire condition§inney et al., 2013)

For safety reasonshese extreme conditions cannottestedduring 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 thrgshof fire spreadsuch as the initiatign
acceleration ocessation of fire spreadrinney 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 whichaccurately determines effectiveness or size of needed fuel breaddbut
modelsare unavailable(Syphard et al., 2011afinney and cavorkers have highlighted these

and manyother problemswith current modelgFinney et al., 2013and recently implemeead

some work toward resolving these discrepang¢i@aney 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 thmderstandinghat their results areaot 100% accurate, but
provide the best estimates of fire behavior available tdti@yimportant to also rememb#rat

these models have been developed for steagilgading wildland fires, ndor fires spreading
through WUI communitiesin WUI commuirities, there arearious structurethat contribute to

the fuel loadand may affect spread parameteakhough investigation by NIST hasdicated

that rates of spread the WUI are lower than in surrounding vegetative fudtaranghides et

al., 2013.
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Firebrands

Firebrands also calledburning embersare now thought to be one of the primary sources of
ignition in the wildlandurban interface. They present hazards because thegitb@ndirectly

ignite components of vulnerable structures can ignite nearby vegetationand other
combustibles which casubsequentlygnite the structuresia radiant heating or direct flame
contact(Quarles, 2012)There does not appear to be a consensus guethentag®f ignitions
caused by embers, primarily becausss itlifficult to determine aftethe-fact what caused each
individual home or structure to burn dowlnringa f i r e . There are fAhints
that burned downBHS suggests that the majority of buildgig WUI fires areignited through
embergqIBHS, 2014. In many fires, such as the Witch Creek and Guejito fires, firebrands are a
major threat to homes; ignition from these firebramdsy depend upon the conditions of the fire.
Examples of clear ember ignition of homes during the Angora fireslawe/n inFigure 6 and
Figure7, where spot fires independent of the main fire front were observed to ignite a home and
small vegetation fire, respectivelyater sections of the report will review sp&wulnerabilities

of structures to firebrand ignition, but existing knowledge on the generation, transport and

physical mechanisms of transition to flaming will be revielWwere

There are questions as to how much detailed knowled§eebfandproduction, transport and
ignition will assist future prevertn efforts. Model building, perhaps statistically, is a prominent
idea. In the end, worstase scenarios must become the focus of all risk modeling efforts as the
most extreme fires are the ones causiidl problems. Characterizing this worst céisebrard

fluxd how faremberscan travel and their likelihood of igniting different materidlsis needed

to inform these risk modeling efforts.

Firebrands by firebrands is most often a chance event, making it difficult to represent using
traditional fire modelsStill, a probabilistic approach to the problem is possible. Reviews by
BabrauskagBabrauskas, 200,3Koo (Koo et al., 2010pnd Manzello(Manzello, 2014)should

be referenced for further information beyond relevant details provided here.
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Figure 6: A destroyednome following fire spreadrom the Angora fire. Note the intact, unburned
vegetation surrounding the structure. Murphy et al. notes that this house was ignited Hylomind
firebrands not by surface fire spread or radiant heatipurphy et al., 2007)

Figure 7: A small spot fire produced Hirebrands next t@ 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 builoiings
order to potentially help in the prediction of spotting or home ignition distatiteaaodels of
firebrand transport, there is often an assumptiothefsize and shape of burning branslsich

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 es (Waterman, 1969)Brands were collected via a screen
trap and quenching pools under conditiarigch varied the wind and heights of building$e
firebrands collected tended to primarily be eib@aped, a shape later used in several studies of

firebrand transpor{Pagni, 1999)

Figure 8: Digital photographs shoing samples of the firebrands collectasl a function of tree size and
moisture contentleft) Douglasfir with tree height 5.2 m, moisture content 20Fom (Manzello et al.,
2007) (right) 4 m Korean Pine with moisture content 1@%anzello et al., 2009

For vegetative fuels, laboratory tests have been performed to collect firebrands off 2.énto 5.2
tall Douglasfir trees at NIST. The average firebrand size for the 2.6 m Dodiglases was 3

mm in diameter and 40 mm in leghg 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 contegiregder
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